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Abstract 

Alkenones are unique very long chain polyunsaturated fatty acids, characterized by their unusual length 

(C38-40), spacing and trans configuration of their double bonds. They are produced by a select group of 

haptophytes, predominantly the coccolithophorid, Emiliania huxleyi. Aimed at identifying genes and 

proteins involved in alkenone metabolic pathways, we developed mutagenesis and lipid screening tools for 

the calcifying (PLY 217) and non-calcifying (CCMP 1516) strains of E. huxleyi. Optimal mutagen dose for 

ultraviolet irradiation was determined at 1 and 3 J/m2, and methyl methanesulfonate exposure 0.4 and 0.6% 

(v/v), for PLY217 and CCMP1516, respectively. Using these optimal doses, wild type CCMP1516 was 

mutagenized and mutants in lipid metobolism were selected on plates supplemented with known inhibitors 

of proteins within the lipid biosynthesis pathways. Twenty-six surviving colonies were picked from the 

inhibitor plates and characterized by their cell size, lipid content and non-polar lipid profiles using a 

lipophilic dye, nile red, gas chromatography and mass spectrometry. Six mutant colonies were created with 

clearly an altered alkenone pathway. In this work, we successfully demonstrated that UV and MMS can be 

utilized to produce lipid altered mutants in the coccolithophore Emiliania huxleyi. 

 

Introduction 

Alkenones are unique very long chain polyunsaturated fatty acids (VLC-PUFA) produced by a select group 

of haptophyta, all of which belong to the class Prymnesiophyceae, including Emiliania huxleyi, 

Gephyrocapsia oceanica, Isochrysis galbana, Pseudoisochrysis sp. and Chrysoltila lamellosa (Volkman et 

al. 1980; Volkman et al. 1995; and Marlow et al. 1984). In addition to their long chain-length (C37-C38 

methyl and C38-C39 ethyl ketones), these fatty acids are characterized by the unusual spacing (5 methylene 

groups) and configuration (trans) of their double bonds (Rontani et al. 2006). Unlike most other plants and 

algae, Emiliania huxleyi are deficient in the lipid storage molecule, triacylglycerides (TAGs). TAGs are 

composed of three fatty acids bound to a glycerol molecule. Alkenones, on the other hand, are not esterified 

to a glycerol backbone but single long chain fatty acids defined by methyl and ethyl ketone groups. They 

were first discovered in deep ocean sediments from Walvis Ridge off the west coast of Africa (Boon et al. 

1978) while conducting an organic geochemical analysis of core samples for a deep sea drilling project. 

Since the initial discovery, alkenones have been observed in numerous marine sediments around the world 
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(Marlowe et al. 1984; de Leeuw et al. 1979). The molecular composition of alkenones from different 

geographical locations, however, varied in their saturation levels and chain length. It has long since been 

known that aquatic organisms alter their lipid composition in response to environmental stress (Sanders and 

Mittendorf  2011).  For example, they often alter the saturation of lipids in response to changing sea-surface 

temperature (SST) (Harwood et al. 1988; Brassell 1993). This phenomenon is true of alkenones whereby 

the number of double bonded carbons is negatively correlated to growth temperature (Marlow et al. 1984); 

therefore, the higher the unsaturation level, the lower the SST. Alkenones are also known for their 

resistance to degradation and the process of diagenesis, the formation of rock from sediment material. 

Intact specimens have been found in the sediments of Cretaceous black shales dating back circa 95-105 

million years ago. It has been suggested that the trans double bond configuration of alkenones may be 

responsible for their resistance to diagenesis. Initial stages of diagenesis include the degradation of organic 

matter catalyzed by a variety of bacterial enzymes. These enzymes lack the ability to break down trans type 

double bond configurations (Brassell 1993).  For these reasons, alkenones have been extensively used as an 

indirect measure of global SSTs from the Pliocene, Miocene, Oligocene and Eocene age (Marlow et al. 

1984; deLeeuw et al. 1979).  The biochemical events leading to the synthesis, metabolic degradation and 

regulation of these unusual VLC-PUFA, however, remain largely unknown (Brassell 1993). Rontani and 

colleagues (2006) suggest several pathways may be responsible for the biosynthesis of alkenones, allowing 

a variety of configurations. They propose that novel desaturases may be responsible for unique positioning 

and configuration of the double bonds. Unlike long chain omegas that have defining double bond 

placements from the end carbon, alkenones show a distinct pattern of double bond positions fixed from the 

carbonyl carbon. Shi and colleagues (2015) successfully isolated lipid bodies from Tisochrysis lutea, a 

sister taxon to E. huxleyi, which contained up to 70% alkenones. They identified two proteins in high 

abundance, a vacuole ATPase and the other a homolog to the hypothetical protein EMLHUDRAFT 46551 

found in the genome of Emiliania huxleyi. They determined that this protein may be strongly related to 

alkenone metabolism. Alkenone biosynthesis through an aerobic route, together with possible novel 

desaturases, elongases, keto-synthases or transferases, dehydrogenases or dehydratases, would demand 

potentially over 30 enzymes and up to 70 reactions, requiring excessive amounts of energy. Metz et al. 

suggested a possible anaerobic more efficient pathway, namely a novel polyketide synthases (PKS), that 
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could be responsible for the metabolism of alkenones (2001). Polyketides are secondary metabolites, with a 

large range of structures. The PKS I system has a modular structure with many functional domains, all 

produced from a single polypeptide. The genomic sequence of PKS I shows striking similarities to fatty 

acid synthase (FAS), particularly within the primary sequences of the four FAS functions; beta keto-acyl 

synthase, beta keto-reductase, dehydratase, and enoyl reductase, while also containing tandem repeats of 

the acyl carrier protein gene (McDaniel er al. 1994, Hutchinson er al. 1995, Magnuson et al. 1992). 

