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Mutations are the main origin of the biodiversity and biological innovations across the tree of life. The number of
mutations in a population depends of the mutation rate, noted μ, a key parameter for understanding the evolutionary and adaptive capacity of a species. New mutations are submitted to selection and drift and their
probability of ﬁxation in a population depends on their advantageous, deleterious or neutral ﬁtness eﬀect. This
process occurs in natural populations, but also in any lab cultures. In this context, the role of spontaneous
mutations in the generation of genetic diversity in cultured algae has so far been overlooked, despite its inﬂuence
on the acquisition and maintenance of desirable phenotypic traits. Several algal species that have a high biotechnological potential, such those producing high-value molecules, might be improved by domestication and
oriented selection by experimental evolution. Here, we provide the ﬁrst estimation of the spontaneous mutation
rate, μ, in Picochlorum costavermella (Trebouxiophyceae), a green alga with many potential biotechnological
applications. Its spontaneous mutation rate is μ = 10.12 × 10−10 (CI Poisson distribution,
μ = 6.3–15.4 × 10−10) mutations per nucleotide per genome per generation. This is one of the highest mutation
rates reported for a unicellular eukaryote.

1. Introduction
Natural selection enables species to adapt from standing genetic
variation, powered by new mutations, which constitute the main source
of genetic diversity in a population. Quantifying the rate of mutations
and their eﬀects is thus of primary importance to better understand the
evolution and adaptive potential of a species. Beyond the evolutionary
importance of mutations, generation of genetic diversity is also relevant
for the domestication process, as one single mutation can trigger a
novel trait of interest in a species [1]. Domestication of crops and animals began several thousand years ago and involved manual selection
and breeding for thousands of generations [2,3] and more recently
genetic engineering [4]. In contrast to domesticated macro-organisms,
which have long generation times, obligate sexual reproduction, and
small population sizes, microorganisms have short generation times,
asexual reproduction and huge population sizes. As a consequence, rare
events, like spontaneous mutations, can be observed and monitored
within a short time lag, typically within a few months in microbial
cultures [5]. In the context of the global challenge caused by the
scarcity of natural resources, the domestication of novel species and the
development of biotechnologies are evoked as promising strategies [6].

Green microalgae have been brought into the spotlight as favoured
candidates for biotechnological development [7]. Among other advantages, they have a short asexual life cycle, many can be grown in
marine water, many are transformable and their biotechnological potential is manifold such as the production of biofuels [8–13], the production of proteins and high value molecules for health food or cosmetics [14–16], the production of hydrogen [17], and their
photosynthetic production can be optimized [18].
Phenotypic traits of interest may be further increased by experimental evolution [19] and directional selection of algal strains for
biotechnological applications. Any natural population harbours a
standing genetic diversity [20], which enables adaptation to environmental changes and selection pressures. Traits of interest may be selected from this standing genetic diversity, but very little data about
natural diversity in microalga is available yet [21,22]. Alternatively,
adaptation may also occur from new mutations. Domestication of land
plants revealed several cases in which one single nucleotide mutation
induced the trait of interest ([23] for a review). The estimation of the
spontaneous mutation rates is paramount for investigating the possibility of generating phenotypic trait of interest by mutations. The
probability of obtaining a desirable genotype may be also increased by
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data) and SSC acquisitions. Eﬀective population size, Ne, was estimated
with the harmonic mean of cell number between bottlenecks and the
number of generations (number of cell divisions) being provided by the
following equation:

