
ABSTRACT 

CURTIS, NATHANIEL PRICE. Growth and Proteomic Shifts Associated with Vitamin B1 
and Precursor Use in Microalgae Ostreococcus lucimarinus. (Under the direction of Dr. 
Ryan Paerl). 
 

Thiamin (vitamin B1) is an essential cofactor required for enzymes in multiple 

metabolic pathways. Despite its vital role, ubiquitous phytoplankton that are key primary 

producers and prey for zooplankton cannot synthesize B1 de novo and survive on 

exogenous picomolar supplies of this vitamin in the oligotrophic ocean. Such auxotrophy 

is diverse, with some picoeukaryotes taking up various pyrimidine and thiazole precursor 

moieties as well as the intact vitamin. Growth experiments and comparative proteomics 

were employed to test if Ostreococcus lucimarinus CCE9901 exhibits varied responses 

when growing on exogenous B1 or precursors. CCE9901 reached higher maximum cell 

yields growing on precursors versus B1, but maximum growth rates were comparable. 

CCE9901 proteomes of B1- or precursor-grown cells were largely similar (74 proteins of 

1543 detected showed significant differences), yet select proteomic responses were 

linked to multiple cellular functions, including lipid biosynthesis, B-vitamin metabolism, 

and vacuolar/vesicle storage and transport. Similarly, the abundances of the membrane 

transporter SSSP (OSTLU_24399) and a putative pyrimidine salvage enzyme similar to 

YlmB (OSTLU_29911) differed in abundance between treatments. These results show 

that B1 and its precursors not only influence cell numbers, but they also implicate a role 

in the formation of metabolites which may be shared within microbial communities or 

transferred to higher trophic levels. These responses putatively influence community 

structure, biogeochemistry, and food webs in marine environments.  
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INTRODUCTION 

Thiamin, or vitamin B1 (B1 herein), is a vital micronutrient that is essential to nearly 

all cells. As thiamin diphosphate (TDP), this compound acts as a cofactor for enzymes 

involved in several metabolic pathways such the Krebs cycle, the pentose phosphate 

pathway, the Calvin-Benson-Bassham cycle, and branched-chain amino acid synthesis 

(Racker et al. 1953; Horecker & Smyrniotis, 1953; Frank et al. 2007; Sañudo-Wilhelmy et 

al. 2014; Manzetti et al. 2014). B1 is present in surface oceans worldwide at picomolar or 

sub-picomolar concentrations below detectable limits by mass spectrometry. Additionally, 

B1 concentrations fluctuate with depth, making its accessibility inconsistent in the photic 

zone (Sañudo-Wilhelmy et al. 2012; Barada et al. 2013; Carini et al. 2014; Suffridge et al. 

2017). While some microorganisms synthesize B1 through well-studied biochemical 

pathways (Webb et al. 2007; Jurgenson et al. 2009), culture-based and genome-based 

analyses indicate that many ubiquitous bacterioplankton (Burkholder & Lewis 1968; 

Dupont et al. 2012; Koch et al. 2012; Carini et al. 2014; Paerl et al. 2018a) and eukaryotic 

phytoplankton (Provasoli and Carlucci 1974; Croft et al. 2006; Tang et al. 2010; Bertrand 

and Allen 2012; McRose et al. 2014; Paerl et al. 2015; Gutowska et al. 2017) are thiamin 

auxotrophs that cannot synthesize B1 de novo. Auxotrophs rely on exogenous B1 to meet 

cellular growth requirements, which suggests that B1 availability is a factor that influences 

microbial community structure, biogeochemical processes, and primary production (Croft 

et al. 2006; Gobler et al. 2007; Tang et al. 2010; Giovannoni 2012; Koch et al. 2012; 

Bertrand and Allen 2012; Barada et al. 2013; Carini et al. 2014; Paerl et al. 2018a). 

  Structurally, B1 consists of two moieties: one pyrimidine and one thiazole. In 

prototrophs that are capable of synthesizing their own B1, separate pathways are 
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responsible for the biosynthesis of pyrimidine and thiazole precursors, which are bound 

to form thiamin monophosphate (TMP) before a final phosphorylation to yield the 

essential enzyme cofactor TDP (Fig. 1; Webb et al. 2007; Jurgenson et al. 2009).  B1 

auxotrophs lack one or more of these precursor pathways. Early experiments revealed 

that the provision of B1 precursors could facilitate cultivation of some marine bacteria and 

phytoplankton (Lwoff 1947; Droop 1958; Burkholder and Lewis 1968; Provasoli and 

Carlucci, 1974). More recent experiments show this precursor utilization in multiple 

environmentally relevant populations. The haptophyte algae Emiliania huxleyi 

CCMP2090, an important primary producer, can use exogeneous supplies of either B1, 

the pyrimidine biosynthesis product 4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP), 

or the degradation intermediate 4-amino-5-aminomethyl-2-methylpyrimidine (AmMP) to 

meet growth demands (McRose et al. 2014; Gutowska et al. 2017). Conversely, two 

Micromonas spp. strains grow in culture with B1, but cannot grow on HMP and/or the 

thiazole precursor 4-methyl-5-thiazoleethanol (HET) (McRose et al. 2014; Paerl et al. 

2015). These examples highlight the variability of B1 auxotrophy in marine phytoplankton. 
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Figure 1. B1 biosynthesis pathway map in O. lucimarinus CCE9901. Abbreviations for structure names 

are highlighted. Phosphorylated analogs whose structures are not shown are boxed. Solid black arrows 

indicate steps in the B1 biosynthesis pathway, the corresponding enzymes catalyzing each step are 

shown next to each arrow. The CCE9901 gene associated with each enzyme is given in parentheses 

below the enzyme abbreviation. Dashed orange lines correspond to abiotic base-catalyzed or intracellular 

degradation of B1. Transport of exogenous vitamin into the cell is shown by the large blue arrows, and 

the specific transporters are not shown. ** = undescribed phosphatase and/or kinase activity. (?) = the 

enzyme ArgE has a putative role in the deformylation of FAMP to AmMP. AmMP = 4-amino-5-

aminomethyl-2-methylpyrimidine; B1 = thiamin; cHET = 5-(2-hydroxyethyl)-4-methyl-1,3-thiazole-2-

carboxylic acid; cHET-P = 4-methyl-5-[2-(phosphonooxy)ethyl]-1,3-thiazole-2-carboxylic acid; FAMP = N-

formyl-4-amino-5-(aminomethyl)-2-methylpyrimidine; HET = 4-methyl-5-thiazoleethanol; HET-P = 4-

methyl-5-(2-phosphooxyethyl)thiazole; HMP = 4-amino-5-hydroxymethyl-2-methylpyrimidine; HMP-PP = 

4-amino-5-hydroxymethyl-2-methylpyrimidine diphosphate; TDP = thiamin diphosphate; TMP = thiamin 

monophosphate. 



 

4 
 

  



 

5 
 

Picoeukaryotic algae are ubiquitous marine primary producers and are important 

prey for grazing species that in turn support higher trophic levels in oceanic food webs 

(Azam et al. 1983; Li 1994; Worden et al. 2004; Cooper et al. 2019; Fridolfsson et al. 

2020). Genomic analyses predict that diverse marine picoalgae are B1 auxotrophic 

(Worden et al. 2009; Sañudo-Wilhelmy et al. 2014; McRose et al. 2014; Paerl et al. 2015; 

Gutowska et al. 2017). However, predicting the use of different B1 analogs cannot always 

be determined through genomic prediction alone. The cosmopolitan picoeukaryotic 

phytoplankton Ostreococcus lucimarinus CCE9901 and O. tauri OTH95 are dual 

auxotrophs that lack the enzymes required for the synthesis of pyrimidine and thiazole 

moieties. These strains were predicted to grow in culture when provided HMP in 

combination with HET (Paerl et al. 2015). HMP+HET had sustained the growth of some 

auxotrophic marine bacteria and phytoplankton previously (Droop 1958; Burkholder and 

Lewis 1968), but neither Ostreococcus strain grew with HET+HMP (Paerl et al. 2015). 

However, O. lucimarinus CCE9901 did grow in co-culture with various bacterioplankton 

and phytoplankton when HMP was provided, suggesting that a plankton-derived thiazole 

precursor was being utilized by CCE9901 (Paerl et al. 2017). Paerl et al. later 

demonstrated that O. tauri RCC745 and Bathyococcus sp. RCC4222 could grow with a 

combination of HMP and 5-(2-hydroxyethyl)-4-methyl-1,3-thiazole-2-carboxylic acid 

(cHET), a thiazole that is produced by bacterial thiazole synthase (Paerl et al. 2018b). A 

mutant O. tauri RCC745 strain lacking thiazole kinase (ThiM) was provided cHET+HMP, 

but did not grow, implying that utilization of this thiazole precursor is determined in part 

by the expression of ThiM (Paerl et al. 2018b). This discovery underscores the need for 

research into pathways that are influencing B1 utilization in auxotrophic phytoplankton. 
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B1 and precursor provision was recently demonstrated to trigger differing growth 

responses in phytoplankton (Gutowska et al. 2017). B1 and the pyrimidine precursors 

HMP and AmMP were provided to satisfy the B1 requirements of E. huxleyi CCMP2090 

and Pavlova sp. CCMP459 cultures (Gutowska et al. 2017). The maximum growth rates 

of both strains were significantly higher when supplied with a precursor versus B1. 

Additionally, Pavlova sp. CCMP459 maximum growth rates were higher when HMP was 

provided compared to AmMP (Gutowska et al. 2017). While the vitamin concentrations 

used in this experiment were high relative to natural concentrations, especially those of 

oligotrophic regions of the ocean, (Sañudo-Wilhelmy et al. 2012; Barada et al. 2013; 

Carini et al. 2014; Suffridge et al. 2017, Suffridge et al. 2020), the discovery that specific 

precursor analogs can be attributed to significant changes in cellular growth is substantial 

and demonstrates the need for further investigation into the metabolic responses of B1 

auxotrophic phytoplankton growing on intact vitamin versus congeners. Such differences 

in maximum growth rates and maximum cell yields are not yet characterized at lower 

environmentally relevant concentrations, nor can contemporary genomic surveys fully 

predict such differences in growth response. These physiological differences could be an 

important factor regarding the competitive success of auxotrophs and must be 

characterized further to better understand succession in complex microbial communities, 

especially when B1 and precursors are limited.  

Differential proteomics is a useful method for identifying important cellular 

pathways that change in response to differing environmental conditions. These changes 

are reflected by differences in protein abundance between treatments, and this approach 

has been employed in experiments with macroalgae (Zhang et al. 2015; Zou et al. 2015) 
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and unicellular phytoplankton (Shim et al. 2011; Kantzilakis et al. 2007; Förster et al. 