Furthermore, genome analysis has revealed a possible PKS Type 1 in E. huxleyi, namely EhuPKS3, that 

may perform the function of trans-double bonded PUFA biosynthesis (Shelest et al. 2015, Sasso et al. 

2012). However, a comprehensive understanding of the genes and specific proteins involved in alkenone 

metabolism in Emiliania huxleyi is yet to be identified.  

Due to their unusual single long straight-chain configuration, Alkenones may have some very 

interesting applications. Microalgae have been widely researched for their possible utility as third 

generation biofuels. Microalgae have the potential of overcoming the main challenges of first and second 

generation biofuels, namely the requisition of arable land and food recourses, with the consumption of 

water and fertilizer to cultivate appropriate quantities (Dismukes et al. 2008, Chisti et al. 2007, Rodolfi et 

al. 2009, Spolaore et al. 2006). The fragmentation of the long single chains has been shown to be beneficial 

in the production of shorter chain bio-jet fuels (Chisti et al. 2007 and 2008). Furthermore, Fortier et al. 

(2014) showed that by using oil from microalgae as feedstock to produce jet fuels they could reduce the 

emissions of greenhouse gases by 70%, compared to traditional jet fuel.  Alkenones have also been 

described as good feedstock candidates for novel long chain polymers. Traditionally, the preparation of 

long-chain aliphatic polyesters and polyamides occurs via the successive addition of shorter hydrocarbon 

chains. However, it would be more efficient to use linear, long chain fatty acid derivatives in this synthesis 

reaction (Rusanova et al. 1984, Schafer and Zobel 1999, Penelle et al. 1999, Schafer 1990). Other uses of 

alkenones could also include the production of nylons and synthetic polyesters, with their beneficial high 

melting point (Abel et al. 2014, Roesle et al. 2014).   

The aim of this study is to develop tools to aid in the study of alkenones within Emiliania huxleyi. 

Until recently, there has not been a genetic transformation system for E. huxleyi (Xenting et al. 2016).  

Without a reliable, consistent ability to create gene knockouts or overexpress genes of interest in E. huxleyi, 
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functional genomics studies have been hampered; therefore, finding alternative approaches is critical. 

Forward genetic approaches, such as those offered by mutagenesis, are an attractive alternative. The 

creation and characterization of mutant libraries is proven to be a powerful means for dissecting 

biochemical pathways (Benning 2004). The proteins involved in lipid production are difficult to study but 

their products, lipids, are easier to detect. Therefore, in the absence of a robust transformation system, 

creating a mutant library together with an effective phenotypic screen presents a simple, fast, and cost 

effective method to identify candidates involved in the synthesis and degradation of alkenones. Ultraviolet 

irradiation (UV) and methyl methanesuphonate (MMS) exposure have proven to be very successful in 

directly producing mutant phenotypes. In the study by Tillich (2012), viable streptomycin resistant mutant 

strain of the cyanobacteria, Synechocystis sp. PCC6803, was produced using MMS and UV mutagenesis. 

Other studies were also successful in producing viable mutants of microalgae with increased lipid content, 

such as Scenedesmus obliquus (de Jaeger 2014) and Chlorella sp. FACHB-1298 (Liu et al. 2015). These 

studies demonstrate the value of using UV and MMS in creating microalgal mutants. UV light induces the 

formation of cyclobutane pyrimidine dimers (CPD), especially thymine dimers, in the DNA (Brash et al. 

1991). These dimers cause transitions, transversions, frameshifts and deletions (Tillich et al. 2012). Repair 

of CPDs is afforded by the activation of photolyases that absorb blue/UVA light (300-500nm) and use that 

energy to monomerize the pyrimidine dimers (Britt 1996). MMS is a DNA akylating agent and acts 

preferentially on guanine residues causing transversions from either a G/C to T/A or from T/A to G/C (Till 

et al. 2007). These direct mutations trigger an SOS response that can lead to additional indirect mutations 

(Todd et al. 1979).  

Once mutants are generated, they can be screened for deficiencies in secondary metabolism, such as 

alterations in lipid biosynthesis or degradation, size, or chlorophyll fluorescence.  Thereafter, mutations 

within genes can potentially be identified and characterized using current sequencing techniques. By 

adopting a random mutagenesis approach (UV at 50 J/m2 and MMS at 0.1 and 1v/v% for 1 min.) Tillich et 

al. (2012) were successful in identifying five genes (clpC, pnp, sigF, pilJ and pyk2) involved in the 

production of temperature tolerant strains of Synechocystis sp. PCC6803. 

In this study, mutants of Emiliania huxleyi were generated and screened for lipid altered phenotypes. 

Our approach included the exposure of Emiliania huxleyi cells to a median lethal dose of UV irradiation 



 8 

and MMS. Mutants were selected by plating on inhibitors targeting fatty acid metabolism. After picking 

and growing in liquid culture, mutants were characterized by size, lipid content and fatty acid profile (Fig. 

1). The main goal of this research was to produce molecular biology tools targeted at the microalga 

Emiliania huxleyi to facilitate the elucidation of genes and proteins involved in the biosynthesis and 

degradation pathways of alkenones. 

 

Materials and Methods 

General approach 

Emiliania huxleyi cells were irradiated with the median lethal dose of 254nm UVC light (3mJ/cm2) or 

exposed to MMS (0.6% v/v for 30 min). Cells were grown on plates supplemented with either Cerulenin 

(0.02, 2 uM), Cafenstrole (8, 100 uM), or Allidochlor (5, 100 uM) using 75% and 100% inhibition levels. 

Colonies were isolated from the plates and cultured. Cells were screened at log phase for mean size, lipid 

and chlorophyll fluorescence with flow cytometry, and cell imaging. Lipids were extracted using a 

modified dichloromethane:methanol procedure and fractioned in a silica gel column, Sawada et al. (1996). 

