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Abstract 

Microalgae remain an exciting target for biotechnology as they offer a largely unexploited 

reservoir of novel and valuable bioactive compounds. Strain improvement programs are an 

expanding research field aiming to multiply microalgal potential. This study evaluates the 

genetic diversity created in populations of the diatom Phaeodactylum tricornutum subjected 

to random mutagenesis. We explored the genetic diversity using genotyping-by-sequencing 

(GBS) to estimate and compare the impact of the most common chemical mutagen (ethyl 

methanesulfonate, EMS). Five microalga populations obtained following EMS treatment had 

survival rates between 1 and 98%. High genetic diversity was obtained for only one of these 

P. tricornutum populations, with a survival rate close to 30%.  

Keywords  
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1. Introduction 

Microalgae, a natural and renewable resource, have been a promising source of bio-

based feedstocks and bioactive compounds since the beginning of this century. The huge 

potential of microalgae in the biotechnology market, including applications in nutrition, 

cosmetics and health, is constantly growing. These real-cell factories can provide a number of 

valuable natural chemicals, including pigments and food supplements, such as 

eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and vitamins, as well as other 

compounds of interest. However, microalgal production costs remain high [1]. Apart from 
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efforts to design more efficient cultivation processes and photobioreactors, species 

improvement appears a promising alternative to reduce production costs. 

Research work on boosting the accumulation of high added-value molecules is 

expanding. Initially driven by biodiesel production studies, investigations are now focusing on 

other bio-molecules, including those with antioxidant, antiviral, antibacterial, antifungal, anti-

inflammatory, antitumor, and antimalarial activity [2,3,4]. The main experimental approaches 

for strain improvement include genetic engineering and synthetic biology, adaptive laboratory 

evolution (ALE), or in silico design of algal strains [5], but the most widespread method is 

random mutagenesis. Over the last decade, an increasing number of studies have used UV 

mutagenesis, ethyl methanesulfonate (EMS) mutagenesis or gamma mutagenesis to induce 

higher genetic polymorphism in microalgal genomes. Among recent advances in strain 

improvement programs, the most advanced studies have worked on the development of high-

throughput procedures to increase screening efficiency of selecting strains from mutagenesis 

[6]. Yi et al., (2018) efficiently combined a diphenylamine (DPA) inhibition of the 

carotenogenic pathway, an EMS chemical mutagenesis, selection of strains with fluorescence 

intensity, and the selection of strains with high total carotenoid content after pigment 

extraction [6]. The greater genetic diversity induced provides higher phenotypic diversity. As 

a first step, mutagenesis is generally used to increase the frequency of mutation in microalgal 

populations, then a second step screens the resulting phenotypes to select the best individuals 

[7]. 

The main bottleneck for the whole mutagenesis procedure remains the random step of 

the mutations themselves, which makes it difficult to establish an ideal protocol. Since lethal 

and beneficial mutations occur randomly, the effectiveness of a mutagenesis process relies on 

the balance between the gain in genetic diversity and the rate of mortality within the 

population [6]. Therefore, efficiency mainly depends on the type and concentration of the 

mutagen. In the literature, the efficiency of random mutagenesis is arbitrarily estimated by 

survival rate, usually set at  10% [9–11], 40% [12], 50% [13], or 65% [14], depending on the 

study. However, no studies dealing with microalgae have yet established a link between the 

estimated survival rate following mutagenesis and the gain in genetic diversity, meaning this 

issue has not been approached systematically.  

At the same time, the advent of cost-effective next generation sequencing (NGS) 

platforms has made it possible to produce sequence information and to have access to the 
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genetic polymorphism of an entire single organism. Simplify the genotyping methods is a 

particularly appealing approach to analyzing genetic diversity within microalgae populations. 

Different methods based on restriction enzyme digestion have been developed for this task, 

including reduced-representation libraries (RRLs), complexity reduction of polymorphic 

sequences (CRoPS), restriction-site-associated DNA sequencing (RADseq), or genotyping-

by-sequencing (GBS) [15]. The GBS approach, developed by Elshire (2011)[16], is a 

powerful method, increasingly used to study genetic diversity or to develop molecular 

markers for agronomic plants of interest. Its low cost, rapid application, and flexibility make it 

a method of choice for genotyping plants in agronomy. Genotyping-by-sequencing relies on 

the use of restriction enzymes. By choosing the right enzymes, shared regions of the genome 

can be compared between different samples. Specifically, by significantly reducing the 

genome size, GBS provides an affordable means to search for genetic polymorphisms (single 

nucleotide polymorphism (SNP), Insertion (IN), or Deletion (DEL)) among a large number of 

individuals.  