2006). Such an assessment could be useful in identifying proteins involved in or affected 

by B1 and precursor utilization. Putative thiamin transporters, such as the sodium:solute 

symporters SSSP and SSSF, are hypothesized to transport B1 or pyrimidine precursors 

(Worden et al. 2009; Carini et al. 2014; McRose et al. 2014), but this has not yet been 

shown experimentally. Assessing the abundance of these transporters and other proteins 

in response to different exogenous B1 congeners could further characterize their 

functions and identify more proteins putatively involved in the use of B1 or precursors. 

While no studies have employed proteomics to resolve protein responses when different 

B1 analogs are provided to auxotrophic phytoplankton, proteomics was recently used to 

identify Thi13 as a missing B1-biosynthesis enzyme in an auxotrophic yeast, Yarrowia 

lipolytica (Walker et al. 2020). In the same experiment, an engineered yeast cell-line 

expressing a thiamin-sensitive P3 promotor along with the missing Thi13 enzyme (HMP 

synthase in yeast) showed high lipid production, as did the wild-type Y. lipolytica when 

exogenous B1 was provided (Walker et al. 2020). This finding is qualitatively similar to 

the increased lipid production observed when the auxotrophic algae Auxenochlorella 

protothecoides UTEX2341 was grown with either B1, HMP, or thiamin metabolites from 

a prototrophic chlorophyte (Higgins et al. 2016; Higgins et al. 2018). These findings 

suggest that other important metabolic pathways may be impacted by auxotrophic status 

and use of exogenous B1 compounds. 

Growth differences have been observed in other auxotrophic phytoplankton strains 

as a result of varied B1 or precursor provision (Gutowska et al. 2017). However, the 

cellular responses and metabolic pathways that cause this observed change in growth 
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are not well-characterized. In this study, the model picoeukaryotic phytoplankton O. 

lucimarinus CCE9901 was used to examine algal proteomic responses associated with 

growth on B1 versus precursors. Cell yields, photosystem health, and growth rates were 

monitored to determine whether environmentally relevant B1 or precursor concentrations 

trigger different growth differences in CCE9901. In addition to this physiological growth 

assessment, the abundances of enzymes known to be affected by B1 availability (e.g., 

B1 biosynthesis and TDP-dependent enzymes) were compared between vitamin addition 

treatments. The responses of other metabolic pathways that are influenced by the 

availability of specific B1 analogs, such as lipid biosynthesis, were similarly assessed. 

Moreover, we identified additional proteins that may be involved in B1 use, including 

transport and precursor salvage. 

  



 

9 
 

METHODS 

CCE9901 culturing and growth monitoring 

Axenic Ostreococcus lucimarinus CCE9901 was obtained from the National 

Center for Marine Algae and Microbiota (NCMA, Bigelow Laboratories). An axenic stock 

culture was maintained in full F/2 medium (Gulliard 1975) in a five-milliliter polystyrene 

tube (Fisher Scientific). Experimental cultures were grown in a modified F/2 medium 

(Paerl et al. 2015). Autoclaved and charcoal-treated seawater from the oligotrophic 

coastal western N. Atlantic station OB8 (Onslow Bay; salinity ~35 psu) was amended with 

F/2 concentrations of 0.22 μm filter-sterilized NH4NO3, KH2PO4, trace metals, vitamin B12 

(cobalamin), and B7 (biotin) as previously described (Paerl et al. 2017). No B1 was added 

to this medium, which is referred to as CFSW herein. Before inoculation with cells, CFSW 

was added to ZoBell (also knowns as marine broth 2216) bacterial growth media (ZoBell 

1941) to test for bacterial contaminants (Paerl et al. 2015). Cultures were kept at 22 °C 

under white light from T8 fluorescent tube bulbs. Light was provided on a 14 h on / 10 h 

off schedule as previously described (Paerl et al. 2015). All cultures were inoculated by 

transferring cells to fresh media using aseptic technique in a laminar flow hood. 

CCE9901 cells used for growth assessment experiments were cultured in sterile 5 

mL polystyrene tubes (Fisher Scientific). Growth in these tubes was monitored daily using 

an in vivo chlorophyll a (Chl a) fluorescence module for a Trilogy fluorometer (Turner 

Designs). Cells were transferred from the full F/2 axenic stock culture to CFSW at a 1:10 

volume:volume ratio (Paerl et al. 2015). This ratio was maintained in a serial dilution 

scheme where cultures were transferred into fresh CFSW once mid-exponential phase 

was reached in order to dilute out B1 and achieve vitamin limitation. A positive control 
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CFSW culture with 1 nM B1 added was generated with each transfer in order to ensure 

cell viability as B1 became limiting. Cultures were considered B1-limited when growth 

was observed in the positive control while negative controls showed no sign of growth 

after being transferred into CFSW. Triplicate B1-limited CCE9901 cultures were provided 

0.5, 1, 5, 10, 25, 100, or 1000 pM concentrations B1, cHET+HMP, or cHET+AmMP, and 

three negative control cultures received no B1. Daily in vivo Chl a fluorescence was 

measured with a Trilogy fluorometer (Turner Designs) and variable fluorescence (Fv/Fm) 

measurements were recorded with a Water-PAM fluorometer (Walz, Germany) using 

default gain settings. These fluorescence measurements were taken at the same time 

each day. Daily instantaneous growth rate (μ) was determined for each culture using the 

equation μ = ln(Ff/Fi)/T, where Ff = final Chl a fluorescence, Fi = initial Chl a fluorescence, 

and T = time (days). 

Flow cytometry (FCM) subsamples were obtained from each culture on days 0, 3, 

and 7. These FCM samples were fixed with glutaraldehyde (0.025% (v/v)) and stored in 

200-microliter PCR tubes at -80 °C. The cells in each FCM sample were enumerated with 

a Guava easyCyte flow cytometer (Luminex) using a blue (488 nm) excitation laser to 

generate red Chl a fluorescence (695±50 nm). Cell densities (cells/mL) were extrapolated 

for all timepoints using a linear regression between Chl a fluorescence measurements 

from the fluorometer and cell density as recorded from FCM cell counts. Only cultures 

that were in exponential phase were used to calculate this regression in order to avoid 

overestimating cell counts by including unhealthy cells from stationary phase cultures. 

Maximum cell yields, maximum and daily Fv/Fm, and maximum and daily growth 

rates were graphed using Prism 8 software (GraphPad). Statistical differences between 
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vitamin additions at each concentration were calculated using two-way ANOVA and 

Tukey’s multiple comparison test. Differences in cell yields, variable fluorescence, and 

growth rates between treatments were considered significant when p<0.05. The growth 

kinetics curves comparing maximum growth μ and vitamin concentration were established 

with the Michaelis-Menten analysis option in Prism 8, and corresponding maximum 

growth rates (Kmax) and half-saturation growth rates (Ks) were generated from this 

analysis (Paerl et al. 2015). Cellular B1 quotas were calculated from the cell densities of 

cultures with intermediate concentrations of vitamin (5-100 pM) as previously described 

(Paerl et al. 2015). Differences between these quotas were determined with one-way 

ANOVA, and significance was based on a 95% confidence interval. 

  

CCE9901 collection for proteomic assessment 

Quadruplicate CCE9901 CFSW cultures were provided 1 nM of B1, cHET+HMP, 

or cHET+AmMP. These were transferred to fresh CFSW + 1 nM vitamin at a 1:10 ratio 

once exponential phase had been reached, as described (Paerl et al. 2015). A final 3° 

transfer into an acid-washed and autoclaved 50-mL Erlenmeyer flask (Fisher Scientific) 

was performed for each culture, yielding quadruplicate 30-mL cultures of CCE9901 

acclimated to 1 nM of either B1, cHET+HMP, or cHET+AmMP. All flasks were capped 

with an autoclaved foam stopper. These cultures were swirled by hand once daily to 

ensure cells were suspended; these cells did not grow when stirred with a stir bar or 

orbital shaker. A subsample of each culture was placed into a five-milliliter polystyrene 

tube (Fisher Scientific), and Chl a fluorescence and variable fluorescence was monitored 
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daily with this subsample in order to reduce chance of contaminating the large-volume 

cultures due to repeated opening of the flasks. 

Once exponential phase had been reached, CCE9901 biomass was collected in a 

two-milliliter microcentrifuge tube by centrifuging an aliquot of each replicate (3200 g, 10 

min, 4 °C). Supernatant was removed, and centrifugation was repeated until 10 mL of 

each culture had been collected. Each pellet was rinsed in phosphate-buffered saline 

(PBS) as previously described (Le Bihan et al. 2011). This PBS rinsate was removed, 

and each pellet was stored at -80 °C until protein extraction commenced. 

 

CCE9901 protein extraction and peptide preparation 

Peptide samples for proteomics were prepared from CCE9901 cell pellets in four 

biological replicates for each vitamin addition tested. Cells were lysed using a similar 

ultrasonication-based method to that described by Gerde et al. as the optimal method for 

lysis of a similar unicellular algae, Chlamydomonas reinhardtii (Gerde et al. 2012). Cell 

pellets were suspended in 200 μL of SDT-lysis buffer (4% (w/v) SDS, 100 mM Tris-HCl 

pH 7.6, 0.1 M DTT) and sonicated with the Qsonica Sonicator Q700 at amplitude 30 for 

1 min 40 sec with 10 sec pulse on, 30 sec off. The average energy applied was 400 J. 

The lysates were centrifuged for 3 min at 20,000 x g to remove cell debris prior to being 

applied to the filter-aided sample preparation (FASP) protocol described (Wiśniewski et 

al. 2009). All centrifugations mentioned below were performed at 14,000 x g. Samples 

were loaded onto 10 kDa MWCO 500 μl centrifugal filters (VWR International) by 

combining 60 μl of lysate with 400 μl of Urea solution (8 M urea in 0.1 M Tris/HCl pH 8.5) 

and centrifuging for 30 min. This step was repeated twice, until filter binding capacity was 
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reached. Filters were washed with 200 μl of urea solution for 40 min to remove any 

remaining SDS. 100 μl IAA solution (0.05 M iodoacetamide in Urea solution) was then 

added to filters for a 20 min incubation followed by centrifugation for 20 min. The filters 

were washed three times with 100 μL of urea solution and 20 min centrifugations, followed 

by a buffer exchange to ABC (50 mM ammonium bicarbonate). Buffer exchange was 

accomplished by adding 100 μL of ABC and centrifuging three times for 20min. Tryptic 

digestion was performed by adding 0.67 μg of MS grade trypsin (Thermo Scientific Pierce, 

Rockford, IL, USA) in 40 μl of ABC to the filters which and incubating for 14.5 hours in a 

wet chamber at 37 °C. The tryptic peptides were eluted by adding 50 μL of 0.5 M NaCl 

and centrifuging for 20 min. Peptide concentrations were determined with the Pierce 

Micro BCA assay (Thermo Fisher Scientific) following the manufacturer’s instructions. 