Extracted lipid composition was profiled with gas chromatography and mass spectrometry. 

Cell Culture 

E. huxleyi cultures (CCMP 1516 and M217) were maintained in filtered (0.2 μm) seawater (FSW) 

supplemented with NaNO3 (400 nM), NaH2PO4 (400 nM), Na2SeO4 (10nM) and f/2 trace metals and 

vitamins (Guillard and Ryther 1962); and grown photoautotrophically at 18°C on a 12-hour light/dark 

cycle using a cool white fluorescent light (145 µmol-m-2 s-1). Cells were counted using a 

haemocytometer. 

Dosage Determination 

Cells were harvested in logarithmic growth phase, and centrifuged at 7000g for 10 min, 18oC. The 

pellet was resuspended in FSW to a density of 107 cells/ mL, and mutagenized using a modified Tillich 

approach (2012). We determined the range of doses based on the results of Tillich et al. (2012). 

For UV mutagenesis, aliquots of 107cells (CCMP1516 and M217) were placed in 65 x 15 mm RODAC 

plates (Fisher Scientific, Cat # 08-757-152) and exposed to a range of ultraviolet irradiation of 1-15 mJ/cm2 

using a Spectronics Spectrolinker at 254nm. To prevent photolyase reactivation and DNA repair, cells were 
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allowed to recover for 24 hours under an Amber UV Filter film (CON-TROL-CURE® UV BLOCKING 

FILM from UV Process Supply), limiting exposure of light wavelengths 300-500nm.   

For chemical mutagenesis, 107 cells (M217 and CCMP1516) were exposed to a range of MMS dosages 

(1-5 % (v/v)), for 10, 30, or 60 min. The cells were spun down at 13,000g for 5 min, washed twice and 

resuspended in FSW.  Cells were allowed to recover for 24 hours before plating.  

To obtain clonal isolates, treated cells were plated using agar supplemented with FSW.  Pour plating 

for E. huxleyi involves preparing superclean agar from bacteriological grade agar (Sigma-Aldrich 

CAS:9002-18-0). Impurities are removed by washing the agar with water, ethanol, and acetone before 

drying thoroughly at 55°C. The agar (0.28%) is heated to 94°C in one part water; once dissolved, three 

parts FSW are added. When the molten agar has cooled to 30°C, E. huxleyi cells are added and plates are 

poured. Pour plating is a simple and sensitive method whereby hundreds of thousands of clonal isolates can 

be screened very rapidly for alterations in morphology, pigmentation, and/or maturity.  

Cells were plated at a density of 5 x 105 cells/plate and grown under low light conditions at 4.5μE*m-

2*s-1 in a temperature-controlled incubator at 18°C for 4-6 weeks. Viable colony forming units (CFUs) were 

counted using a Reichert Quebec Darkfield Colony Counter.  The median lethal dosage was calculated 

using a plot diagram of surviving fractions (SF) against applied dosages, normalized to the plating 

efficiency (PE) of the wild type control. PE was calculated based on number of wild-type CFUs growing on 

the plate divided by the number of cells plated. SF was determined by dividing the number of treated CFUs 

by the number of cells plated, normalized to PE. The median lethal dose was determined using a 

logarithmic equation using a surviving fraction of 50%.  

To initially screen for mutants in lipid biosynthesis pathways, cells were grown on plates 

supplemented with three fatty acid biosynthesis inhibitors, Cerulenin (Cer), Cafenstrole (Caf) and 

Allidochlor (All), at inhibition rates of 100 (I100) and 75% (I75). I75 and I100 doses were determined by 

plating cells under a range of treatments from 0 – 2 µM for Cer and 0-100 µM for Caf and All. The range 

of doses were initially tested at a wider range based on results in the literature (Wan et al. 2016, Kawaguchi 

et al. 1982 and Trenkamp et al. 2003) and narrowed based on dose assays with Emiliania huxleyi 

CCMP1516 and PLY217 strains. Survival rates were calculated based on number of CFUs divided by 

number of cells plated, normalized to the PE of wild type, as outlined above. Inhibition levels of 75% (I75) 
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and 100% (I100) were determined using a logarithmic equation using a surviving fraction of 25% and 0%, 

respectively.  

Applied Mutagenesis and In vivo Selection 

 
Based on the results of the dose response assays above, E. huxleyi strain CCMP1516 strain was treated with 

median lethal dosages for UV and MMS (LD50 UV 3mJ/cm2; MMS 0.6% (v/v)). Treated cells were 

screened on FSW plates, supplemented with fatty acid biosynthesis inhibitors at I75 and I100 dosages (cer, 

0.02, 2.0 µM; caf, 8, 100 µM; and all, 5, 100 µM). Surviving colonies were picked and grown in batch 

culture in FSW until early stationary phase.  

Flow Cytometry 

Alkenones make up between 47%-72% of the fatty acid content of E. huxleyi depending on the growth 

phase (Pond and Harris, 1996). To screen for neutral lipids, nile red, 9-diethylamino-5-

benzo[α]phenoxazinone (Thermo Fisher cat. N1142, excitation/emission maxima 552/636) was added to 1 

mL mutant cultures (1*106 cells), 0.02 ug/ mL-1 (Barker et al. 2012). To optimize cell penetration, the dye 

was administered in DMSO. To determine cell size, topography and lipid content (Barker et al. 2012; 

Terashima et al. 2015), cells were analyzed using a NovoCyte benchtop flow cytometer equipped with 

488nm laser. A two-dimensional density plot of FSC and SSC allowed us to correlate size and complexity 

measurements to differentiate cells in the heterogeneous cell populations (5 x 104). Fluorescence detector 

675/30 nm (BL4) was used to characterize mean chlorophyll fluorescence and determine cell viability, 

585/40 nm channel (BL2) detected mean nile red fluorescence to characterize lipid content. Data analysis 

was performed using FlowJo (V10). Mutants with average BL2 fluorescence signals ± 2 standard 

deviations outside of the wild type were taken for lipid profiling. 