mutagenesis. Diﬀerent protocols have been developed, such as heavyion irradiation in Parachlorella kessleri [24] and Desmodesmus spp. [25],
gamma rays in Chlorella spp. [26,27] or UV irradiation in Chlorella
sorokiniana [28,29]. However, mutagenesis has three pitfalls. First, it
dramatically increases the deleterious mutation load. Algal populations
must therefore be carefully exposed to a mutagen in order to not
compromise their survival capacity. In the case of ultraviolet (UV) irradiation, the survival rate may reach only 10% in Chlorella sorokiniana
[28,29]. Second, it indirectly selects for cells resistant to the mutagenic
factor. Third, microorganisms derived from chemical or radiation mutagenesis are included under the Genetically Modiﬁed Organisms umbrella and are therefore submitted to many commercial and political
conditions [30].
The spontaneous mutation rate of any organisms can be estimated
by mutation accumulation (MA) experiments, and this ideally requires a
high quality reference genome sequence [31–33]. The development of
high throughput genome sequencing technologies led to a signiﬁcant
improvement in the practicability of whole genome sequencing, mirrored in an increase in the number of available complete and annotated
reference genomes in microalga in the last decade [34]. The principle of
MA experiment is to monitor genetic changes in MA lines maintained at
a low population size by serial bottlenecks [35], as eﬀective population
size is inversely proportional to the strength of selection. Thus, a very
low Ne drastically limits the eﬃciency of selection, allowing as many
spontaneous mutations as possible to become ﬁxed, including the deleterious ones, in order to estimate to the total number of spontaneous
mutations [36]. These events are identiﬁed by comparing the MA
genomes to the ancestral genome sequence. The monitoring of the
number of cell divisions throughout the experiment is required to estimate the mutation rate per cell division. Mutation accumulation approaches have been applied to a large range of species, including bacteria and eukaryotes [32]. In green algae, MA studies have been
conducted in a few model species and have allowed the ﬁtness eﬀects of
mutations [5,37,38] and spontaneous mutation rates to be estimated in
Chlamydomonas reinhardtii [39–41] and four Mamiellophyceae species;
Micromonas commoda RCC299, Bathycoccus prasinos RCC1105, Ostreococcus mediterraneus RCC2590, and O. tauri RCC4221 [42].
In this study, we exemplify use of a mutation accumulation experiment in Picochlorum RCC4223, a green algal species of the
Trebouxiophyceae class (Chlorophyta) [43]. We used the same protocol
as previously described [5], where all cultures are maintained in liquid
medium and cell count is estimated by ﬂow cytometry. Picochlorum
RCC4223 has a small haploid genome of ~13.5 Mb with 79.5% of
coding sequences and 46% GC content [44]. Strains from the genus
Picochlorum are versatile algae for large-scale culturing, capable of
growing in a wide range of salinities and temperatures [45,46] with a
few completely sequenced genomes already available, including the
strain RCC4223 [46,47]. They also constitute interesting models in
diﬀerent ﬁelds, such as medicine [48], biofuels [49], food and aquaculture [50,51] and production of high value molecules [52].

⎡ln ⎛ Nt ⎞ / t⎤
⎝ N0 ⎠ ⎦

d = e⎣

(1)

where Nt is the total number of cells measured by ﬂow cytometry, and t
the time between two bottlenecks, i.e 14 days. Lines were maintained
for 199 days and went through a series of 14 bottlenecks.
2.2. Sequencing and mutations identiﬁcation
We extracted DNA using a CTAB protocol [54] and sequenced by
Illumina MiSeq (200 bp paired-end reads) performed by GATC biotech®
(Konstanz, Germany). Twelve MA lines and the ancestral type were
sequenced. MiSeq reads were aligned to the reference genome with
BWA mem [55], bam ﬁles were treated with SAMtools [56] and mutations were called with GATK HaplotypeCaller [57]. Afterwards, ﬁnal vcf
ﬁles and candidate mutations were obtained after following ﬁltered
steps: removal of low mapping quality sites (MQ < 40), low covered
sites (DP < 10) and candidates shared by two MA lines. SnpEﬀ program [58] permitted synonymous, non-synonymous, intronic and intergenic mutations to be identiﬁed using the annotation available on
the ORCAE web site [59]. This mutation calling pipeline was used for
base-substitution and insertions-deletions (indels).
The mutation rate was calculated by dividing the total number of de
novo mutations by the total generations and the callable genome size to
give the mutation rate per nucleotide per genome per generation (μ).
The mutation rate per genome per generation is given by U = Gxμ,
where G is the genome size.
Raw data are available in GenBank with Bioproject accessions
PRJNA453760 and PRJNA389600 (Table S1).
2.3. Mutation spectrum