 

Liquid chromatography–mass spectrometry (LC-MS) 

Samples were analyzed by 1D-LC-MS/MS as described by Speare et al. with small 

modifications mentioned below (Speare et al. 2020). The samples were blocked and 

randomized to control for batch effect (Oberg and Vitek, 2009). For each sample, 600 ng 

of tryptic peptides were loaded with an UltiMateTM 3000 RSLCnano Liquid Chromatograph 

(Thermo Fisher Scientific) in loading solvent A (2% acetonitrile, 0.05% trifluoroacetic acid) 

onto a 5 mm, 300 µm ID C18 Acclaim® PepMap100 pre-column (Thermo Fisher 

Scientific). Peptides were then separated on a 75 cm long analytical column (75 cm x 75 

μm analytical EASY-Spray column packed with PepMap RSLC C18, 2 µm material, 

Thermo Fisher Scientific; heated to 60 °C) and eluted at a flow rate of 300 nL/min using 

a 140 min gradient going from 95% buffer A (0.1 % formic acid) to 31% buffer B (0.1 % 
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formic acid, 80% acetonitrile) in 102 min, then to 50% B in 18 min, then to 99% B in 1 

min, ending with 99% B. Carryover was reduced by wash runs (injection of 20 µl 

acetonitrile with 99% eluent buffer B) between samples.  

The analytical column was connected to a Q Exactive HF hybrid quadrupole-

Orbitrap mass spectrometer (Thermo Fisher Scientific) via an Easy-Spray source. Eluting 

peptides were ionized via electrospray ionization (ESI). MS1 spectra were acquired by 

performing a full MS scan at resolution of 60,000 on a 380 to 1600 m/z window. MS2 

spectra were acquired using a data dependent approach by selecting for fragmentation 

the 15 most abundant ions from the precursor MS1 spectra. A normalized collision energy 

of 25 was applied in the HCD cell to generate the peptide fragments for MS2 spectra. 

Other settings of the data-dependent acquisition included: a maximum injection time of 

100 ms, a dynamic exclusion of 25 sec and exclusion of ions of +1 charge state from 

fragmentation. About 65,000 MS/MS spectra were acquired per sample.  

 

Protein identification  

A target-decoy database containing all predicted CCE9901 protein sequences 

(https://www.uniprot.org/proteomes/UP000001568) and protein sequences of common 

laboratory contaminants (http://www.thegpm.org/crap/) were used for peptide and protein 

identification. Searches of the MS/MS spectra against this database were performed with 

the Sequest HT node in Proteome Discoverer version 2.3.0.523 software (Thermo Fisher 

Scientific) with the following parameters: digestion with trypsin (Full), maximum of 2 

missed cleavages, 10 ppm precursor mass tolerance, 0.1 Da fragment mass tolerance 

and maximum 3 equal dynamic modifications per peptide. The following dynamic 

https://www.uniprot.org/proteomes/UP000001568
http://www.thegpm.org/crap/
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modifications were considered: oxidation on M (+15.995 Da), carbamidomethyl on C 

(+57.021 Da) and acetyl on the protein N terminus (+42.011 Da). Peptide false discovery 

rate (FDR) was calculated using the Percolator node in Proteome Discoverer and only 

peptides identified at a 5% FDR were retained for protein identification. Proteins were 

inferred from peptide identifications using the Protein-FDR Validator node in Proteome 

Discoverer with a target FDR of 5%.  

 

Quality assessment and outlier analysis  

The total number of proteins identified at an FDR of 5% or better were compared 

across samples to assess quality of the data acquired. Assuming total protein numbers 

are normally distributed data, 99.7% of the samples in this dataset would be expected to 

have at least 1235 detected proteins. This number corresponds to the mean minus three 

standard deviations. All exponential phase CCE9901 samples had more than the 

minimum 1235 proteins and were all included in subsequent analysis. 

 

Protein quantification and data analysis 

Contaminant proteins (cRAP sequences), low confidence (FDR >5%) proteins, 

and proteins that did not have at least five Peptide Spectral Matches (PSMs) in at least 

one sample were removed.  PSM counts for the remaining proteins in the dataset were 

normalized by sample using a centered-log-ratio (CLR) transformation, which allows for 

robust statistical analyses of compositional proteomics data (Fernandes et al. 2014). 

Statistical analyses were performed on this CLR normalized data in the Perseus software 

platform (version 1.6.12.0) (Tyanova et al. 2016). A Tukey test for one-way ANOVA 
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(FDR=0.05) was performed to detect proteins that were significantly differentially 

abundant between two treatments. In parallel to the statistical analysis of the CLR-

normalized dataset, proteins were quantified by calculating normalized spectral 

abundance factors (NSAFs, Zybailov et al. 2006) using the PSM counts. NSAFs were 

multiplied by 100 to give the relative protein abundance as a percentage of the total 

proteome. These resulting values were compared between cultures to assess the 

abundance of TDP-dependent proteins and enzymes involved in B1 metabolism, as well 

as those proteins that were identified in the CLR-transformed dataset as having 

significantly different abundances between treatments. 

To group proteins more generally in accordance with biological role or metabolic 

pathway associations, proteins were assigned to broad functional categories based on 

information in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database 

(Kanehisa et al. 2020), InterPro (Blum et al. 2021), and the Gene Ontology (GO) 

Consortium (Ashburner et al. 2000; Carbon et al. 2021). Differentially expressed proteins 

in these broad categories were compared between B1 and precursor cultures to identify 

biological functions that are impacted by the provision of different vitamin analogs in 

CCE9901. B1 biosynthesis proteins were identified using the CCE9901 thiamin 

metabolism pathway map in the KEGG database (olu00730). BLASTP (NCBI) was used 

to identify CCE9901 proteins that are not annotated as B1 metabolism proteins in KEGG, 

but that have sequence similarity to other enzymes in the pathway map. The Thiamin-

diphosphate Dependent Enzymes Engineering Database (TEED, v12.1, Buchholz et al. 

2016) was used to identify Enzyme Commission (E.C.) numbers associated with TDP-

dependence. KEGG was used to search for CCE9901 proteins annotated with these 
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corresponding E.C. numbers in order to identify putative TDP-dependent CCE9901 

proteins. Proteins identified in this process were considered TDP-dependent if the 

CCE9901 protein was found in the TEED database using the TEED BLASTP tool (e-value 

cutoff: 1e-10). 

 

Data availability 

The mass spectrometry metaproteomics data and the protein sequence database will be 

deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al. 2016) 

partner repository. 
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RESULTS 

CCE9901 physiological responses to exogenous B1 

Maximum cell yields of CCE9901 increased logarithmically with increasing 

concentrations of B1 or precursors and were comparable across additions of 0.5 to 10 

pM (Fig. 2). However, cultures with cHET+AmMP had significantly higher average 

maximum cell yields than cultures with added B1 at 25 pM, 100 pM, and 1000 pM. At 100 

pM, cultures grown on cHET+HMP also had significantly higher yields than those 

provided B1 (p < 0.0001), but cell densities were still higher when cultures were provided 

cHET+AmMP versus cHET+HMP (p = 0.0337). 

 

 
 

Figure 2. Maximum cell densities (cells/mL) of O. lucimarinus CCE9901 with respect to added vitamin. 

Different letters signify significant differences (p<0.05) between treatments within the same concentration. 
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Similarly, the maximum average variable fluorescence (Fv/Fm) increased 

logarithmically as the concentration of vitamin provided was increased (Fig. 3). The only 

significant difference between treatments occurred at the 10 pM concentration, as 

cultures grown with cHET+AmMP exhibited higher maximum Fv/Fm values compared to 

cultures grown with B1 (p = 0.0143). The cultures provided with 10 pM cHET+HMP also 

had higher Fv/Fm values than the cultures grown with B1, but the p-value for this difference 

was just above the 95% confidence interval for statistical significance (p = 0.0507). 

 

 
 

Figure 3. Maximum variable fluorescence (Fv/Fm) of O. lucimarinus CCE9901 with respect to added vitamin. 

Different letters signify significant differences (p<0.05) between treatments within the same concentration. 
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Maximum growth rates increased logarithmically with increasing concentrations of 

B1 or precursors (Fig. 4), and maximum growth rates (Kmax) were similar for all three 

vitamin additions (Fig.4). These growth rates were similar between 100 and 1000 pM 

additions (p = 0.6947). At 0.5 pM, cHET+AmMP cultures exhibited faster maximum 

growth rates than B1 (p < 0.0001) and cHET+HMP (p = 0.0004) culture groups. 

Consequentially, the half saturation growth constant (Ks) for cultures grown with 

cHET+AmMP was about two times lower than of cultures supplied B1 or cHET+HMP (Fig. 

5). This difference in Ks was significant; the upper limit of the 95% confidence interval for 

the Ks of cultures grown on cHET+AmMP (0.989 pM) was less than the lower limit of the 

Ks confidence intervals for cultures provided B1 or cHET+HMP (1.01 pM and 1.02 pM, 

respectively). 

 
 

Figure 4. Maximum daily growth rate of O. lucimarinus CCE9901 based on Chl a fluorescence. Different 

letters signify significant differences (p<0.05) between treatments within the same concentration. 
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Figure 5. Michaelis–Menten growth kinetics curves for CCE9901 provided A) B1, B) cHET+HMP, and C) 

cHET+AmMP. Kmax and Ks values for each treatment are shown with a 95% confidence interval. 

A 

B 

C 
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CCE9901 vitamin cell quotas varied as a result of thiamin source provided. The 

quota for cells grown with B1 was significantly higher than the quotas for cells grown on 

HMP or AmMP (Table 1). The difference between cHET+HMP and cHET+AmMP quotas 

was not significant based on one-way ANOVA (Table 1).  

 

Table 1. Cell vitamin quotas for CCE9901 (pmol/cell) provided B1, cHET+HMP, or cHET+AmMP. 

Significant differences between additions and the corresponding p-values from a one-way ANOVA test are 

indicated. Bold text corresponds to the mean cell vitamin quota for each treatment.  