Lipid Extraction 

Total lipids were extracted using a modified method from Sawada et al. (1996) and Sawada and Shiraiwa 

(2004). Briefly, 400 mL cultures were harvested at stationary phase and centrifuged at 7500g, 10 min, 

18oC. To lyse the cells, pellets were ground with liquid nitrogen, transferred to a glass vial and resuspended 

in 5 mL of methanol. After vortexing for 5 min at room temperature, samples were centrifuged at 4000g for 

5 min at 4oC, and the supernatant was transferred to a clean glass tube. To further extract lipids of 

intermediate polarity, this procedure was repeated with 5 mL methanol:dichloromethane (1:1 v/v) and 5 mL 
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of dichloromethane successively. To the combined 3 supernatants, an internal standard, Heneicosanoic 

acid, (0.1%), was added, along with deionized water (25 mL) and saturated sodium chloride solution (5 

mL) to reduce the amount of polar material in the lipid extract. After vortexing for 5 min at RT, samples 

were allowed to sit for 5 min to separate the aqueous/dichloromethane layers. The lower lipid 

dichloromethane layer was removed and passed over a sodium sulfate column (1g) to remove residual 

water. A second extraction using dichloromethane (5 mL) was performed to enhance lipid recovery. Water 

was removed again using the same sodium sulfate column. The combined column collections were soft 

evaporated using a nitrogen stream (N2), resuspended in Hexane (2 mL) and completely evaporated with 

N2.  To remove contaminating pigments, lipophilic amino acids, polypeptides, and hydrophobic proteins, 

the residue was resuspended in Hexane (2 mL) and applied to a silica gel column (1g). Lipids were eluted 

with a series of hexane (4 mL), hexane-ethyl acetate (90:10), and hexane-ethyl acetate (95:5). The 

combined eluates were evaporated using N2, resuspended in toluene (150 µL) and stored at -20oC in GC 

conical glass vials until GC/MS analysis.  

Gas Chromatography and Mass Spectroscopy 

Lipid profiles were quantified using an Aglient 7890A gas chromatograph (GC), coupled to an Agilent 

5975C mass spectrometer (MS), equipped with an Agilent 7683B series autoinjector and an Agilent VF-

200ms (TFP-MPS) capillary column (30m x 250 um x 0.25 um).  Helium was used as the carrier gas in a 

splitless mode with a flow rate of 1 mL/min-1. Temperature was programmed at 60oC for 1.5 min, ramp 

rates 20oC min-1 to 130oC, 4oC min-1 to 300oC and held constant for 25 min. To identify sample lipid 

profiles, resulting MS spectra were analyzed using Masshunter Workstation, v. B.07.05. Quantities of 

identified lipids were calculated using the absolute peak area compared to internal standard, Heneicosanoic 

acid. Relative abundance was determined based on peak area of individual lipids divided by total lipids.  

 

Results 

Mutagenesis Dose Response 

Calcifying (PLY 217) and non-calcifying (CCMP 1516) cultures of E. huxleyi were mutagenized using 

ultraviolet irradiation (UV) and chemical exposure to methylmethanesulfonate. Viability of cells exposed to 

ultraviolet light is shown in Fig. 2. Surprisingly, calcifying cells (PLY 217) were more sensitive to UV 
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light than non-calcifying cells (CMP1516). PLY217 cells exhibited a mean exponential decrease in survival 

from 56% at 1 mJ/cm2 to 14% at 5 mJ/cm2 and 12% at 15 mJ/cm2 compared to CCMP1516 cells whose 

survival dropped from 91% at 1 mJ/cm2 to 22% at 5 mJ/cm2
, to 6% at 15 mJ/cm2. Both strains were unable 

to survive at UV dosages of 75mJ/cm2. The UV LD50 for PLY 217 and CCMP1516 was determined at 1 

and 3mJ/cm2, respectively. While the exponential decrease in cell survivability when exposed to MMS was 

dependent on mutagen exposure time and dosage, a similar response was elicited for both strains. With a 

30-minute exposure, there was a precipitous fall in survival percentages (~20%) between 0-1.5% MMS for 

both calcifying and non-calcifying strains. A more gradual fall to levels of 1-3% was noted between 1-5% 

MMS. (Fig. 3, Supplementary Fig. S1 and S2). Median lethal doses at 30 min exposures were determined 

to be 0.4 and 0.6% for PLY 217 and CCMP1516, respectively. It should be noted that the 0.4% MMS LD is 

solely an extrapolation, since the lowest concentration tested was 0.5%. 

Lipid Inhibitor Dose Response 

To determine the I75 and I100 for PLY 217 and CCMP1516, log phase cells were plated using different 

doses of FA biosynthesis inhibitors. For Cer, doses ranged from 0 - 2 µM, while doses from 0 - 100 µM 

were used for Caf and All. Both strains showed similar responses to the inhibitors (Supplementary Table 

S1). Response to Cer was rapid with a fall in survival to ~4% at 0.2 µM. No cells survived at dosages 

greater than 2 µM. Cells exposed to Caf showed an initial drop in survival but gradually tapered off to 

~37% at 10 µM with no survival at 100 µM. In the presence of All, a similar trend was observed, although 

CCMP 1516 treated cells experienced a more abrupt drop in survival to 11% at 10 µM. The I75 for CCMP 

1516 for Cer, Caf and All was determined to be 0.02, 8, and 5 µM, respectively, with the I100 at 2, 100 and 

100 µM, respectively.  