In order to improve gains in genetic diversity by mutagenesis, and thus the efficiency 

of microalgal domestication programs, we propose a dual approach based on: (1) the 

experimental optimization of genetic polymorphism among Phaeodactylum tricornutum 

populations by identifying the optimal survival rate after EMS-induced mutagenesis, and (2) a 

modeling approach to mutagenesis. The marine diatom P. tricornutum is a good potential 

producer of valuable lipids due to its fast growth, lipid accumulation capability, and 

established genetic tools [14,17,18], making it a suitable candidate species to examine 

[17,19,20]. This study is part of the first step of a domestication process (mutation/selection) 

aiming to obtain improved strains. Here, GBS was used to assess the genetic polymorphism 

following EMS-induced mutations. Although this method has been frequently used for 

terrestrial plants, this is the first report of its application in the field of microalgal 

improvement programs. 
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2. Material and methods 

2.1. Algal material  

2.1.1. Algal strains and their maintenance 

Phaeodactylum tricornutum CCAP 1055/1 was obtained from the culture collection of algae 

of the CCAP (Culture Center of Algae and Protozoa) and maintained at 20°C under 

continuous light (50 µmol m
-2

 s
-1

). Cultures were grown in fresh Erlenmeyer flasks containing 

seawater filtered at 0.22 µm and sterilized, enriched with a Walne‟s medium [21] 

supplemented with Na2SiO3*5H2O 40 g L
-1

. Xenic cultures were treated with a specific mix 

of antibiotics based on  Cho et al. (2002)[22] and regularly centrifuged twice at 500 g for 10 

min at 20°C to eliminate bacteria before mutagenesis. 

2.1.2. Cultivation conditions 

Cultures were grown in 2-L flasks in batch mode and bubbled with 0.22-µm filtered air. 

Culture medium flasks enriched with 1 mL L
-1

 Conway (Walne, 1966 [21]) supplemented 

with Na2SiO3*5H2O 40 g L
-1

 were previously sterilized for 20 min at 120°C before the 

experiment [23]. Synchronization of P. tricornutum cells in 12:12 (light:dark) cycle was 

applied for cell division. The cultures were maintained at a constant temperature of 21°C, 

under an irradiance of 160 µmol m
-2 

s
-1 

for 12 h. Initial cell concentration was 4 x 10
5
 cell mL

-

1
.  

2.1.3. Random mutagenesis by ethyl methanesulfonate  

Ten mL samples of synchronized cell culture in exponential growth phase at 2 x 10
6
 cells mL

-

1
 were exposed to seven EMS concentrations (3.65; 3.775; 3.8; 3.875; 3.9; 3.925; 4 M) for 30 

min. These seven concentrations allowed us to obtain survival rates ranging from 10 to 90%. 

Exposures beyond 30 min resulted in 100% mortality of the populations. Exposures were 

carried out in darkness at room temperature with agitation by turning. A control population (c) 

without EMS exposure was prepared following the same procedure (Figure 1). Following 

incubation, the microalgal cells were centrifuged at 600 g for 10 min at 20°C and cell pellets 

were washed three times with 10 mL seawater that had been filtered at 0.22 µm and 

autoclaved (hereafter referred to as “sterilized seawater”), containing 10% (w/v) sodium 

thiosulfate. Cell pellets from each treatment were re-suspended in 2 mL of sterilized seawater 

enriched with Walne‟s medium supplemented with Na2SiO3*5H2O 40 g.L
-1

 and distributed in 
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24-well plates (Thermo Scientific™ Nunc™). After an initial measurement of Chl a 

fluorescence (450/685nm), OD680nm and OD800nm performed on a Tecan spectrofluorometer 

(by night), cells were kept at 20°C in darkness overnight to prevent photoactivation. 