 

 

Maximum daily growth rates were similar at each concentration, apart from 0.5 pM 

(Fig. 4), but growth rates on individual days varied between treatments. The daily growth 

rate of cultures grown with 5 to 100 pM B1 declined earlier in the experiment compared 

to those supplied with equivalent concentrations of precursors (Fig. 6). Changes in the 

daily variable fluorescence followed the changes in daily growth rates (Fig. 7). Across this 

concentration range, the average daily growth rate of B1-amended cultures was 

significantly lower than the corresponding rate from the cHET+HMP group for at least a 

full day (Fig. 6A, 6B, & 6D), with the growth rate of cultures grown with 25 pM HMP being 

consistently higher for up to three days after reaching maximum growth rate. (Fig. 6C). 

The average daily growth rates of cultures provided B1 at 5, 10, or 100 pM were lower 

B1 HMP AmMP

6.03 x 10-8 YES YES

± 3.34 x 10
-8

p  = 0.0046 p  < 0.0001

3.60 x 10-8 YES no

± 1.49 x 10-8 p  = 0.0046 p  = 0.1752

2.29 x 10-8 YES no

± 7.89 x 10-9 p  < 0.0001 p  = 0.1752
cHET+AmMP

cHET+HMP

B1

Cellular Quota (pmol/cell)

(n=15)
Vitamin Provided

Signficantly Different vs.

--

--

--
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than those of the corresponding cHET+AmMP group for a minimum of two days (Fig. 6A, 

6B, & 6D), with cultures grown on AmMP demonstrating a maximum of four days of 

consecutively higher daily growth rates (Fig. 6C). Additionally, at 10 and 25 pM, the 

cHET+AmMP treatment group showed significantly higher daily growth rates compared 

to cultures grown with cHET+HMP on days four and five, respectively (Fig. 6B & 6C).  
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Figure 6. Daily growth rate of O. lucimarinus CCE9901 based on Chl a fluorescence at dissolved thiamin concentrations of A) 5 pM, B) 10 pM, C) 

25 pM, and D) 100 pM. Different letters signify significant differences (p<0.05) between treatments. 



 

25 
 

 

Figure 7. Daily variable fluorescence (Fv/Fm) measurement of CCE9901 cultures at dissolved thiamin concentrations of A) 5 pM, B) 10 pM, C) 25 

pM, and D) 100 pM. Different letters signify significant differences (p<0.05) between treatments.
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CCE9901 proteomic analysis 

Overall, 1543 proteins were identified from biomass in CCE9901 cultures.  For 

each treatment group, the 20 most abundant proteins based on normalized spectral 

abundance factor (NSAF) made up approximately 21% of the proteomes (Table 2).  

Among these proteins are histones, ribulose bisphosphate carboxylase (RuBisCo), and 

photosystem-associated proteins (Table 2). None of these proteins had significantly 

different NSAF values between the different CCE9901 cultures. 

 
Table 2. The top 20 most abundant proteins detected from O. lucimarinus CCE9901 cultures acclimated 

to growth with 1 nM B1, cHET+HMP, or cHET+AmMP. The average relative abundance of each protein is 

displayed by the normalized spectral abundance factor (NSAF) of each protein. 

 
 

 
 
 
 

UniProt 

Accession
Uniprot Protein Annotation NSAF

A4RS62 Histone H4 2.92%

A4S1C9 Histone H2B 1.95%

A4SA21 Ribule bisphphate carboxylase small chain (Fragment) 1.70%

A4SA22 Ribule bisphphate carboxylase small chain 1.43%

A4SA23 Ribule bisphphate carboxylase small chain 1.37%

A4RW20 ATPase_AAA_core domain-containing protein 1.09%

A4RQK4 F-ATPase family transporter: protons (Mitochondrial) 0.95%

A4S655 FAS1 domain-containing protein 0.85%

A4RUX4 Uncharacterized protein 0.81%

A4S475 Glyceraldehyde-3-phphate dehydrogenase 0.80%

A4SAM4 PsbO, PSII-O, OEE1, photystem II polypeptide, oxygen evolving enhancer 1 0.80%

A4S9U4 Aminotran_5 domain-containing protein 0.78%

A4S5H6 Acyl carrier protein 0.77%

A4S1C8 Histone H2A 0.75%

A4S5G3 Histone H2A 0.75%

A4S885 Histone H2A 0.75%

A4RXW9 Histone H3 0.74%

A4S7X2 PsaD, PSI-D, subunit II, photystem I protein 0.71%

A4RXX5 Chlorophyll a-b binding protein, chloroplastic 0.66%

A4S0W7 Histone H3 0.64%

Vitamin B1
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Table 2 (continued). 
 

 
 

 

UniProt 

Accession
Uniprot Protein Annotation NSAF

A4RS62 Histone H4 3.15%

A4S1C9 Histone H2B 1.82%

A4SA21 Ribulose bisphosphate carboxylase small chain (Fragment) 1.72%

A4SA22 Ribulose bisphosphate carboxylase small chain 1.43%

A4SA23 Ribulose bisphosphate carboxylase small chain 1.36%

A4RW20 ATPase_AAA_core domain-containing protein 1.16%

A4RQK4 F-ATPase family transporter: protons (Mitochondrial) 0.93%

A4S5H6 Acyl carrier protein 0.88%

A4S9U4 Aminotran_5 domain-containing protein 0.80%

A4SAM4 PsbO, PSII-O, OEE1, photosystem II polypeptide, oxygen evolving enhancer 1 0.72%

A4S655 FAS1 domain-containing protein 0.71%

A4S475 Glyceraldehyde-3-phosphate dehydrogenase 0.70%

A4RZW9 F-ATPase family transporter: protons (Chloroplast) 0.69%

A4S1C8 Histone H2A 0.68%

A4S5G3 Histone H2A 0.68%

A4S885 Histone H2A 0.66%

A4RXW9 Histone H3 0.66%

A4SBE3 Oxygen evolving enhancer 2 of Photosystem II 0.66%

A4RUX4 Uncharacterized protein 0.62%

A4RSQ1 Histone H2A 0.61%

cHET + HMP

UniProt 

Accession
Uniprot Protein Annotation NSAF

A4RS62 Histone H4 2.91%

A4SA21 Ribulose bisphosphate carboxylase small chain (Fragment) 1.96%

A4S1C9 Histone H2B 1.71%

A4SA22 Ribulose bisphosphate carboxylase small chain 1.63%

A4SA23 Ribulose bisphosphate carboxylase small chain 1.56%

A4RUX4 Uncharacterized protein 1.21%

A4RW20 ATPase_AAA_core domain-containing protein 1.12%

A4S5H6 Acyl carrier protein 1.07%

A4RQK4 F-ATPase family transporter: protons (Mitochondrial) 0.88%

A4S475 Glyceraldehyde-3-phosphate dehydrogenase 0.78%

A4S655 FAS1 domain-containing protein 0.77%

A4RZW9 F-ATPase family transporter: protons (Chloroplast) 0.76%

A4S9U4 Aminotran_5 domain-containing protein 0.75%

A4RUX8 Chlorophyll a-b binding protein, chloroplastic 0.71%

A4RSQ1 Histone H2A 0.70%

A4SAM4 PsbO, PSII-O, OEE1, photosystem II polypeptide, oxygen evolving enhancer 1 0.69%

A4S1C8 Histone H2A 0.65%

A4S5G3 Histone H2A 0.65%

A4S885 Histone H2A 0.64%

A4S7X2 PsaD, PSI-D, subunit II, photosystem I protein 0.64%

cHET + AmMP
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Twenty proteins with potential roles in B1 metabolism were identified based on 

KEGG orthology and BLASTP searches. Of these twenty enzymes, six were found in our 

proteomic dataset (Table 3). These included 1-deoxy-D-xylulose-5-phosphate synthase 

(Dxs; EC: 2.2.1.7), cysteine desulfurase (IscS/NFS1; EC: 2.8.1.7), an acetylornithine 

deacetylase similar to formylaminopyrimidine deformylase (YlmB; EC: 3.5.1.-) and three 

adenylate kinases (AK; EC: 2.7.4.3) that are annotated as B1 metabolism enzymes in 

KEGG. The NSAF values of these individual proteins ranged from 0.013% to 0.137% of 

the total proteins in each culture, and none of these proteins had significantly different 

NSAFs between B1 or precursor treatments.  

In addition to the six B1 biosynthesis enzymes identified, five TDP-dependent 

proteins were present in our proteomic dataset. The detected proteins have roles in 

central carbon metabolism (glycolysis/gluconeogenesis, the citric acid cycle, the pentose 

phosphate pathway, terpenoid backbone biosynthesis, and/or pyruvate metabolism) and 

amino acid biosynthesis and degradation (Table 4). None of the TDP-requiring proteins 

were differentially abundant across vitamin treatments. 
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Table 3. NSAF of the six enzymes involved in B1 biosynthesis and salvage that were detected from 

exponential phase CCE9901 cultures. The differences in abundance between thiamin additions were not 

statistically significant. 

 

 

 
 
 
 
Table 4. NSAF of TDP-dependent proteins from CCE9901 cultures in exponential growth phase. The 

differences between thiamin additions were not statistically significant. 

 

  

Gene 

Accession
Protein Annotation Family

NSAF (%) 

B1

NSAF (%) 

HMP

NSAF (%) 

AmMP
DXS 

(OSTLU_48774)

1-deoxy-D-xylulose-5-

phosphate synthase plastid
Dxs 0.014% 0.019% 0.013%

OSTLU_45194
Aminotran_5 domain-

containing protein
IscS/NFS1 0.040% 0.044% 0.034%

OSTLU_12518
ADK_lid domain-containing 

protein
AK 0.041% 0.047% 0.046%

OSTLU_37399
ADK_lid domain-containing 

protein
AK 0.069% 0.067% 0.075%

OSTLU_87896
Uncharacterized protein 

(Fragment)
AK 0.134% 0.136% 0.136%

OSTLU_29911
M20_dimer domain-

containing protein

ArgE

(putative ylmB)
0.014% 0.013% 0.013%

B1 HMP AmMP

Carbon OSTLU_49109 0.02% 0.02% 0.02%

Carbon OSTLU_19841 0.00% 0.01% 0.00%

Carbon OSTLU_29179
K00161  pyruvate dehydrogenase E1 

component alpha subunit [EC:1.2.4.1]
0.02% 0.02% 0.03%

Carbon OSTLU_48774 
K01662   1-deoxy-D-xylulose-5-

phosphate synthase [EC:2.2.1.7]
0.01% 0.02% 0.01%

Carbon & 

Amino Acid
OSTLU_16284 K00615  transketolase [EC:2.2.1.1] 0.20% 0.22% 0.22%

K00164  2-oxoglutarate dehydrogenase 

E1 component [EC:1.2.4.2]