2. Materials and methods

Pearson's chi-squared was used to test the distribution of observed
mutations with the expected distribution, H0, assuming that mutations
appear randomly and independently in the genome. We compared the
distribution of mutations between coding and non-coding regions; the
level of expression of mutated sites using STAR [60]; the synonymous
and non-synonymous base-substitution mutations; the direction of
mutations from each nucleotide to others and the nucleotide context
(between 2 and 10 nucleotides) around mutated sites.
The substitution spectrum between the 4 nucleotides is usually
biased, and several previous studies have reported a bias from GC to AT
mutations as compared to AT to GC mutations. This mutation bias has a
consequence on the equilibrium GC content of the genome, noted GCeq,
which would be reached if the GC composition was the consequence of
mutation processes alone. At equilibrium GC content, the number of
mutations from GC to AT equals the number of mutations from AT to
GC. The GCeq can be estimated from the following equations [61]:

2.1. Mutation accumulation (MA) experiment

R1 =

The Picochlorum costavermella RCC4223 strain was isolated from an
estuary of the river “La Massane” (42°32′36 N, 3°03′09 E, France) and
has been deposited in the Roscoﬀ Culture Collection [53] (http://
roscoﬀ-culture-collection.org/).
Twelve MA lines were kept from a clonal ancestral population in 24well plates, at 20 °C with a light cycle of 16 h–8 h dark-light in L1
medium. MA lines were inoculated as single cells after endpoint dilution and maintained by serial one-cell bottlenecks every 14 days, as
described in [5]. At each bottleneck, cell concentration was measured
with a FACSCanto II ﬂow cytometer (Becton Dickinson, Franklin Lakes,
NJ, U.S.A.) using natural chlorophyll ﬂuorescence (670 nm used FL3

where GCn and ATn are the total GC and AT nucleotides of the genome;
GC → AT and AT → GC are the number of de novo mutations.

(GC → AT)
(AT → GC)
R2
, R2 =
, GCeq =
,
GCn
ATn
R1 + R2

3. Results and discussion
3.1. Mutational spectrum
The experiment lasted 199 days, corresponding to an average of 133
generations per MA line with an average eﬀective population size of Ne
~6. In silico analysis identiﬁed a total of 21 new mutations in the 12 MA
lines: 19 base-substitutions and 2 insertion-deletions (indels) (Table 1).
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1.012 × 10−9 mutations per nucleotide per generation, assuming that a
generation in that species is one cell division or one population division. The corresponding mutation rates per genome, noted U, are
Ubs = 0.0119 base-substitution mutations and UID = 0.0013 insertionsdeletions per genome per generation, corresponding to a total mutation
rate Utot = 0.0132 mutations per genome per generation.
Although a high mutation rate predicts that new mutations will
accumulate quickly, including advantageous mutations, it also increases deleterious mutation events. In accordance with some previous
MA studies [63], the ﬁtness of the MA lines decreased signiﬁcantly
during the experiment (Pearson linear model, ρ = −0.36, Pvalue = 1.7 × 10−6), indicating that some deleterious mutations have
been ﬁxed in MA lines. However, mutation eﬀects are environmentdependent so that a deleterious mutation in one condition is not necessarily deleterious in another, as previously demonstrated in Mamiellophyceae green algae [5].
Mutation rate variation at the intra-speciﬁc level, as observed in C.
reinhardtii [39] and other classical models [64] suggests that mutation
rate estimates may not necessarily be extrapolated to phylogenetically
closely related species and strains. Thus, the mutation rate estimated in
RCC4223 may not be generalized to other Picochlorum strains.

Table 1
Distribution of de novo mutations between MA lines. BS and ID are the basesubstitution and insertion-deletion mutations. G* corresponds to the genome
percentage used for identiﬁcation of mutations. ML is the initial line of the
mutation accumulation experiment.
MA lines

G* (%)

Coverage

BS

ID

Generations

ML
1
2
3
4
5
6
7
8
9
10
11
12

98.9
97.2
97.1
97.2
97.1
97.1
97.3
97.7
96.9
97.2
97.2
98.1
97.2

10.4
24.1
29.8
17.0
20.0
23.7
22.2
11.1
39.5
7.4
12.1
18.6
29.8

–
1
2
0
1
0
6
1
1
0
5
1
0

–
0
0
0
0
0
0
0
0
0
1
0
1

–
143
148
120
125
123
128
90
134
145
156
130
153

All predicted mutations were validated by PCR and Sanger re-sequencing.
About ~97.3% of the genome was used for identiﬁcation of mutations (Table 1), excluding a possible bias from a variation of the number
of callable sites between MA lines and a possible bias due to a variation
of the mutation rate within the genome. Because mutations are rare
events, we assume that they follow a Poisson distribution. If the data do
not follow a Poisson distribution, as in this study (Chi-Square, Pvalue < 0.01), the molecular clock is considered as over-dispersed. This
variation in mutation rates between MA lines might come, ﬁrst, from
the limited time period of the experiment and the low number of MA
lines, and second from the possible stochastic production of DNA repair
proteins such as reported in Escherichia coli [62]. This is perhaps responsible of an increase of mutation rate in some MA lines, increasing
the global mutation rate in the whole experiment.