Microplate cultures were then maintained under an irradiance of 80 µmol m
-2 

s
-1 

and 

monitored for cell growth (Chl a fluorescence, OD680nm, OD800nm) with the Tecan 

spectrofluorometer. The survival rate (Ys) was calculated as the ratio between the lowest 

value (Xmin) measured by Chl a fluorescence, OD680nm, OD800nm during the growth 

monitoring and the initial value (Xi):  

    
    

  
        (Eq. 1) 

After recovery of cultures, the microalgal populations were re-suspended in 100 mL of 

sterilized seawater enriched with Walne‟s medium supplemented with Na2SiO3*5H2O 40 g 

L
-1

. Five populations exposed to EMS concentrations of 3.65; 3.775; 3.8; 3.925; 4 M were 

selected for DNA extraction. 

Before DNA extraction, 50 mL samples of 1 x 10
7
 cells ml

-1
 cultures were centrifuged. One P. 

tricornutum population was used as a reference population (R) before the mutagenesis 

procedure. This allowed a subsequent comparison with the five populations exposed to the 

mutagen and with the control population (c). 

 

Figure 1. Schematic representation of the EMS mutagenesis steps. Five EMS mutagenesis treatments with five 

different EMS concentrations were performed on the reference population strain (R) of P. tricornutum to obtain 

five microalgal population strains. An experimental control was also included in the experiment (strain c). 

Experimental control population (c)

Reference population (R)

Mutagenized populations

EMS +EMS -

4 M3,65 M 3,775 M 3,8 M 3.925 M0 M EMS (M)

SURVIVAL RATE
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2.2. In silico assessment of restriction enzymes, DNA extraction, and restriction digest 

In silico digestion of the P. tricornutum reference genome was performed with different 

restriction enzymes: ApeKI 5„-GCWG C-3‟, where W is A or T; MspI 5„-C CGG-3‟; and PstI 

5„-CTGCA G-3‟ (New England Biolabs), with a computing command developed in our 

laboratory. The frequency distribution of fragment size was evaluated for each enzyme to 

determine the proportion of fragments in the preferred size range (around 400 bp) and to 

obtain 10% of the total genome. The frequency distribution of fragment size was evaluated for 

each enzyme ApeKI, MspI, and PstI. In this study, the digestion protocol was carried out with 

ApeKI, which is also the most frequently used enzyme for GBS analyses [24]. 

Then, DNA from the seven populations was extracted from culture pellets and quantified 

using an Infinite® 200 PRO NanoQuant microplate reader (Tecan). One µg of genomic DNA 

was digested for 2 h at 72°C in a 5 µL reaction volume of NEB buffer with 5 U of ApeKI 

enzymes (New England Biolabs). Genomic DNA was then purified with the Invitrogen 

PureLink
TM

 kit (Quick PCR Purification Kit) following the manufacturer‟s protocol before 

preparation of the GBS library. 

2.3. Preparation of libraries 

2.3.1. Adapter design and ligation 

A set of seven barcode adapters and one common adapter with an ApeKI overhang were 

designed using barcode design considerations (http://www.deenabio.com). The barcode 

adapter and the common adapter were hybridized and normalized at 0.75 ng mL
-1

 in TE with 

Qubit® dsDNA HS (High Sensitivity) Assay Kit quantification. To minimize the possibility 

of producing adapter dimers and DNA chimeras during ligation, eight adapter concentrations 

were tested with 200 ng DNA samples of P. tricornutum with T4 DNA Ligase (New England 

Biolabs, M0202S). Samples were then purified with the Invitrogen PureLink
TM

 kit (Quick 

PCR Purification Kit) before the amplification with the NEBNext High-Fidelity 2X PCR 

Master Mix kit (New England Biolabs, M0541S) following the manufacturer‟s protocol (with 

a temperature cycling program of 72°C for 5 min; 98°C for 30 sec followed by 15 cycles of 

98°C for 10 sec; 65°C for 30 sec; 72°C for 30 sec, and a final step of 72°C for 5 min). After 

purification with Invitrogen PureLink
TM

 (Quick PCR Purification Kit, K310001), the 

appropriate quantity of adapter was determined with DNA analyses performed with a 
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TapeStation DNA 1000 Bioanalyzer 2200 TapeStation Instrument (Agilent Technologies) 

specific to DNA fragments between 35 and 1000 bp. 