NSAF (%)
KEGG OrthologyGene Accession

Metabolism 

Category
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Of all proteins detected, 74 exhibited differences in relative abundance between 

treatments. Protein abundance ratios between treatments that showed significant 

differences ranged from 1.07 to 7.30. Nine of these 74 proteins showed multiple 

significant differences between the three treatment groups. Of the differentially abundant 

proteins identified, 56 were able to be assigned a broad functional category based on 

KEGG and InterPro annotations (Fig. 8). The amino acid biosynthesis, ribosomal subunit, 

and lipid metabolism categories had the highest number of proteins with significant 

differences between vitamin treatments. While no proteins involved in B1 metabolism 

showed differential abundance between the cultures, a vitamin B6 (pyridoxal phosphate)-

dependent aminotransferase and a bifunctional dihydrofolate reductase / thymidylate 

synthase, which has a role in folate (vitamin B9) biosynthesis, both had higher relative 

abundances in cultures amended with precursors compared to B1. 
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Figure 8. Number of proteins in each functional category with significant differences in NSAF. One specific protein may be counted multiple times 

within a category if differences in NSAF were observed between multiple vitamin addition groups.  
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Sixteen proteins had significantly higher abundances in cultures amended with B1 

compared to precursors, and 13 of these proteins were more abundant in B1 versus 

cHET+HMP cultures. Only three proteins detected were more abundant in the B1 cultures 

than those provided cHET+AmMP (Table 5). Proteins involved in vesicle or vacuole 

trafficking were 2.56 and 7.30 times more abundant in cultures amended with B1 

compared to precursors (Table 5). Two of these proteins, OSTLU_32508 and 

OSTLU_93609, were only detected in B1-supplied cultures, and their minimum 

abundance ratios between the B1 and precursor treatments were 22.1 and 70.0, 

respectively (Table 5). Two proteins involved in proteolysis and three protein transporters 

were also found to have 1.12 to 1.93 times higher abundance in B1 cultures compared to 

cultures grown on cHET+HMP. The remaining proteins that were more abundant in the 

B1 cultures versus cHET+HMP cultures were a DNA helicase (OSTLU_37622) and a 

starch synthase (OSTLU_49880) (Table 5).  

  



   

33 
 

Table 5. NSAF ratios between proteins from CCE9901 cultures in which proteins from B1-amended cultures 

had higher relative abundance compared to either the HMP and/or AmMP groups. * = Ratios for proteins 

that were not detected in a treatment reflect lowest ratio estimates wherein the lowest NSAF of all detected 

proteins (2.14x10-4) was substituted for the NSAF value of 0 in order to find a numerical value. 

 
  

Functional Category B1 > HMP Gene UniProt Protein Annotation

Carbon Metabolism 22.1* OSTLU_32508 Malic enzyme

Vesicle/Vacuole Traffiking 7.30 OSTLU_27506 Uncharacterized protein

Vesicle/Vacuole Traffiking 2.76 OSTLU_27430 Uncharacterized protein

Ribosomal Subunit 1.95 OSTLU_119484 Ribosomal protein S28e

Protein Transport 1.93 OSTLU_15058
IISP family transporter: preprotein 

translocase SecY subunit

Proteolysis 1.80 OSTLU_44098
AAA domain-containing protein 

(Fragment)

Proteolysis 1.64 OSTLU_45399 Uncharacterized protein (Fragment)

tRNA Biogenesis 1.61 OSTLU_37135
AA_TRNA_LIGASE_II domain-containing 

protein

Protein Transport 1.54 OSTLU_26112 GYF_2 domain-containing protein

Photosynthesis 1.41 OSTLU_40083
Cytochrome b6-f complex iron-sulfur 

subunit

mRNA-binding 1.36 OSTLU_29370 RRM domain-containing protein

Amino Acid Biosynthesis 1.13 OSTLU_19853 Uncharacterized protein

Protein Transport 1.12 OSTLU_13829 SAM domain-containing protein

Functional Category B1 > AmMP Gene UniProt Protein Annotation

Vesicle/Vacuole Traffiking 70.0* OSTLU_93609
t-SNARE coiled-coil homology domain-

containing protein (Fragment)

DNA Replication 5.41 OSTLU_37662 Uncharacterized protein

Starch Metabolism 2.07 OSTLU_49880
Starch synthase, 

chloroplastic/amyloplastic
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Of the 56 proteins with an assigned functional category, 26 were more abundant 

in precursor-amended versus B1-amended cultures (Table 6). Four proteins were 

significantly more abundant in both types of precursor cultures compared to B1, and these 

four have roles in lipid, amino acid, and folate metabolisms (Table 6). All lipid metabolism 

proteins identified with significant differences in abundance had higher NSAF values in 

precursor cultures compared those grown on B1 (Table 6). Proteins with involvement in 

transcription and translation, including tRNA biogenesis enzymes and mRNA-binding 

proteins, were more abundant in cultures grown with precursors versus B1 (Fig. 8). The 

structural component tubulin, and specifically β-tubulin, was identified to be 1.39 times 

more abundant in cultures supplied with cHET+HMP than cultures grown on B1 (Table 

6). Two fructose metabolism enzymes involved in glycolysis and gluconeogenesis 

(OSTLU_29493 and OSTLU_4189) were found to be 2.56 and 1.37 times more abundant 

in the cHET+AmMP cultures than the B1 cultures (Table 6). 
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Table 6. NSAF ratios between proteins from CCE9901 cultures in which proteins from either cHET+HMP 

or cHET+AmMP cultures had higher relative abundance compared to B1-amended cultures. ND = no 

statistical difference between two treatments. 

  

Category HMP > B1 AmMP > B1 Gene UniProt Protein Annotation

Amino Acid Biosynthesis 1.71 1.90 OSTLU_32105 Uncharacterized protein

Lipid Metabolism 1.46 1.42 OSTLU_17563 Uncharacterized protein

Vitamin Metabolism 1.41 1.34 OSTLU_49676
Bifunctional dihydrofolate reductase-

thymidylate synthase

Lipid Metabolism 1.24 1.23 OSTLU_46754 Epimerase domain-containing protein

Starch Metabolism 3.13 ND OSTLU_33608 CBM20 domain-containing protein

mRNA-binding 1.89 ND OSTLU_26958 Uncharacterized protein

mRNA-binding 1.80 ND OSTLU_35071 Uncharacterized protein

Vitamin Metabolism 1.70 ND OSTLU_28388
Aminotran_1_2 domain-containing 

protein

Tubulin 1.39 ND OSTLU_28827 Tubulin beta chain

Carbon Metabolism ND 2.56 OSTLU_29493 PFK domain-containing protein

mRNA-binding ND 2.48 OSTLU_119611 DNA-directed RNA polymerase subunit

Ribosomal Subunit ND 1.64 OSTLU_18674
Plastid ribosomal protein L22 large 

ribosomal subunit

Vesicle/Vacuole Traffiking ND 1.49 OSTLU_24119 Uncharacterized protein

Photosynthesis ND 1.43 OSTLU_14984
Possible early light induced 

protein/carotenoid biosynthesis

tRNA Biogenesis ND 1.37 OSTLU_42662 Uncharacterized protein

Carbon Metabolism ND 1.37 OSTLU_4189
FBPase domain-containing protein 

(Fragment)

tRNA Biogenesis ND 1.36 OSTLU_119609
Phenylalanine-tRNA synthetase, 

probable

Lipid Metabolism ND 1.36 OSTLU_44114
2-C-methyl-D-erythritol 2,4-

cyclodiphosphate synthase

Amino Acid Biosynthesis ND 1.35 OSTLU_26961 Cysteine synthase

Ribosomal Subunit ND 1.33 OSTLU_37627
Ribosomal protein L30, component of 

cytosolic 80S ribosome & 60S subunit

Mitochondrial Component ND 1.30 OSTLU_49408 Elongation factor Ts, mitochondrial

Proteolysis ND 1.22 OSTLU_39458 ABC1 domain-containing protein

Lipid Metabolism ND 1.22 OSTLU_43938 Uncharacterized protein

Amino Acid Biosynthesis ND 1.21 OSTLU_39000 Uncharacterized protein

Amino Acid Biosynthesis ND 1.17 OSTLU_19549
Adenylosuccinate synthetase, 

chloroplastic
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Twenty-three proteins were differentially abundant in cultures provided 

cHET+HMP versus cHET+AmMP (Table 7). One of these proteins was the SSSP 

transporter (OSTLU_24399). This was the only transmembrane transporter detected with 

significantly different NSAF values, and it was 1.51 times more abundant in cultures 

provided AmMP in place of HMP. Similarly, a protein involved in nitrogen metabolism, a 

ferredoxin- binding glutamate synthase (OSTLU_51965), was 1.07 times more abundant 

in AmMP-amended cultures than HMP cultures (Table 7). Three of the four mitochondrial 

components had greater abundance in AmMP cultures versus HMP (Fig. 8). Conversely, 

the proteins involved in the metabolism of starches and α-tubulin were more abundant in 

HMP cultures compared to those provided AmMP (Fig. 8). 
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Table 7. NSAF ratios between proteins from CCE9901 cultures in which proteins from cHET+HMP and 

cHET+AmMP cultures different relative abundances. * = Ratios for proteins that were not detected in a 

treatment reflect lowest ratio estimates wherein the lowest NSAF of all detected proteins (2.14x10-4) was 

substituted for the NSAF value of 0 in order to find a numerical value. 