3.3. Mutations distribution in the genome
Because of the redundancy of the genetic code and the assumption
that selection is stronger against non-synonymous mutations, we tested
whether we could detect some evidence of selection in our experiment
by estimating the ratio of synonymous versus non-synonymous mutations in coding sequences. In the absence of selection, we expect the
mutation rate to be equal in non-synonymous and synonymous positions as there are one-third of synonymous positions (the last position of
the codon) and two-third non-synonymous positions (the two ﬁrst positions of the codon) in coding sequences. The observed proportion was
as expected under neutral evolution (Table 3), consistent with the lack
of selection against non-synonymous mutations.
R1 (GC → AT mutation rate) and R2 (AT → GC mutation rate) are
respectively equal to 9.61 × 10−10 and 4.12 × 10−10 mutations per
nucleotide per generation. The expected GCeq is ~30%, while the observed GC content is 46%. Using R1 and R2, we are able to calculate the
mutation rate at GCeq. Because R1 > R2, the deviation from GCeq is
responsible of a modest increase of ~9% of the mutation rate in this
strain. This deviation is known to inﬂuence the inter-speciﬁc mutation

3.2. Mutation rate per nucleotide per cell division in Picochlorum
Picochlorum costavermella RCC4223 has one of the highest spontaneous mutation rates estimated for a unicellular eukaryote (Table 2).
Considering all MA lines, μbs, the base-substitution mutations per nucleotide rate, is 9.19 × 10−10 (Poisson distribution CI 95%;
5.53 × 10−10–1.44 × 10−09), and μID, the indels mutation rate per
nucleotide, is 9.64 × 10−11 (Poisson distribution CI 95%;
1.17 × 10−11–3.48 × 10−10). This gives a total mutation rate μ of

Table 3
The distribution of the de novo mutations in the genome, predicted using the
program SnpEFF [58].

Table 2
Spontaneous mutation rate in unicellular eukaryotes. μ is the mutation rate per
nucleotide per generation and U is the number of mutations per genome per
generation, G is the nuclear genome size and G* the percentage of genome
encoding for protein coding genes.
Species
Chlorophyta
Picochlorum costavermella
Micromonas pusilla
Ostreococcus mediterraneus
Ostreococcus tauri
Bathycoccus prasinos
Chlamydomonas reinhardtii
Yeast
Saccharomyces cerevisiae
Rhodotorula toruloides
Schizoaccharomyces pombe
Ciliates
Paramecium tetraurelia
Dictyostelium discoideum
Tetrahymena thermophila

μ

−10

U

G (Mb)

G* (%)

References

10.12
9.76
5.92
4.79
4.39
3.23

0.0132
0.0205
0.0081
0.0062
0.0066
0.0362

13.5
21.1
13.5
13.0
15.1
122.0

80
82
84
82
83
17

This study
[42]
[42]
[42]
[42]
[40]

3.30
1.90
1.70

0.0041
0.0039
0.0021

12.3
20.5
12.6

71
63
55

[65]
[66]
[64]

0.19
0.29
0.076

0.0014
0.0010
0.0008

72.1
34.1
130.3

78
62
38

[67]
[68]
[69]
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Contig

Position

Reference

Mutation

Eﬀect

1
2
3
3
4
4
4
4
4
6
10
10
12
12
12
13
13
13
41
27
13

1,412,265
1,558,965
1,431,057
1,438,974
388,329
532,113
632,871
726,437
934,361
671,466
496,542
615,708
132,864
160,261
545,145
215,260
240,891
475,120
2537
93,213
8595