2.3.2. Multiplexing and sizing 

The seven DNA samples were multiplexed in equimolar quantity and 1 µg of the mix was 

taken for sizing by microfluidic electrophoresis with a LabChip XT DNA (Caliper Life 

Technologies) instrument specific for fragments between 50 and 750 bp. Ten nM of selected 

DNA fragments from 250 to 500 bp were finally quantified on a 2200 TapeStation before 

NGS sequencing. 

2.4. Sequencing 

2.4.1. Illumina processing 

Paired-end genome sequencing was performed on an Illumina HiSeq 2000 sequencer 

(Illumina Corporation Inc.). Raw 100 bp sequence data were cleaned with FastQC software 

developed by S. Andrews (2010) at the Babraham Institute (www.bioinformatics.bbsrc.ac.uk) 

to validate run quality (read number and quality score of nucleotides sequenced [25], 

composition of reads). Read pairs obtained for each sample were filtered to select only those 

of sufficient quality to be collected. Reads containing the Illumina adapter sequences and 

Illumina control sequences were eliminated with Cutadapt software [26], reads with a quality 

score below Q30 on a mean quality score of all nucleotides and a length below 75 bp were 

eliminated. Finally, nucleotides with a quality score below Q30 were also eliminated.  

 

 

 

2.4.2. DNA sequence alignments and genetic mapping 

Genome datasets of the six experimental populations were aligned using MosaikAssembler  

[27] and the P. tricornutum reference genome. To improve read alignment, the percentage of 

maximum polymorphism between the sequence and the reference genome was set at 15% and 

the size separating the two sequences of a pair was set at between 100 and 400 bp. On average 

82.3% of read pairs were aligned on a single locus, 15.1% aligned on multiple loci and 2.6% 

were not aligned. The maximum sequencing depth per base was then estimated depending on 

relevant sequencing coverage for all seven populations. 
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Mutation discovery and genotyping were performed by polymorphism identification: SNP 

(Single Nucleotide Polymorphism), IN (INsertion polymorphism), and DEL (DELetion 

polymorphism). Freebayes (https://arxiv.org/abs/1207.3907) was used on alignments obtained 

from each population with the options: freebayes -L Aligmenent-Files.bam -f Reference-

Genome-v2.fasta -v Output.vcf --min-mapping-quality 5 --min-base-quality 30 --min-

alternate-fraction 0.05 --min-alternate-count 5 --min-coverage 20. A higher frequency of 5% 

polymorphism was set (min-alternate-fraction option) with five minimal reads (min-alternate-

count option) to consider true polymorphism, limit false positives, and consider only 

polymorphisms sufficiently anchored in the population. The detected polymorphisms were 

compared with the reference strain control and the origin of the polymorphism, mutation or 

selection, was also determined (S2). The polymorphism ratio was computed using the number 

of polymorphisms in a treatment population compared with the number of polymorphisms in 

the reference population (R). The mutation frequency was calculated over 6 generations so as 

to obtain the required genetic material after culture recovery. 

3. Results and discussion 

 

In order to assess the genetic diversity among the mutagenized and control populations, we 

aimed to examine a representative portion of the genomes, highlighting the common and 

diverging regions between the populations. On the one hand, while the cost of sequencing is 

constantly falling [28], it is still too high to fully sequence several individuals at a time. On 

the other hand, GBS is a powerful method to reduce genome representations by using a 

combination of restriction enzymes, together with the selection of an efficient DNA fragment 

size. By reducing the sequencing cost, GBS makes it possible to consider the sequencing of 

several samples at a time.  

However, choosing the appropriate restriction enzyme is a critical step in developing a GBS 

protocol for a novel organism. In silico digestions of the P. tricornutum reference genome 

were performed for different restriction enzymes to obtain around 10% of the genome with a 

DNA fragment size of around 400 bases to remain under Illumina sequencing protocol 

conditions. The frequency distribution of fragment size was evaluated for each enzyme 