 

Category HMP > AmMP Gene UniProt Protein Annotation

DNA Replication 5.09 OSTLU_37662 Uncharacterized protein

Antioxidation 2.92 OSTLU_7355 Uncharacterized protein (Fragment)

Starch Metabolism 2.76 OSTLU_49880
Starch synthase, 

chloroplastic/amyloplastic

Proteolysis 2.34 OSTLU_41449 Proteasome subunit alpha type

mRNA-binding 2.20 OSTLU_27350 Uncharacterized protein

Ribosomal Subunit 1.74 OSTLU_30354
Putative mitochondrial ribosomal 

protein S1

Tubulin 1.72 OSTLU_26788 Tubulin alpha chain

Tubulin 1.64 OSTLU_33239 Tubulin alpha chain

Amino Acid Biosynthesis 1.50 OSTLU_28382 PALP domain-containing protein

Starch Metabolism 1.44 OSTLU_14998 Alpha-1,4 glucan phosphorylase

Category AmMP > HMP Gene UniProt Protein Annotation

Carbon Metabolism 22.5* OSTLU_32508 Malic enzyme

Protein Transport 2.28 OSTLU_15058
IISP family transporter: preprotein 

translocase SecY subunit

Vesicle/Vacuole Traffiking 2.18 OSTLU_27430 Uncharacterized protein

Mitochondrial Component 1.83 OSTLU_40656 Magnesium transporter

Antioxidation 1.78 OSTLU_32550
Copper/zinc superoxide dismutase-like 

protein

tRNA Biogenesis 1.56 OSTLU_42662 Uncharacterized protein

Protein Transport 1.55 OSTLU_26112 GYF_2 domain-containing protein

Membrane Transporter 1.51 OSTLU_24399
SSS family transporter: sodium 

ion/solute

Ribosomal Subunit 1.45 OSTLU_93770
Plastid ribosomal protein S6 small 

ribosomal subunit

Mitochondrial Component 1.40 OSTLU_32727 Uncharacterized protein

Ribosomal Subunit 1.22 OSTLU_26982
Plastid ribosomal protein S21 small 

ribosomal subunit

Mitochondrial Component 1.16 OSTLU_49408 Elongation factor Ts, mitochondrial

Nitrogen Metabolism 1.07 OSTLU_51965
Glutamine amidotransferase type-2 

domain-containing protein
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DISCUSSION 

CCE9901 maximum yields and growth rates 

O. lucimarinus CCE9901 is known to grow on cHET + HMP to meet its B1 

demands, but here we show the dual B1-auxotrophic picophytoplankton also grows on 

cHET and the B1 degradation product AmMP (Fig. 2). Provision of cHET+AmMP in the 

high (25 – 1000 pM) concentration range supported consistently higher cell densities 

compared to B1, and at 100 pM these cell yields were also significantly higher than the 

cHET+HMP treatment (Fig. 2), similar to the increased cell density of Pavlova sp. 

CCMP459 grown on AmMP versus HMP (Gutowska et al. 2017). At lower concentrations, 

the higher cell yields in precursor cultures was not significantly different due to high 

variability between replicates (Fig. 2). Interestingly, the maximum values for variable 

fluorescence, which is used as an indicator of photosystem health and photosynthetic 

energy conversion efficiency (Falkowski et al. 1986; Kolber et al. 1990), did not change 

appreciably between treatments (Fig. 3). More surprising is that differences in cell density 

were not reflected by differences in maximum growth rates between treatments (Fig. 4), 

indicating that varied growth responses to limiting concentrations of B1 and precursors 

can stimulate significant differences in cell yields even when mid-exponential phase 

growth rates are similar. 

A difference in maximum growth rate was anticipated given the higher maximum 

cell yields observed in precursor cultures (Fig. 2). Previous work has shown that 

maximum growth rates of E. huxleyi CCMP2090 and Pavlova sp. CCMP459 are lower 

when grown on B1 versus HMP or AmMP at final concentrations of 100 to 500 pM 

(Gutowska et al. 2017). Such differences were not observed with CCE9901. From 10 to 

1000 pM, the maximum growth rate was similar to the respective Kmax for each vitamin 
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addition (Fig. 4 & 4). It is possible that maximum growth rates are different between 

vitamin additions at lower concentrations, but standard deviations were high within this 

range, thus uncertainty regarding potential differences in maximum growth rate is also 

high (Fig. 4). Potentially, variability in the growth data could be reduced through 

experimentation with a continuous culture where these low concentrations are 

maintained, as opposed to an initial provision of vitamin to batch cultures (Droop 2007). 

Smaller timescale measurements (i.e., hourly) could also offer better resolution for 

calculating the maximum growth rates for these cultures, as stationary phase is reached 

quickly at low concentrations (Fig. 6). The consistent maximum growth rate of CCE9901 

demonstrates that this prasinophyte and other similar picophytoplankton can grow on 

lower concentrations of B1 and precursors compared to other larger phytoplankton 

strains, as was observed previously (Tang et al. 2010; Paerl et al. 2015; Gutowska et al. 

2017). While CCE9901 cellular vitamin quotas (Table 1) are similar to those of other 

picophytoplankton (namely Ostreococcus spp., Micromonas pusilla CCMP487, 

Pelagomonas calceolata CCMP1756) (Paerl et al. 2015), various Dinophyceae, the 

cryptophyte Rhodomonas salina CCMP1319 (Tang et al. 2010), and E. huxleyi 

CCMP2090 (Gutowska et al. 2017) all demonstrated B1 quotas that were at least one 

order of magnitude larger than those of CCE9901. The comparatively small B1 and 

precursor quotas exhibited by picophytoplankton highlight that these small algae have 

evolved minimal B1 requirements per cell to grow in euphotic marine waters where 

B1/precursor availability is low, and this could be an advantage when competing for scare 

supplies of this vitamin (Tang et al. 2010; Paerl et al. 2015). 
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Differences in growth under B1-limiting conditions 

Auxotrophic phytoplankton growth on different B1 compounds has been compared 

in the past using maximum growth rates and cell yields (McRose et al. 2014; Paerl et al. 

2015; Higgins et al. 2016; Paerl et al. 2017; Gutowska et al. 2017; Higgins et al. 2018; 

Paerl et al. 2018b), but differences in growth rates when cells presumably begin to 

experience vitamin limitation have not been assessed. The prolonged late-exponential 

growth experienced when precursors were provided versus B1 explains why cell yields 

are higher in precursor cultures (Fig. 2) even though maximum growth rates are 

consistently similar between treatments (Fig. 4). This difference in yield is presumably 

due to differences in vitamin use that results from varied metabolic responses, B1 

availability, or a combination of these factors. 

Light degradation was not likely responsible for reduced availability of B1, as 

CCE9901 cultures were not exposed to UV radiation, which is the destabilizing spectral 

range that degrades B1 (Okumura 1961). Indeed, high-intensity natural sunlight degrades 

B1 in seawater (Carlucci et al. 1969) and some B1 auxotrophic phytoplankton reach 

higher cell densities in UV-exposed versus unexposed B1-amended media, suggesting 

that UV-facilitated degradation products are more readily assimilated (Gutowska et al. 

2017). However, this is not an influential factor in our experiments with CCE9901.  

In nature, exogenous B1 and precursor availability is potentially dynamic due to 

cell scavenging, cell leakage or lysis, degradation processes, and extracellular protein 

binding (Koch et al. 2012; Sañudo-Wilhelmy et al. 2012; Barada et al. 2013; Sañudo-

Wilhelmy et al. 2014; Carini et al. 2014; Suffridge et al. 2017; Gómez‐Consarnau et al. 

2018; Suffridge et al. 2020). Reported dissolved concentrations of B1 in the ocean range 
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from below 0.81 pM to 457 pM ± 118 pM (Sañudo-Wilhelmy et al. 2012; Suffridge et al. 

2017). The concentration range of B1 in the ocean is significantly higher than that of HMP. 

The pyrimidine ranges from 0.10 ± 0.01 pM (Suffridge et al. 2020) to a maximum recorded 

concentration of 35.7 pM (Carini et al. 2014). The consistently lower concentration range 

of dissolved HMP compared to B1 (Carini et al. 2014; Suffridge et al. 2020), suggests 

there is increased demand for HMP compared to B1 – especially given that B1 is generally 

considered more readily degraded (Okumura 1961; Carlucci et al. 1969). Advantages of 

precursor versus B1 use by auxotrophs are not entirely clear, but possibly cost-saving in 

regard to energy and elemental resources given the differences in the number of 

metabolic steps required to use the two nutrients (Croft et al. 2006; Jurgenson et al. 2009; 

Helliwell 2017; Paerl et al. 2017).  However, maximum variable fluorescence and growth 

rate data from this experiment are similar between vitamin additions – thus differences in 

photosynthetic efficiency are not evident (Fig. 3 & 4). Additionally, another small 

prasinophyte with a streamlined genome found in the open ocean, Micromonas commoda 

RCC299, obligately requires intact B1 and is not known to use precursors (Worden et al. 

2009; McRose et al. 2014; Gutowska et al. 2017). As such, the advantages of B1 versus 

precursor use in nature are not entirely clear, aside from a condition where precursor(s) 

is unavailable (no phytoplankton is known to obligately require a B1 precursor). 

The substrate affinities of putative thiamin transporters in phytoplankton (Worden 

et al. 2009; McRose et al. 2014) are currently unknown. It is proposed that high-affinity 

transporters of HMP and cHET are present in select phytoplankton (Paerl et al. 2015; 

Paerl et al. 2018b) and the use of B1 degradation products, e.g.  AmMP (Fig. 2), is likely 

also facilitated by high transport efficiency. If it is true that precursors are more efficiently 
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transported or used by phytoplankton (Gutowska et al. 2017), then the higher elemental 

cost of intact B1 uptake and/or intracellular use may lead to an earlier onset of stationary 

phase (Fig. 6). However, this potentially higher cost did not reduce growth in mid-

exponential phase, as maximum growth rates were comparable between vitamin 

additions (Fig. 4 & 4). One hypothesis regarding this is that protein binding impacted 

vitamin accessibility. In general, when grown under adverse conditions such as nutrient 

limitation, concentrations of extracellular proteins increase in algal cultures (Wu et al. 

2016), so it is expected that exogenous protein concentration increases as vitamin 

becomes limiting. Early studies noted the binding of vitamin (namely cobalamin, or vitamin 

B12) to proteins in algal cultures, causing B12 to become inaccessible to Euglena 

(Kristensen 1958). Additionally, when determining the vitamin requirement of an organism 

in continuous culture, protein binding can be significant enough to warrant modifications 

to equations used to calculate vitamin steady-states (Droop 1968; Droop 2007).  

It is possible that similar protein binding effects the availability of B1 at later 

timepoints (Fig. 6). TDP irreversibly binds to the bacterial enzyme pyruvate 

decarboxylase, whereas the phosphorylated precursor HET-PP (4-methyl-5-

(pyrophosphoryl-2-hydroxyethyl)thiazole) binds to the same enzyme reversibly and is 

easily displaced from the active site when TDP is introduced (Morey & Juni, 1968). While 

non-phosphorylated analogs are not recognized by the active site of pyruvate 

decarboxylase (Schellenberger 1992), non-phosphorylated B1 may still bind to proteins 

more often or with greater affinity compared to precursors. In bacteria, ABC cassette 

uptake systems such as ThiBPQ (Webb et al. 1998) and ThiXYZ (Rodionov et al. 2002) 

contain B1 and/or precursor binding proteins. These ABC cassettes are not present in 
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CCE9901, yet other B1 binding proteins may be increasingly present as cultures age. 

Additionally, B1 and its derivatives may behave in a “noncoenzyme” manner wherein the 

vitamin binds to different enzymes for which it is not a cofactor (Mkrtchyan et al. 2015; 

Bunik & Aleshin, 2017). The tendency of B1 to bind to a variety of proteins may reduce 

the accessibility of this vitamin. 