A
T
G
C
G
C
A
T
C
G
C
A
T
C
T
G
G
C
A
TG
T

G
A
A
T
T
A
G
A
A
A
G
T
C
T
C
A
C
G
C
T
TTA

Synonymous coding
Non synonymous coding
Intergenic
Synonymous coding
Intergenic
Non synonymous coding
Non synonymous coding
Non synonymous coding
Intergenic
Non synonymous coding
Non synonymous coding
Intergenic
Intergenic
Synonymous coding
Intergenic
Non synonymous coding
Non synonymous coding
Intergenic
Non synonymous coding
Frame shift
Frame shift
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rate variation [42]. Compared to other green algal models, the GC
deviation increases the mutation rate by ~12% in O. tauri [42] and
~43% in C. reinhardtii [42].

constitute the best candidates for domestication.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2018.08.003.

3.4. Biotechnological implications of spontaneous mutation rates

Acknowledgements

The spontaneous mutation rate determines the number of mutations
arising in a culture of microalgae per generation. We can thus estimate
the number of mutations in a Picochlorum RCC4223 culture, starting
from an inoculum of N0 = 10 cells maintained for 30 days, assuming
one cell division per day and adequate provision of nutrients and light.
According to these simple assumptions, this will lead to a culture of 230
cells (~5.4 × 109 cells) in 1 Litre of culture. The number of mutations
per genome per generation U = 0.0132 implies this culture harbours
~3.57 × 107 mutant cells (3.54 × 107 cells with one mutation,
23.4 × 104 cells with 2 mutations, 1543 cells with 3 mutations and 10
cells with 4 mutations), provided that none of the spontaneous mutations were lethal. This calculation suggests that the number of mutants
generated spontaneously is substantial and increases linearly with the
spontaneous mutation rate and the number of cells in the culture.
Furthermore, the spontaneous mutation rate we have estimated does
not account for polymorphism due to transposable elements [70], or
large scale genome rearrangements [21].
Therefore, strains with higher U and high cell concentration will
enable the highest number of mutants to be reached in a given volume
of culture. However, as a consequence of the large variation of genome
sizes between eukaryotes, the proportion of spontaneous mutations
occurring within protein coding regions may vary from 17 to 84%
(Table 2). To account for this variation, Sung et al. [71] suggested estimating the mutation rate on the sum of protein-coding DNA, coined
the eﬀective genome size.
The question remains whether this spontaneous genetic variation is
suﬃcient for experimental evolution, and this relies on an eﬃcient
selection procedure for isolating mutants with the trait of interest.
Many diﬀerent selection protocols have already been developed for
microalgae. The most straightforward is phenotypic selection for
growth rate, in which cells are continuously maintained in an actively
growing state such that adaptive variants with faster division rate can
get ﬁxed in the population (there is no bottleneck). Such selection is
highly eﬃcient in bacteria (e.g in Escherichia coli [72,73]) and has also
been applied to microalgae. For example, experimental evolution with a
high eﬀective population size induces an increase of 35% in the growth
rate after 1880 generations without the use of mutagens in Chlamydomonas reinhardtii [74], where cultures ﬁxed 149 mutations in total.
Within the class Mamiellophyceae, several evolved lines showed higher
growth rates than the ancestral type in a wide range of salinities or
upon exposure to herbicides [5]. An obvious limit to this selection
strategy is when the phenotypic trait of interest is not tied to the growth
rate. An alternative selection strategy is single cell sorting ﬂow cytometry if the phenotypic trait of interest can be tied to the size or the
ﬂuorescence of microalga [75]. For example, cells with higher lipid
content may be isolated out of a population by using ﬂuorescent dyes
such as Nile red and BODIPY 505/515 [76,77]. Another very promising
fast developing strategy is the use of microﬂuidic devices that enable
the screen and isolation of single cells, and thus their individual phenotypic screen [78].
Here, we provide the ﬁrst estimate of the mutation rate of
Picochlorum costavermella RCC4223 and show that it is high enough to
assure the apparition of ~35 million variants within 30 days in a
standard culture starting with a modest inoculum of 10 cells. We argue
that in many microalga, the use of mutagenesis processes may not be
necessary to generate genetic variation in a culture. It is therefore important that more estimates of spontaneous mutation rates are obtained
in microalga of biotechnological interest. Algae with naturally high
mutation rates, such as the strain RRC4223, for which several potential
biotechnological applications have been documented [43–51], may
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