ApeKI, MspI, and PstI. In silico libraries after the ApeKI and MspI digestions showed a 

preponderance of smaller fragments, in particular 38 000 and 65 000 fragments in the size 

range of interest (around 400 bp) for ApeKI and MspI digestion, respectively (Error! 
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Reference source not found.). The in silico digestion with PstI generated size fragments that 

were too large (< 1500 bp). The percentages of sequenced genome including size fragments 

between 250 and 550 bp were 11.1% and 14.1% for the ApeKI and MspI digestions, 

respectively. Finally, with the enzyme ApeKI, we covered 5.6% of the P. tricornutum genome 

(1,359,215 bp) at a depth coverage of 50X for all populations. It is worth noting that previous 

studies aiming at screening for induced mutations analyzed only a limited number of genes 

(often a dozen or so genes) [29–31]. In our study, the percentage of the genome studied 

without bias (coding and non-coding regions) appears to be more efficient at estimating the 

mutagenic effects on the genome.  

Table 1. Percentage of the sequenced genome in DNA fragments of different sizes after in silico digestions of 

the P. tricornutum reference genome with ApeKI and MspI. 

Size of DNA fragments (bp) Percentage of the sequenced genome 

(%) 

 ApeKI MspI 

200–600 14.6 18.5 

250–550 11.1 14.1 

300–500 7.4 9.5 

350–500 5.6 7.0 

 

 

3.1. Modeling the mutagenesis procedure 

The challenge is to apply the appropriate dose of mutagen to increase and optimize genetic 

diversity. To identify the optimal survival rate and increase the mutability, i.e., the capacity of 

an organism to be mutated [8], the determination of the number of viable mutants in the 

resulting population is a critical issue. The hypothesis made in this study is based on the 

results of [32] for EMS and the observation of [33] for X-rays. It defines the number of viable 

mutants Nm as the product of two functions of the mutagen dose (Eq. 2): the survival rate, 

expressed as the percentage of survivors Ys, which is an affine function (Eq. 3); and the 

number of mutated cells among surviving cells Ym, which is a linear function (Eq. 4).  

                (Eq. 2) 

               (Eq. 3) 

            (Eq. 4) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

where D is the mutagen dose, N0 the initial cell number subjected to mutagenesis and a and b 

are constants. From Eq. 3, it can be demonstrated that Nm is a parabolic function of EMS dose 

with a maximum obtained when Ys is 50%. 

The linear trend for Ys is in agreement with other data from the literature [9,13,32]. However, 

some studies did not find an obvious linear relationship between EMS dose and Ys on 

microalgae and reported a threshold effect [10], while others used a single survival rate 

without addressing the correlation between the two parameters [8,11,12]. Another source of 

uncertainty is that many previous publications used different survival rates [9,11–14], 

suggesting disagreements in the scientific community. In the following sections, we show 

how we used this modeling approach to guide our investigations to find the best mutagenesis 

conditions.  

3.2. Obtention of mutagenized populations of P. tricornutum with EMS-induced 

mutagenesis  

Mutagenesis experiments were carried out on P. tricornutum strains in this study, producing 

five mutagenized microalga populations with different EMS concentrations (3.650; 3.775; 

3.800; 3.925 and 4.000 M) (Figure 2). Survival rate showed a negative linear trend as a 

function of the EMS dose applied, ranging from 83 to 12% (R
2 

= 0.87; Figure 2). This result 

confirms the first hypothesis of our model.  

 

Figure 2. Correlation between survival rate (%) of P. tricornutum populations and EMS dose applied (M). The 

five populations selected for DNA analysis are in red. 
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3.3. GBS method for comparing the genetic polymorphism of populations 

Genomes of each population of P. tricornutum were sequenced using Illumina sequencing 

technology. For each population, reads were independently mapped on the genome of the 

reference strain (R) after quality filtering. Finally, 70% of the total read pairs were kept for 

the polymorphism analysis for the six populations, confirming experimental reproducibility of 

the genome digestion with ApeKI, adapter ligation, and 250–550 bp fragment sizing steps 

(Table 2).  

Table 2. EMS mutagenesis treatments, survival rates after mutagenesis, number of sequenced bases, 

barcodes and percentage discarded after quality filtering for each P. tricornutum strain. 