 

Mutagenesis 

To generate mutant populations, CCMP1516 cells were treated with median lethal doses of 3 mJ/cm2 (UV), 

and 0.6% (v/v) MMS for 30 min. Mutagenized cells were plated at a density of 5 x 105 cells/plate with I75 

and I100 inhibitor levels of Cer, Caf and All. Number of colonies observed and survival rates of treated 

cells are shown in Table 1. Growth was observed on seven of the twelve treatment plates. Of the seven 

plates observed with growing colonies, five were inhibited at sublethal levels including; UV All, UV CAF, 
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UV Cer, MMS All, and MMS Caf. Cell growth was only observed on two plates containing lethal doses of 

inhibitors, UV Caf, and MMS Cer.  

Flow Cytometry 

To quantify total lipid content, twenty-six individual CFUs were picked from the mutant plates, at least 3 

from each plate, and cultured for four months (approx. 120 generations) to confirm mutation stability. Cells 

were stained with a lipophilic dye, Nile red, 9-diethylamino-5-benzo[α]phenoxazinone, 0.02 µg/ml-1 and 

lipid content determined by observing mean nile red fluorescence (5 x 104 cells) with a NovoCyte 1000 

benchtop flow cytometer. Nile red binds to neutral lipids and its fluorescence is positively correlated to the 

quantity of lipids in microalgae (Barker, 2012).  Mutants were considered to be significant if they showed a 

±2SD difference to wild type. Of twenty-six surveyed colonies, eight exhibited higher and two lower total 

lipid content compared to the wild type (Fig. 4). When lipid content was plotted against average colony 

size, we identified three distinct categories of potential mutants, A) colonies with larger cell size and higher 

lipid content B) colonies with no difference in size and higher lipid content and C) colonies with no 

difference in size and lower lipid content (Fig. 5). To independently confirm mutant size, cells were imaged 

microscopically and measured for average cell size using ImageJ software. Select MMS mutants treated 

with All, Cer and Caf exhibited significantly larger cell sizes with cell diameters greater than 2SD of wild 

type (Fig. 6, Supplementary Table S2). Six mutant cultures were chosen for further analysis based on 

their lipid/size profiles (MMS All, MMS Cer (2), UV Caf (2), UV All). 

 

Mutant Lipid Characterization 

Four alkenone derivatives were detected using GC/MS, Me37:2; Me37:3; Me38:2 and Me38:3 (GC/MS 

spectra Supplementary Fig. S3). Other lipids detected ranged from C8 to C30 fatty acids. To examine the 

lipid profile, the relative abundance of each type of lipid was determined based on the absolute GC/MS 

peak quantities. The relative abundances of alkenones to total lipids are described in Fig. 7. Four of the six 

mutants showed a decrease, one a modest reduction, and one no difference in the total alkenone content 

when compared to the wild type. The alkenone saturation state varied across the samples, with the two 

dominant types being di- and tri-saturated alkenones.  The profiles of other fatty acids varied considerably 

across the different mutants. Compared to WT some mutants harbored relatively more longer chain fatty 
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acids (C21-C30), ex. MMS Cer 3 showed a combined increase in C22, C28 and C29 FA of 23%; some 

shorter FAs (C8-C12), ex. MMS Cer 1 contained almost 20% more C12; while others produced more 

medium fatty acid chains (C13-C20), ex. UV All had 10% more C18 and 14% more C20. Furthermore, we 

observed a general trend towards increasing tri-unsaturated and decreasing di-unsaturated C37 and C38 

alkenones across the mutants (Supplementary Fig. S3 and Fig. 8). 

 
Discussion 

The goal of this study was to produce molecular tools targeted at the coccolithophore Emiliania huxleyi to 

facilitate the elucidation of genes and proteins involved in the biosynthesis and degradation pathways of 

alkenones. A forward random mutagenesis approach was used to create mutants with altered lipid 

phenotypes. Median lethal doses for both calcifying (PLY 217) and non-calcifying (CCMP 1516) strains of 

Emiliania huxleyi were identified for the mutagens MMS and UV light.  

Median Lethal Dose 

Ten putative mutants were identified from screening on plates supplemented with lipid biosynthesis 

inhibitors. Of these, we selected a total of six samples to profile the lipid content. The results showed 

mutant phenotypes with altered lipid profiles, relative abundances and saturation levels.  

 To determine the median lethal levels of UV irradiation, cells were exposed to a range of 

irradiation intensities (0-75 J/m2). As expected, the rate of survival dropped in response to increasing 

dosages (Fig. 2). For both strains, the decrease in survival were initially abrupt with an abatement after 5 

J/m2 UV, suggesting a high sensitivity of both calcifying and non-calcifying phenotypes. Although we 

expected differences in survival rates, the calcifying strain, PLY 217 had a higher sensitivity to UV-C 

treatment compared to CCMP 1516. Previous E. huxleyi calcification studies have shown that the coccolith 

layer surrounding the cell provides protection from irradiation. By scattering the light more efficiently, 

coccoliths have been suggested to act as cell protectants from high irradiation levels and maintaining 

photosynthetic levels and growth (Mizukawa et al. 2015, Gao et al. 2009, Xu et al. 2016). When E. huxleyi 

cells were exposed to an abrupt increase in light intensities, the production of coccoliths was up-regulated 

11-fold (Ramos et al. 2012), this phenomenon indicates that coccoliths could play a role in the response 

mechanism to increased radiative stress. At the higher energies of UV-C (254 nm) light, our results indicate 

that E. huxleyi is quite sensitive even in the presence of coccoliths. While the calcifying strain, PLY 217, 
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exhibited an LD50 of 1 J/m2, that of the non-calcifying strain CCMP 1516, was 3 J/m2; both of which are 

well below the median levels of lethality for Synechocystis sp. at 50 J/m2 (Tillich et al. 2012). Both strains 

also expressed a high sensitivity to MMS, with median lethal doses of 0.4 and 0.6% (30-minute exposure), 

for PLY 217 and CCMP 1516 respectively (Fig. 3). Both strains experienced an expected reduction in 

survival with increased dosage, with a precipitous drop in survival up to 2% MMS (v/v), then a gradual 

levelling off to less than 1% survival at 5% MMS (v/v) regardless of exposure times (Suppl. Fig. 1 and 2). 