The impact of protein-binding on vitamin accessibility to plankton in situ is 

debatable. While vitamin binding is assumed to have negligible effect on phytoplankton 

growth in typical open ocean environments, this could change when algal populations are 

high, such as during a bloom (Droop, 2007). Similarly, the elevated extracellular enzyme 

activity around marine particulate aggregations (Baltar et al. 2010; Kellogg et al. 2014) 

and algal biofilms (Romani & Sabater, 2000) may yield microenvironments rich in 

extracellular proteins that could influence vitamin availability. As such, the extent to which 

protein binding influences the accessibility of B1 in different environments should be 

investigated further. 

Alternatively, intracellular B1 use as a coenzyme may not be perfectly efficient.  

Akin to its peripheral noncoenzyme role as an allosteric regulator (Mkrtchyan et al. 2015), 

B1 scavenges photogenerated reactive oxides and radicals (Okai et al. 2007; Natera et 

al. 2011). In plants, supplementation with B1 reduces oxidative stress and reactive 

oxygen species (ROS) as well as stimulates systemic acquired resistance to infection 

(Ahn et al. 2005; Tunc-Ozdemir et al. 2009; Jabeen et al. 2020). These intracellular 

demands may lead to higher per cell B1 versus precursor quotas (Table 1) as well as 

earlier vitamin limitation and a reduced exponential growth period (Fig. 6). Accordingly, 

the ability to utilize exogenous concentrations of B1 and precursors in tandem would allow 
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an auxotroph such as CCE9901 to meet growth demands with one B1 congener (i.e., 

precursors) while using intact B1 for another purpose, e.g. ROS quenching (Tunc-

Ozdemir et al. 2009; Jabeen et al. 2020). This could be a competitive advantage over 

other organisms that are unable to utilize multiple forms of B1. 

 

Relative abundances of B1 biosynthesis and TDP-dependent enzymes 

Regardless of the vitamin supplied to CCE9901, abundances of B1 biosynthesis 

enzymes and TDP-dependent enzymes remained stable in this experiment (Table 4). 

Previously observed differences in the maximum growth rates of other phytoplankton 

(Gutowska et al. 2017) could be due to a decrease in one of these essential TDP-

dependent metabolic processes. However, under replete vitamin concentrations (1 nM), 

the provision of different B1 analogs does not appear to significantly impact the 

abundance of enzymes involved in TDP-dependent processes of CCE9901. 

Additional B1 biosynthesis proteins than those detected (Table 3) are present in 

CCE9901, including thiamin monophosphate synthase – which is necessary for fusing 

precursors and making the bioactive form of B1 (Jurgenson et al. 2009).  Low abundance 

of these proteins may be due to reduced translation of the protein under high 

concentrations of provided vitamin (1 nM). Considering that B1 was plentiful, there may 

have been little need for specialized biosynthesis enzymes, such as ThiM (Paerl et al. 

2018b) or TenA (Jenkins et al. 2007; Zallot et al. 2014; Gutowska et al. 2017), so the 

expression of these proteins may have been low as a result. However, these are 

necessary for CCE9901 to grow on precursors, esp. HMP+cHET (Paerl et al. 2017), 

which suggests these proteins are generally low in abundance. Both of these possibilities 
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support a view that CCE9901 has streamlined nutrient requirements and could explain 

why additional biosynthesis proteins were not detected, despite the genomic evidence 

that these enzymes are present (Palenik et al. 2007). 

Both Dxs and IscS are components of upstream thiazole biosynthesis (Jurgenson 

et al. 2009), and these were identified in the proteomes of all cultures (Table 3). However, 

these proteins are known to possess other significant functions. The enzyme Dxs is 

involved in terpenoid biosynthesis (Volke et al. 2019) and IscS plays a role in the 

synthesis of iron-sulfur clusters (Jurgenson et al. 2009). The higher abundance of these 

proteins is likely due to involvement in other metabolic pathways, whereas other B1 

biosynthesis enzymes such as ThiM (Paerl et al. 2018b) and TenA (Jenkins et al. 2007, 

Zallot et al. 2014; Gutowska et al. 2017) perform specific functions, namely in the salvage 

of pyrimidine and thiazole precursors. 

A protein detected in all CCE9901 treatment groups (OSTLU_29911) putatively 

fulfills the role of the formylaminopyrimidine (FAMP) deformylase YlmB (EC: 3.5.1.-), 

which is integral to the conversion of the degraded thiamin pyrimidine precursor FAMP 

into AmMP in bacteria (Jenkins et al. 2007; Gutowska et al. 2017) (Table 3). In bacteria, 

ylmB occurs within the same operon as tenA, along with putative B1 transporters 

(Rodionov et al. 2002; Jenkins et al. 2007). In plants and phytoplankton, TenA_E is able 

to yield HMP directly from FAMP without YlmB (Zallot et al. 2014; Gutowska et al. 2017). 

However, CCE9901 does not possess an enzyme with significant sequence similarity to 

TenA_E (McRose et al. 2014; Gutowska et al. 2017).  Thus, salvage of FAMP would 

require an enzyme similar to YlmB. The protein OSTLU_29911 is hypothesized to fill this 

role and is an acetylornithine deacetylase (ArgE, EC: 3.5.1.16). FAMP deformylase and 
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ArgE are mechanistically similar, and the latter has a generally broad specificity for 

different amines (Meinnel et al. 1992; Javid-Majd & Blanchard, 2000; Molesini et al. 2017). 

Additionally, OSTLU_29911 bears sequence similarity to multiple bacterial enzymes 

annotated as FAMP deformylase YlmB (K20895) in the KEGG database (Table 8). As 

such, it is possible that multifunctional enzymes enable the salvage of pyrimidine 

moieties, as previously suggested (Jenkins et al. 2007). Future work assessing the ability 

of phytoplankton to satisfy B1 vitamin demands with FAMP would be integral to support 

the hypothesis that multifunctional enzymes are involved in B1 salvage. 

 
Table 8. Sequence similarity of OSTLU_29911 to multiple enzymes annotated in KEGG as 

formylaminopyrimidine deformylase [EC:3.5.1.-] (K20895) based on BLASTP results. 

 
 

Abundances of select transporters and metabolic proteins 

The sodium:solute symporter SSSP (OSTLU_24399), which is encoded by a gene 

containing a 5’ TDP-dependent riboswitch (Worden et al. 2009; McRose et al. 2014), was 

Organism
NCBI 

Protein ID

Description

(RefSeq/GenBank)

Total 

Score

Query 

Cover
E value

Percent 

Identity
Lentilactobacillus 

parabuchneri
APR07244.1 FAMP deformylase 85.5 95% 1E-18 26.54%

Sinorhizobium  sp. RAC02 AOF93039.1
peptidase, ArgE/DapE family 

protein
67.8 79% 9E-13 24.60%

Bacillus velezensis 

UCMB5113
CDG25768.1 ThiQ; FAMP deformylase 51.2 80% 2E-07 23.14%

Staphylococcus epidermidis 

SEI
AIR81772.1 FAMP deformylase 47.8 78% 2E-06 21.94%

Bacillus subtilis  subsp. 

subtilis  168
NP_389418.2 Ylmb; FAMP deformylase 46.2 83% 6E-06 25.07%

Staphylococcus warneri 

SG1
AGC89751.1 acetylornithine deacetylase 45.8 45% 7E-06 28.91%

Staphylococcus 

haemolyticus  Sh29/312/L2
AKC75360.1

ArgE_2; succinyl-

diaminopimelate desuccinylase
45.8 83% 8E-06 21.41%

Bacillus subtilis  XF-1 AGE63382.1
YlmB; acetylornithine 

deacetylase
42.7 78% 7E-05 24.80%

Bacillus thuringiensis  Bt407 AFV16229.1 Ylmb; FAMP deformylase 38.1 38% 0.002 28.25%

Bacillus halodurans C-125 BAB06397.1 acetylornithine deacetylase 35.0 48% 0.020 25.64%
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more abundant in the AmMP versus HMP cultures (NSAF: 0.020% vs. 0.014%), but no 

significant difference in abundance was found between these precursor treatments and 

the B1 group (NSAF: 0.017%). This suggests that SSSP facilitates AmMP transport more 

than HMP, but this cannot be confirmed from protein abundance alone. Lower SSSP 

abundance in the cHET+HMP treatment may occur if HMP is transported more rapidly or 

with less energetic cost compared to AmMP. Such a difference in uptake of these two 

pyrimidine precursors is possible, as the positions of the residual N groups can have a 

significant effect on protein binding affinities (Golbik et al. 1991; Schellenberger 1992). 

However, any such difference in transport efficiency or energetic cost between HMP and 

AmMP uptake is not reflected by maximum cell yields (Fig. 2) or maximum growth rates 

(Fig. 4 & 5). Alternatively, the precursors may behave differently as riboswitch ligands. 

THI-box riboswitches are known to bind TDP with high specificity (Miranda-Rios et al. 

2001; Croft et al. 2007; Breaker 2011), but pyrimidine precursors are also hypothesized 

to bind to select TDP-dependent riboswitches, though this plasticity occurs only with 

phosphorylated analogs (Moulin et al. 2013). Whereas AmMP is not known to be 

phosphorylated by the bifunctional enzyme HMP phosphate kinase/TMP 

pyrophosphorylase (TH1), HMP is a substrate for this enzyme (Ajjawi et al. 2007; 

Gutowska et al. 2017) and thus could potentially bind to a riboswitch after 

phosphorylation, leading to the lower abundance of SSSP observed in HMP cultures 

(Table 7). The reason for the difference in SSSP abundance between the two precursor 

treatments is unclear without further knowledge of substrate affinities or uptake rates, but 

this proteomic difference indicates that CCE9901 translates SSSP based on the 

availability of specific pyrimidines. The role of SSSP in pyrimidine salvage has been 
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suggested previously, as the bacterial homolog ThiV colocalizes with pyrimidine salvage 

enzymes in select prokaryotes (Carini et al. 2014). 

It is possible that SSSP transports B1 as well, but the protein abundance 

differences between treatments indicates that B1 is not the sole substrate. While there is 

a moderate abundance of SSSP in the B1-amended cultures, this may be due to AmMP 

uptake in these cultures rather than intact B1 transport. Given that AmMP is generated 

from the degradation of B1, cultures with initially high concentrations of exogeneous B1 

would have greater concentrations of AmMP over time if B1 was undergoing base-

catalyzed degradation (Maier & Metzler, 1957; Jenkins et al. 2007) or intracellular 

degradation, which could lead to subsequent leakage from cells (Paerl et al. 2017). 