Survival 

rate 

EMS 

concentration 

(M) 

Duration 

treatment (min) 

Number of sequenced 

bases 
Barcodes 

Deleted 

percentage after 

filtering (%) 

83 3.65 30 4,047,897 GGTGT 30 

47 3.775 30 5,128,048 AACAA 35 

42 3.8 30 6,974,093 CCACT 33 

26 3.925 30 3,787,158 TTGTA 33 

12 4 30 7,745,369 AAGGT 34 

c 0 30 4,347,140 CGTAA 33 

R - - 7,104,784 CTCGA 34 

 

 

 

 

The polymorphism of the reference strain (R) was estimated at 17,566 SNPs and 778 

IN/DELs in 6.9% of the genome. For further comparison, the number of polymorphisms was 

extrapolated to the complete genome of P. tricornutum corresponding to 254,580 SNPs and 

11,275 IN/DELs.  

The genetic polymorphism of the control population (c) was investigated. Since this 

population was put though all the experimental steps except EMS, it displays the impact of 

the procedure itself on the genetic diversity of a P. tricornutum population. Slight increases of 

3 449 SNPs and 699 IN/DELs, when extrapolated to the complete genome of P. tricornutum, 

were identified as being induced by the procedure. This polymorphism represents a diversity 

variation of 1.56% compared with the reference strain (R) and indicates that the experimental 

procedure has a low impact.  
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Regarding the type of polymorphisms generated by EMS, SNPs were more frequent than 

IN/DELs, as observed in the literature (Figure 3). The number of polymorphisms was not 

equally affected for all survival rates. As shown in Figure 3, the number of SNP and IN/DELs 

remained unchanged in the different populations, except for the population with a survival 

rate of 26%. EMS at 3.925 M result had a 26% survival rate and generated 17,182 new 

polymorphic bases when extrapolated to the complete genome of P. tricornutum. Only this 

population showed an increase in the polymorphism ratio from 1.55 to 7.55 (Figure 4). The 

other EMS treatments resulted in different survival rates, while the polymorphism they 

induced was not significantly different from that of control conditions. The mutations 

identified in this study are those not yet removed by selection and drift, fixed in enough cells 

to be detectable by sequencing, and generated in a population undergoing selection. This 

points to an inherent impact of the experimental protocol rather than a real impact of EMS 

concentration on DNA, and the importance of the survival rate of mutagenized populations. 

 

Figure 3. Number of polymorphisms in the control and five EMS-treated populations of P. tricornutum. (a) 

SNPs, (b) INs, (c) DELs resulting from allelic selection (in white) or allelic mutation (in grey). The abscissa axis 

indicates control (c) and mutagenized populations labeled with their respective survival rates. 

 

b.a. c.

0

100

200

300

400

500

600

1 2 3 4 5 6

TsnpS

TsnpM

S

M

c 83 47 42 26 12

0

20

40

60

80

100

120

1 2 3 4 5 6

Tsnp

Tindel

0

50

100

150

200

250

300

350

400

450

1 2 3 4 5 6

Tsnp

TdelM

c 83 47 42 26 12

S

M

c 83 47 42 26 12

S

M

Mutated populations

SNP DELIN

Mutated populationsMutated populations

N
u

m
b

er
o

f 
p

o
ly

m
o

rp
h

is
m

s

N
u

m
b

er
o

f 
p

o
ly

m
o

rp
h

is
m

s

N
u

m
b

er
o

f 
p

o
ly

m
o

rp
h

is
m

s

Survival rate (%) Survival rate (%) Survival rate (%)

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

 

Figure 4. Polymorphism ratio in the control and five EMS-treated populations of P. tricornutum. The abscissa 

axis indicates the control (c) and the mutagenized populations labelled with their respective survival rates. The 

red line indicates the polymorphism rate of the control population (c). 

 

3.4. Importance of survival rate as a criterion for mutagenesis optimization 

Assessing the impact of mutagenesis on cell populations is a key issue for improvement 

programs. The use of indicators reflecting mutagenesis efficiency would greatly help in 

developing efficient procedures. Here, based on the predictions of the model, we used 

survival rate as an indicator for optimizing EMS dose, with a target survival rate of 50%. This 

study attempts to reveal differences in induced genetic polymorphism with increasing 

concentration of EMS mutagen. Of the five concentrations of EMS tested, only the population 

with the 26% survival rate has a higher polymorphism ratio (by 4.97) than the reference strain 