This finding was consistent with the response of Synechoscystis sp. (Tillich et al. 2012).  

Lipid Screening  

The median lethal doses were used to generate mutant populations, which were subsequently used 

to screen for altered lipid phenotypes.  CCMP 1516 cells were treated with 3 J/m2 UV or 0.6% v/v MMS 

and grown on selection plates supplemented with 3 types of lipid inhibitors, Cerulenin, Cafenstrole and 

Allidochlor. All three inhibitors impact the FA biosynthesis by primarily interfering with the elongation 

pathways. Cerulenin is an antifungal antibiotic, produced by Cephalosporium caerulens. The compound 

irreversibly binds to a cysteine residue in the condensing domain of the key fatty acid synthesis regulator, 

ß-ketoacyl-acyl carrier protein (ACT) synthases I and II, impacting fatty acid elongation (Shiraiwa et al. 

2005 and Kawaguchi, 1982). Cafenstrole, N,N-diethyl-3-mesitylsulfonyl-1H-1,2,4-triacole-1-carboxamide, 

is a rice herbicide that inhibits the incorporation of malonate and oleate into very long chain fatty acids 

(VLCFA) by interfering with elongases specific to chains longer than C18 (Takahashi et al. 2001). 

Allidochlor, α-chloro-N,N-Diallyl-2-chloroacetamide, is a K3 amide herbicide that impacts growth by 

inhibiting cell division. It has been shown to inhibit six different elongases responsible for VLCFA 

synthesis (Trenkamp et al. 2004). Growth inhibition levels of 75 and 100% were determined by exposing 

both E. huxleyi strains to a range of inhibitor dosages (0-100 µM). Alkenones are reported to make up 70% 

of the total lipid content in early stationary phase (Shiraiwa et al. 2005) and, therefore we expected any 

mutations conferring resistance to such inhibitors would be reflected in the relative abundances of 

alkenones in mutant phenotypes compared to wild type. As expected, E. huxleyi exhibited the highest 

sensitivity to cerulenin with 75% lethality at just 0.02 µM and 100% lethality at 2 µM. Apart from its 

impact on fatty acid elongation, cerulenin has been shown to induce apoptosis in vivo in mammalian cells 

(Cohen et al. 1995), suggesting that it impinges upon multiple cellular pathways, in which case, we would 
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anticipate a much lower survival rate. In the case of Caf and All, inhibition levels were similar with a kill 

rate of 75% at 8 and 5 µM, respectively, and 100% lethality at 100 µM for each of the herbicides.  

Flow Cytometry 

Nile red fluorescence of the ten putative CCMP1516 mutants showed eight with increased and two 

with decreased total lipid content (Fig. 4). This suggests DNA mutations conferred resistance to these 

known lipid biosynthesis inhibitors, which ultimately affected the overall accumulation of lipids compared 

to wild type. We also analyzed the size of the putative mutants, which when geometrically cross-referenced 

to the lipid content were further categorized into three main groups: 1) five with increased lipid content and 

cell size suggesting an isometric growth pattern (MMS Cer 2,3; MMS All 1,2; UV Caf 3),  2) three with 

increased lipids content but no change in size (MMS Caf 1; UV Caf 5; UV Cer), and 3) two with decrease 

lipid content and no change in size indicating allometric growth  (UV Caf 7; MMS Cer 1) (Fig.5). These 

categories suggest that we achieved a broad range of point mutations among the treatments. To further 

characterize the mutants, we analyzed the lipid profiles of at least one from each category and another (UV 

ALL 2), that was not classified and showed no significant difference in size or total lipid content compared 

to wild type. 

Lipid Characterization 

There are several theories regarding the unique biosynthesis pathways of alkenones, some studies 

suggest the use of the classical FAS pathway with the involvement of novel enzymes including elongases, 

desaturases, Keto-synthases/transferases, and dehydrogenase (Kotajima et al. 2014, Rontani et al. 2006, Shi 

et al. 2006, Trenkamp et al. 2004). Other studies propose that a separate metabolic pathway may be 

responsible for very long chain fatty acid biosynthesis, including alkenone metabolism, namely the PKS I 

pathway (Metz et al. 2001; John et al. 2008; Keatinge-Clay 2012; Kusebauch et al. 2010; Moldenhauer et 

al. 2010; Sasso et al. 2011). PKS type I are multifunctional complexes found in many types of organisms 

and are responsible for producing secondary metabolites, including antibiotics, antifungal agents and 

toxins. PKS I complex of both bacteria and fungi are shown to be not only mechanically (Hutchinson et al. 

1995) but also genetically (Magnuson et al. 1992) related. Due to their genetic similarities, Revill et al. 

(1996) proposes that they may even share an evolutionary path with FAS. Studies have gone as far as to 

suggest that due to their similarities in structure, FAS may be a specific case of PKS (Keatinge-Clay, 
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2012). Metz and colleagues (2001) cloned and expressed PKS genes from a marine bacteria, Shewanella 

sp., who are known to produce long chain fatty acids like EPA, in E.coli. E.coli are known not to produce 

significant amounts of EPA. The transformed E.coli cells grown under anaerobic conditions, produced 

EPA. It was concluded that PKS complexes were capable of biosynthesizing long chain fatty acids. After 

searching the genome of Emiliania huxleyi, John et al. (2008) and Sasso et al. (2013) detected eleven 

putative type I PKSs , containing 14 domains that resemble PUFA synthases in bacteria. Kusebauch et al. 