Whereas SSSP is suggested to mainly transport HMP or AmMP (Carini et al. 2014), a 

different sodium:solute symporter (SSSF, OSTLU_26754) likely has a greater role in B1 

transport. Like SSSP, SSSF is encoded with a TDP-dependent riboswitch, suggesting 

that this protein is a B1 or precursor transporter as well (Worden et al. 2009; McRose et 

al. 2014). While the abundance of this protein was not significantly different between 

treatments due to large standard deviations, B1 cultures had higher abundances of SSSF 

compared to both precursor treatments (Fig. 9). However, as the abundance of SSSP 

was greater than that of SSSF in all treatments, it is difficult to assign specific substrates 

to one of these transporters over the other without a better understanding of their 

respective uptake rates.  

While it is possible that presently unidentified proteins could have a role in thiamin 

transport, SSSP/F appear to be the main transporters of B1 and pyrimidine precursors in 

CCE9901 and other prasinophytes, and the differential abundance of SSSP (Table 7) 
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indicates that this specific transporter has varying substrate affinities for HMP and AmMP. 

Moreover, the contrasting thiamin uptake systems of CCE9901 and RCC299 underscores 

the divergent evolution that has taken place between these two oligotrophic 

picophytoplankton (Worden et al. 2009; McRose et al. 2014; van Baren et al. 2016). 

 

 

Figure 9. NSAF values of SSSP and SSSF in O. lucimarinus CCE9901 cultures provided with 1 nM vitamin. 

Different letters signify significant differences (p<0.05) between treatments. 

 

Change in the relative abundance of proteins unrelated to B1-biosynthesis point to 

metabolic changes as a result of vitamin provision (Fig. 8). For example, proteins 

associated with vacuole formation and vesicle transport were more abundant when B1 

was provided versus precursors. Vacuoles are important storage components of 

metabolites in green algae and plants (Becker 2007); accordingly, CCE9901 may uptake 

and store B1 via intracellular bodies (vacuoles, vesicles). Since the cells used for 

proteomics were never limited and thiamin was always plentiful, luxury uptake and 
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storage of B1 is feasible and is generally in line with higher B1 quotas previously observed 

in other marine microalgae (E. huxleyi CCMP2090) when grown in B1 replete (10 nM) 

medium (Gutowska et al. 2017). While storage of B1 is likely occurring in CCE9901 as 

well, the mechanisms and cellular structures responsible for this are unknown. Protein 

data presented here suggest the involvement of vacuoles and/or vesicles. Vesicles have 

been observed in O. tauri RCC745 using 3D electron microscopy (Henderson et al. 2007), 

as well as vacuoles in nutrient replete cultures (Smallwood et al. 2018). However, the 

observed differential abundance of vesicle/vacuolar proteins between B1 and precursor 

treatments was surprising. There were no significant differences in the per cell vitamin 

quotas of E. huxleyi CCMP2090 when grown on replete B1 or HMP (Gutowska et al. 

2017) nor did vitamin cell quotas of P. calceolata CCMP1756 differ when grown on B1 or 

HMP (Paerl et al. 2015). This would suggest that while storage proteins are more 

abundant in B1-replete versus precursor-replete cultures (Fig. 8), this does not equate to 

a significant change in per cell vitamin requirements. However, it was recently shown that 

cells may not exhaust all provided vitamin, which can lead to overestimation of cellular 

vitamin quotas calculated with vitamin concentration and maximum cell yields compared 

to chemical quantification (Gutowska et al. 2017). As such, assessing the extent of 

storage between B1 and precursors is difficult without direct chemical measurements of 

biomass. Still, the differential abundance of vacuolar and/or vesicle-associated proteins 

indicates that storage functions are being emphasized in cultures provided with B1. 

Differences were also observed in the abundance of proteins associated with lipid 

metabolism. This functional category is especially broad, with the four proteins within this 

category encompassing terpenoid backbone biosynthesis, steroid biosynthesis, and 
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glycerolipid metabolism. These proteins were between 22 to 46% more abundant in 

cultures provided precursors rather than B1, with two of these lipid metabolism proteins 

having significantly higher abundance in both the cHET+HMP and cHET+AmMP cultures 

(Table 6). Changes to the lipid composition of phytoplankton in response to B1 provision 

is not widely studied, but recent work shows that B1 and precursors do promote the 

synthesis and accumulation of lipids in algae and fungi. The addition of B1 or HMP to 

cultures of the B1-auxotrophic alga Auxenochlorella protothecoides UTEX2341 

stimulated higher biomass productivity, as would be expected, and both additions also 

increased neutral lipid content as a percentage of biomass (Higgins et al. 2016; Higgins 

et al. 2018). This lipid content percent per A.  protothecoides biomass was even higher in 

co-cultures with the B1-prototrophic alga Chlorella sorokiniana UTEX2805 (Higgins et al. 

2016). While C. sorokiniana UTEX2805 provides thiamin analogs necessary to facilitate 

growth of A. protothecoides UTEX2341 (Higgins et al. 2018), the identity of the B1 

analogs responsible for this difference in lipid content were not identified, and it is 

unknown whether other growth factors contributed to increased lipid production. However, 

other growth-promoting treatments such as the provision of digestate did not increase 

lipid content in this strain (Wang et al. 2021). In yeast, B1 supplementation yields higher 

lipid production as well. De novo B1 synthesis was restored in mutated strains of the B1-

auxotroph Yarrowia lipolytica through expression of Thi13 (HMP synthase) along with the 

B1-sensitive promoter P3 (Walker et al. 2020). In full media (replete N and B1), lipid 

production by the mutant was greater than the wild-type strain. However, in thiamin-free 

media, mutant Y. lipolytica demonstrated ~50% less lipid production than when the 

auxotrophic wild-type strain was supplemented with B1 (Walker et al. 2020). These 
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results indicate that exogeneous B1 increases lipid production for both auxotrophic and 

prototrophic strains, and this supplementation leads to higher lipid production than is 

experienced by prototrophs without exogenous B1.  

The metabolic pathway regulation behind these observed increases in lipid content 

remain unclear. It is postulated that a metabolic bottleneck occurs at TDP-dependent 

transketolase in the pentose phosphate pathway when B1 is limiting, subsequently 

leading to lower concentrations of NADPH, the reducing agent in lipid biosynthesis 

(Higgins et al. 2018). However, this does not simply explain why lipid metabolism proteins 

were more abundant in precursor versus B1 cultures when vitamin was plentiful (Fig. 8). 

While the lipid content of CCE9901 is not within the scope of this study, the differential 

abundance of proteins involved in lipid biosynthesis, combined with the observations 

regarding prolonged growth periods (Fig. 6) and higher cell yields in precursor-amended 

culture (Fig. 2), suggest that proteomic differences could result in differences in lipid 

production or lipidome composition between treatments. This could directly impact the 

value of CCE9901 and similar phytoplankton regarding their role as prey for higher trophic 

levels in marine food webs. 

Recent observations regarding the exchange of B1 congeners between algae and 

bacteria (Paerl et al. 2017; Cooper et al. 2019; Peng et al. 2020) implicate a deeper role 

of vitamin exchange between cells – specifically that exchanges may not only modulate 

microbial growth, but also the per cell production of metabolites and nutrient flow (e.g. 

lipid quantity and quality) up marine food webs. The increased abundances of vitamin B6- 

and B9-associated enzymes in cultures grown on precursors (Table 6) suggests that 

production of B-vitamins is influenced by the presence of B1 or presursors. Moreover, 
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these resulting metabolites could be integral in the sharing of vitamins and other growth-

promoting factors between marine phytoplankton and bacterioplankton (Bonnet et al. 

2010; Paerl et al. 2017; Wienhausen et al. 2017; Cooper et al. 2019). Indeed, the bacterial 

thiazole synthase product cHET (plus pyrimidine) is necessary for growth of CCE9901 

when B1 is unavailable (Fig. 2 & 4), highlighting the importance of precursor sharing 

(Paerl et al. 2017). Such exchange is likely mutualistic; O. tauri (OTH95) satisfies B-

vitamin (including B9) requirements of Dinoroseobacter shibae in co-cultures while 

concurrently having its reciprocal needs for B1 and B12 met by the bacteria (Cooper et 

al. 2019). Based on proteomic data (Table 6), the differences in the abundance of proteins 

associated with B-vitamin and lipid production suggest that the specific metabolites 

shared between mutualistic microbes are impacted by the forms of B1 or precursors 

available to auxotrophic picophytoplankton. Production of metabolites in response to the 

presence of specific plankton-derived precursors may have evolved as part of widespread 

mutualism with bacterioplankton (Paerl et al. 2017; Cooper et al. 2019), and such an 

interaction would have a cascading effect on microbial community composition and niche 

partitioning. As such, the metabolite exchange linked to B1 or precursor use may have 

equal or greater importance in supporting key microbial communities and 

biogeochemistry than B1 congeners themselves. 
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CONCLUSIONS 

Ostreococcus lucimarinus CCE9901 exhibits different maximum cell yields on B1 

versus precursors, yet maximum growth rates are comparable. Specifically, provision of 

cHET and AmMP yielded higher cell numbers compared to B1. This is hypothesized to 

be a result of differences in intracellular use of exogenous B1 compared to precursors – 

e.g. antioxidant quenching by B1 or possibly other poorly characterized processes such 

as extracellular or noncoenzyme protein binding.  

Fully disentangling the enzymes involved in exogenous B1 or precursor use by 

marine algae remains a challenge, despite currently available genomic and transcriptomic 

data. The proteomic data presented shows increases in the abundance of proteins 

associated with lipid metabolism and B-vitamin production when CCE9901 is grown on 

precursors versus B1, whereas the abundance of vesicle/vacuole storage or transport 

proteins is higher in B1 cultures. Differences in proteomic abundance also helped identify 

OSTLU_29911 as a putative pyrimidine salvage enzyme. Additionally, the sodium:solute 

symporter SSSP was significantly more abundant in cultures with AmMP versus HMP, 

suggesting that this transporter is involved in the uptake of pyrimidine precursors. 

Notably, the observed proteomic shifting in CCE9901 suggest that production of 

various metabolites, including lipids and other B-vitamins, changes with use of B1 versus 

precursors. Growth limitation based on B-vitamin availability has largely been the focus 

of biological oceanographers. The results presented draw attention to use of vitamin B1 

versus precursors as a factor impacting stocks of valuable metabolites, e.g. lipids and 

other B-vitamins, which putatively impact community structure, biogeochemistry, and 

food webs in the surface ocean.  
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