(Figure 4). We were not able to find any similar studies on microalgae in the literature to 

specifically compare our results, but Godfroy et al., (2015) [42] conducted an EMS 

mutagenesis study on Ectocarpus sp. These authors reported a polymorphism frequency of 

7.72
e-7

, computed on the basis of six generations, which is similar to the 1.45
e-5

 frequency 

observed here for the 26% survival rate in P. tricornutum. Spontaneous mutation rate has 

recently been estimated for some microalgae species: Emiliania huxleyi per nucleotide per 

cell division mutation rate (µ = 5.55
e-10

) [34] is close to estimates for other eukaryotic 

plankton such as the diatom P. tricornutum (µ = 4.77
e-10

) or unicellular green alga species 

Ostreococcus tauri (µ = 4.79
e-10

) and Chlamydomonas reinhardtii (µ = 3.23
e-10

) [33–35]. The 

mutation rate of P. tricornutum in our results is higher than the mutation rates of the order µ= 

5
e-10

 determined across Haptophytes, Stramenopiles, and Chlorophyta. 
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Under these conditions (26% survival rate), we observed 1 mutation every 261 kbp, which is 

in line with the results observed with EMS mutagenesis in the model plant Arabidopsis 

thaliana (1 mutation every 400 kbp) [31], Pisum sativum (1 mutation every 200 kbp) [30], 

and Cucumis melo (1 mutation every 146 kbp at 848 kbp) [29]. However, these comparisons 

have important limitations, including the differences in the mutagenesis protocols used, the 

variable doses of EMS tested and the specificities of the tested organisms.  

Our modeling approach to mutagenesis optimization is based on two hypotheses. The first one 

is that survival rate is a linear function of EMS dose, which is supported by the R
2
 of 0.87 we 

found, as well as findings of previous studies [9,32,38]. The second hypothesis postulates that 

the percentage of mutant cells among surviving cells is also a linear function of EMS dose. To 

test this hypothesis, we used the GBS approach with the allelic frequency as a proxy to 

estimate the mutant frequency in surviving cells Ym. Our results found a discrepancy between 

the qualitative modeling approach and the experimental mutation occurrence as measured by 

GBS. Conversely to the second hypothesis of the model, the GBS experiment resulted in a 

clear threshold effect, with the maximum frequency of mutations corresponding to a 26% 

survival rate (3.92 M EMS dose), while no effect was observed at lower doses. Several 

studies have addressed the question of the dose-response relationship with chemical 

mutagens. The question of a threshold response has been particular debated. Tano and 

Yamaguchi reported a threshold effect for N-nitrosodimethylamine (NDMA) in Tradescantia, 

while no such effect was observed for EMS [39]. To add to the complexity, the authors 

highlighted the specificity of the response, with different responses observed in two different 

clones of the same species. Conversely, Jenkins et al. (2005) [40] reported a threshold effect 

for MMS, and Dobo et al. (2011) [39] observed a threshold effect for both EMS and 

ethylnitrosoureain rats. The threshold effect can be accounted for by DNA repair and other 

protection mechanisms [39,41]. Further investigation, focusing on the range 42-12% survival 

rate, is therefore needed to better describe and understand the effect of EMS on 

polymorphism. 

  

For the highest dose tested here (4M EMS), the allelic polymorphism decreased back to the 

level below the above-mentioned threshold. The reason for this effect is probably a very high 

mutation load that results in too many deleterious mutations, causing cell death, thus 

removing the new diversity generated. It can be hypothesized that this drop in diversity at a 
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very low survival rate could result from a cytotoxic effect through indirect, non-canonical 

effects [42] or deleterious mutations at low concentrations, reducing the survival rate of 

populations. Indeed, several studies highlighted the toxicity of EMS on animal [43] and 

human cells [44]. To uncover the underlying reasons, it would be necessary to test more EMS 

doses in the 3.92–4.00 M range and make the associated GBS analyzes. 

According to GBS, allelic frequency increased over a very narrow range of EMS dose. When 

applied to the modeling approach, the threshold effect would result in a shift of the maximum 

mutant number Nm towards lower survival rates. This trend is supported by results of another 

recent experimental study on P. tricornutum populations exposed to EMS, where the highest 

phenotypic diversity for carotenoid was observed at a survival rate of 29% (compared with 

58%) [6]. Accordingly, the observed threshold effect decreases the predictive capacity of our 

modeling approach since the threshold must be assessed before predicting the optimal 

survival rate. 