(2010) and Moldenhauer et al. (2010) identified a trans-AT domain in PKS I that enables double bond 

shifts during elongation, and Sasso et al. (2011) observed that dehydration often leads to trans double bonds 

in polyketides. By analyzing the lipid characteristics of our mutants, we hoped to shed some light on this 

discussion. Lipid profiles of the six selected mutants displayed a mosaic of relative lipid distribution, 

suggesting that a varied combination of point mutations occurred among the samples. For each mutant, we 

focused our analysis on specific characteristics, namely cell size, lipid content and lipid profile patterns to 

decipher the possible targets of lipid mutagenesis. It must be noted that all GC-MS lipid profiling data is 

highly preliminary, given that only a single lipid extraction sample from each mutant was analyzed (Fig. 7 

and 8). 

Mutant MMS All 5 µM 1 showed an overall increase in lipids based on Nile Red fluorescence and 

an increase in cell size with a sublethal dose of allidochlor. Relative amounts of short chain FA decreased 

(2%), while LCFA and alkenones increased (2%). The alkenone and long-chain FAs accounted for 99% of 

the total lipids extracted. The increase in size and subsequent accumulation of lipids indicates that 

Allidochlor did impact cell division, subsequently impacting cell size and accumulation of lipids. 

According Trenkamp et al. (2004), allidochlor is a K3 type herbicide and in Arabidopsis thaliana, is likely 

to inhibit a broad spectrum of elongases. If this is the case in E. huxleyi, the phenotype of MMS All 5 µM 

1, might suggest a pathway independent of elongases is responsible for alkenones, possibly the PKS I.  

Since relative abundances of alkenone content did not change, we suggest a specific point mutation may 

have impacted the binding efficiency of allidochlor to an elongation domain within the PKS I complex, 

allowing the continued synthesis of alkenones. 

Mutant UV CAF 100 µM 5 exhibited no change in size, but an average increase of 39% in total 

lipids compared to wild type. It is noteworthy that the surviving fraction of 2.12% was achieved on a lethal 



 18 

dose of cafenstrole. This would suggest that point mutations may have conferred a level of resistance to the 

effects of cafenstrole. We observed a 7% relative decrease in amounts of total alkenones, a 6% decrease in 

C22 and a 4% increase in C20 LCFAs compared to wild type. Other fatty acids exhibited a minimal relative 

reduction of less than 2%. According to Takahashi et al. (2001), Cafenstrole, the rice herbicide, inhibits the 

incorporation of malonate and oleate into VLCFA by interfering with elongases specific to chains longer 

than C18. The most likely scenario here is a point mutation in the C20 elongase, increasing its relative 

enzyme activity. It is unclear why we observed an overall increase in lipid content, this may be due to a 

general upregulation of lipid biosynthesis due to point mutations in transcription factors within the 

pathways, this can only be unraveled with an analysis of the genetic modifications through sequencing.   

Mutant UV All 5 µM 2 had no change in size nor total lipid content, with a sublethal dose of 

allidochlor. It experienced a relative drop in alkenones and long chain FAs (C22; C25) but an increase in 

medium chain FA (C14; C18; and C20). This mutant is also a good candidate to suggest an alternative 

pathway for long chain FA and alkenone biosynthesis. The decrease in longer chain FA and alkenones 

could be a result of a point mutation within a PKS I pathway, probably within a specific elongase domain 

in the enzyme complex. In effect, the FAS pathway would experience an increase in substrate, since both 

pathways rely on malonyl-CoA, and therefore the amount of shorter chain FAs would rise as they are not 

used as substrate for the longer FA chains.   

Mutant MMS Cer 3 experienced an increase in size and total lipid content, as did MMS All 5 µM 1. 

Interestingly, it exhibited a 21% decrease in relative alkenone content together with a countering 21% 

increase in long chain FA. Shorter chains exhibited a negligible change compared to wild type. This 

observation supports the idea that E. huxleyi could maintain a myriad of elongase domains that may operate 

independently within the lipid biosynthesis pathway.  

MMS Cer 1 and UV Caf 7 were unique mutants in that they both exhibited a decrease in total lipid 

content with no change in size. Point mutations conferred resistance to both inhibitors Cer and Caf, but may 

have resulted in a reduced efficiency from the lipid pathways. Relative abundancies of short chain FAs 

were increased in both by ~27% while long chain FAs decreased ~10% and alkenones decreased 19 and 

34% for MMS Cer and UV Caf, respectively. This finding indicates that the VLCFA/alkenone pathway 

was impacted differently than the short/medium chain lipid pathway. Point mutations in the PKS 1 
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rendering the pathway less efficient could explain the decrease in both VLCFAs and alkenones, while also 

the increase in shorter chained lipids with increased availability of substrate.  

Lastly, there was a universal trend across all the mutants towards an increase in desaturation levels 

with a third dehydrogenation process occurring in both C37 and C38 alkenones (Fig. 8). This pattern was 

also observed in the chromatographs of extracted lipids of wild type and mutants (Supplementary Fig. S3 

e,f). Since this pattern was only observed with the desaturation of C37:2 and C38:2 alkenones, it suggests 

that novel desaturation domains are being targeted. Metz et al. (2001) showed that the production of 

desaturated long chain fatty acids could be produced through the anaerobic PKS pathway of the marine 

bacteria, Shewanella sp, suggesting a bifunctional elongation/desaturation complex.  If 

desaturation/elongation enzymes are connected in alkenones, possibly through a bifunctional domain 

within the PKS 1 system, it is possible that the elongation inhibitors are selecting for mutants with modified 

desaturation domains of improved enzyme activity or substrate binding ability. DNA sequencing and 

bioinformatic analysis across all mutants is necessary to uncover the mechanisms of this omnipresent 

response.  