3.5. The GBS approach for microalga improvement programs 

Over the past decade, next generation sequencing (NGS) technologies have revolutionized 

sequencing capabilities by massive analysis of low-cost data [45]. Applied to microalgae, 

NGS technologies have, in particular, provided new insights for studies characterizing the 

diversity, dynamics and metabolic pathways of phytoplankton communities [46,47]. 

Nevertheless, these new techniques face challenges related to genome size and the level of 

genome complexity of the species under investigation. The GBS approach is a recent NGS-

based technique for the discovery of SNPs and allows the reduction of genome 

representations by the used of restriction enzymes. In contrast to whole genome sequencing, 

this method is to have a subset of a genome sampled and sequenced. [45]. Applied to plants 

[24,48,49], mammals [50], insects [51], and fish [52], the GBS approach for the identification 

of SNPs for population genomic investigations has also recently been applied to the harmful 

benthic dinoflagellate Ostreopsis cf. ovata [45]. This dinoflagellate is known to produce 

palytoxin-like compounds, which are listed among the most dangerous marine toxins [53]. 

However, using the GBS approach for the analyses of induced polymorphism in microalgae 

improvement programs has not yet been assessed. It provides crucial information in the 

analysis of SNPs of mutant populations and makes it possible to optimize the efficiency of the 

mutagenesis procedure. In this study, GBS coupled with a modeling approach allowed us to 

gain a better understanding of the optimal conditions for EMS mutagenesis and to propose 
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survival rate as a proxy to optimize the experimental conditions of mutagenesis. In strain 

improvement programs, EMS-mutagenized populations with a survival rate around 30% 

would show the highest genetic diversity and provide the maximum number of mutant cells, 

thereby increasing the probability of obtaining individuals with a phenotype of interest. We 

underline that a protocol for optimizing mutagenesis is an important step toward strain 

improvement that would make it possible to increase the speed of algal domestication and 

increase the chances of obtaining traits of interest. A more comprehensive analysis could 

provide more ways to optimize the GBS procedure for microalgal improvement programs, 

including: (1) the percentage of the genome analyzed, as we probably underestimated the 

number of mutations in the genome of P. tricornutum populations to some extent because 

only 5.6% of the genome was sequenced at  50X coverage; (2) the number of mutagenized 

populations examined, to refine the effect on and the trend of survival rate (Ys) and mutants 

among the surviving cells (Ym), within the efficient range of EMS. Thus, in order to develop 

an adequate tool for population genomic analyses based on GBS, precise optimization steps 

are required, which will vary according to the taxa being investigated [45].  

4. Conclusion 

The application of the GBS approach to microalgae is innovative in a research program on 

strain improvement. The GBS approach evaluated the created genetic diversity (SNPs and 

IN/DELs) of P. tricornutum populations with different survival rates following EMS-induced 

mutagenesis. Studies on mutagenesis in the literature have examined survival rates of 

populations or organisms in the range 10–90%, but without a clear rationale or real gain in 

genetic polymorphism. This study is the first to assess the effect of mutagenesis on induced-

polymorphism in a microalga, and reveals higher generated polymorphism at a survival rate 

of approximately 30% in the diatom P. tricornutum following EMS-induced mutagenesis. It 

opens new perspectives for the optimized management of microalga improvement programs, 

which contribute to the expansion of their large-scale production.  

Abbreviations 

DEL: Deletion polymorphism; EMS: Ethyl methanesulfonate; GBS: Genotyping-by-
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Highlights 
 

 

- A literature data-based modeling approach was used to assess the best mutagenesis 
conditions aiming to maximize the genetic diversity. 
 

- Survival rate of EMS mutagenized-population of P. tricornutum is an helpfull criterion for 
mutagenesis optimization 

 
- Mutagenesis experiments on P. tricornutum showed that the survival rate (83 to 12%) has a 

negative linear trend as a function of the EMS dose applied (3.65 to 4.00 M). 
 

- Allelic frequency showed a threshold effect with EMS dose, with the maximum frequency of 
mutations obtained for 26% survival rate (3.92 M EMS dose). 
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