Conclusion 

The median lethal doses for Emiliania huxleyi were determined at 1 and 3 J/m2 ultraviolet 

irradiation (UV-C 254nm) and 0.4 and 0.6% (v/v) methylmethanesulfonate for calcifying (PLY 217) and 

non-calcifying (CCMP 1516) strains, respectively. A lipid mutant screen was developed using the 

lipophilic dye, nile red, flow cytometry and GC/MS, along with a lipid extraction protocol to fraction out 

non-polar lipids (including alkenones) from Emiliania huxleyi. Applying these tools, we created mutants 

that have clearly targeted alkenone pathway, which are no longer being impacted by the lipid inhibitors.  

These biological tools developed for E. huxleyi, coupled with PCR amplification, DNA 

sequencing and phylogenic analysis, could further unlock some of the secrets of alkenone biosynthesis and 

degradation pathways. 
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Table 1. CCMP 1516 were treated with the median lethal dose 3mJ/cm^2 UV and 0.6% v/v for 30 min 
MMS and grown on plates with I75 and I100 of Alldichlor, Cafenstrole and Cerulenin. Survival rates were 
calculated by dividing cell count by number of cells plated, normalized to wild type plating efficiency.  
 

Treatment Dosage (µM) Number of Surviving 
Colonies (SF%) 

UV Allidochlor 5 6232 (4%) 
 100 0.00 
UV Cafenstrole 8 2280 (2%) 
 100 3040 (2%) 
UV Cerulenin 0.02 760 (0.5%_ 
 2 0.00 
MMS Allidochlor 5 2432 (2%) 
 100 0.00 
MMS Cafenstrole 8 8512 (6%) 
 100 0.00 
MMS Cerulenin 0.02 0.00 
 2 6992 (5%) 
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Supplementary Fig. S3 Mass Spectra of Alkenone Derivatives. Four main alkenone derivatives were identified in all samples, (A) 
Me37:3 (MW 528), (B) Me37:2 (MW 530), (C) Me38:3 (MW 542) and (D) Me38:4 (MW544). All mutant colonies exhibited a 
general trend of decreasing di-unsaturated and increasing tri-unsaturated alkenones. Chromatograms of relative amounts of di- and tri-
unsaturation alkenones levels of the mutant UV All 2 (E) compared to CCMP 1516 control (F).  
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Supplementary Table S1. Dose response analysis of Emiliania huxleyi cells to three lipid inhibitors; Cerulenin, Cafenstrole and 
Allidochlor. A. Results show surviving fractions (%) of calcifying (PLY 217) and non-calcifying (CCMP1516) E. huxleyi cells after 
exposure to a range of inhibitor doses. B.  
 

A    Dose (µM)   
Lipid Inhibitor Treatment PE (%) 0.01 0.1 0.2 2 20 
PLY 217 Cer 43 55±3 11±2 4±0.3 0 0 
CCMP 1516 Cer 30 44±1 3±0.5 3±0.2 0 0 
  0.001 0.01 0.1 10 100 
PLY 217 Caf 52 85±3 68±4 56±6 36±1 0 
CCMP 1516 Caf 52 64±6 54±6 50±7 38±2 0 
PLY 217 All 44 76±3 76±1 48±3 30±8 0 
CCMP 1516 All 39 87±2 83±2 69±3 11±3 0 

 
B (µM) (µM) 
Optimal Dosage I75 I100 
PLY 217 Cer 0.08 2 
CCMP 1516 Cer 0.02 2 
PLY 217 Caf 10 100 
CCMP 1516 Caf 8 100 
PLY 217 All 6 100 
CCMP 1516 All 5 100 

 
Supplementary Table S2. Average cell size determined by microscopic imaging on a BZ9000 Keyence Fluorescent Microscope and 
measured using ImageJ software (n=10), compared to wild type (n=20) 
 

Cell Samples 
 

Average 
Cell Size 
(Pixel) 

STD 
DEV 

WT 
+2SD 

WT-
2SD 

CCMP 1516 WT 0.15 0.016 0.18 0.12 

   Cell Size 
±2SD WT 

MMS All 5 uM 1 0.24 0.05 X 
MMS All 5 uM 2 0.29 0.05 X 

MMS All 5 uM 3 0.19 0.03 X 
MMS Caf 8 uM 1 0.17 0.02  
MMS Caf 8 uM 2 0.17 0.04  
MMS Caf 8 uM 3 0.21 0.04 X 

MMS Cer 2 uM 1 0.19 0.02 X 
MMS Cer 2 uM 2 0.20 0.03 X 
MMS Cer 2 uM 3 0.24 0.09 X 
UV All 5 uM 1 0.18 0.02  
UV All 5 uM 2 0.16 0.02  
UV All 5 uM 3 0.15 0.04  
UV Caf 100 uM 1 0.16 0.02  
UV Caf 100 uM 2 0.16 0.03  
UV Caf 100 uM 3 0.16 0.02  
UV Caf 100 uM 4 0.18 0.05  
UV Caf 100 uM 5 0.17 0.02  
UV Caf 100 uM 6 0.16 0.02  
UV Caf 100 uM 7 0.14 0.04  
UV Caf 100 uM 8 0.16 0.04  
UV Caf 100 uM 9 0.18 0.04  
UV Caf 100 uM 10 0.15 0.02  
UV Cer 0.02 uM  0.16 0.01  
UV Caf 8 uM 1  0.17 0.04  
UV Caf 8 uM 2 0.16 0.05  
UV Caf 8 uM 3  0.16 0.02  
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