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Abstract: Non-random usage of synonymous codons, known as “codon bias”, has been described
in many organisms, from bacteria to Drosophila, but little is known about it in phytoplankton.
This phenomenon is thought to be driven by selection for translational efficiency. As the efficacy
of selection is proportional to the effective population size, species with large population sizes,
such as phytoplankton, are expected to have strong codon bias. To test this, we measured codon
bias in 215 strains from Haptophyta, Chlorophyta, Ochrophyta (except diatoms that were studied
previously), Dinophyta, Cryptophyta, Ciliophora, unicellular Rhodophyta and Chlorarachniophyta.
Codon bias is modest in most groups, despite the astronomically large population sizes of marine
phytoplankton. The strength of the codon bias, measured with the effective number of codons, is the
strongest in Haptophyta and the weakest in Chlorarachniophyta. The optimal codons are GC-ending
in most cases, but several shifts to AT-ending codons were observed (mainly in Ochrophyta and
Ciliophora). As it takes a long time to reach a new equilibrium after such shifts, species having
AT-ending codons show a lower frequency of optimal codons compared to other species. Genetic
diversity, calculated for species with more than three strains sequenced, is modest, indicating that the
effective population sizes are many orders of magnitude lower than the astronomically large census
population sizes, which helps to explain the modest codon bias in marine phytoplankton. This study
represents the first comparative analysis of codon bias across multiple major phytoplankton groups.

Keywords: codon usage bias; phytoplankton; mutation bias; effective population size

1. Introduction

Codon usage bias (CUB)—the preferential use of one of the synonymous codons en-
coding the same amino acid—is an important feature of pro- and eukaryotic genomes [1,2].
This bias is known in many species of bacteria [3,4], plants [5], insects [6], green algae [7]
and diatoms [8] and appears to be universal. However, it has not yet been systemati-
cally characterised across a wide range of phytoplankton groups. Phytoplankton includes
species from different domains of the tree of life, and their diversity of life forms is striking.
Many phytoplankton groups went through multiple rounds of secondary endosymbio-
sis [9,10] and acquired plastids independently of each other [11]. Phytoplankton cell sizes
range over nine orders of magnitude [12] and their genomes span from only 13 Mb in the
prasinophyte species Ostreococcus tauri [13] to over 200 Gb in dinoflagellate Prorocentrum
sp. [14]. Phytoplankton genomes can have peculiar architectures, such as the division of the
genome into macro- and micro-nuclei in Paramecium (Ciliophora), and tandemly repeated
single-exon genes as reported for dinoflagellate Polarella glacialis [15]. The aim of this paper
is to characterise and compare CUB across a wide diversity of phytoplankton groups.

CUB is thought to be caused by natural selection to optimise translation accuracy
and efficiency [2,4,6,16]. The support for this hypothesis was found in bacteria, where it
was shown that the most frequently used codons correspond to the most abundant tRNAs
in the cell [17–19]. Direct analyses of protein elongation in Escherichia coli demonstrated
that, for stretches of frequent (preferred) codons, the rate of elongation is six-times faster
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compared to stretches of rare (unpreferred) codons [20]. A phenotypic effect of the artificial
replacement of preferred with unpreferred synonymous codons was demonstrated in
Drosophila [21]. The strength of CUB was shown to correlate with gene expression [22] and
with effective population size across a wide range of organisms, which also supports the
idea that CUB is driven by natural selection [1,2,23]. The selective advantage of optimal
codons is generally modest, of the order of 10−6 [2], and a large effective population size is
needed for selection to overcome drift. However, recent studies report that a small fraction
of codons are under much stronger selection for synonymous codon usage [24].

Apart from selection for translational efficiency, CUB can be affected by neutral pro-
cesses, such as mutation bias, which is present in almost all species studied previously [25].
The effect of this bias can go in the same or the opposite direction of the CUB. For exam-
ple, in the haptophyte Emiliania huxleyi, the mutation bias is toward GC nucleotides and
optimal codons are GC-ending [26], whereas, in yeast, the mutation bias is toward AT
nucleotides [27,28] but the optimal codons are GC-ending. In most studied species, GC-
ending codons are preferred to AT-ending codons [29], but this is not always the case and
variations are observed even between closely related species. For example, in Drosophila,
most species have GC-ending-preferred codons, whereas Drosophila willistoni shifted to
AT-ending-preferred codons [30].

Another neutral directional process that affects GC content and CUB is GC-biased gene
conversion (BGC)—the preferential resolution of (G or C):(A or T) DNA heteroduplexes
towards G or C by the cellular DNA repair system [31]. Such heteroduplexes can be created
by recombination at the heterozygous sites with one allele represented by A or T and the
other allele by G or C. Resolution of these heteroduplexes is slightly biased towards GC
and this bias was estimated to range from 0.014 in yeast [32] to 0.36 in humans [33]. BGC
is thought to be a powerful force driving the evolution of higher GC content in actively
recombining regions [23,34]. Such genomic regions are typically gene-rich and BGC can
inflate the GC content at the third-codon positions, causing GC-biased codon usage.

Little is known about evolutionary processes in marine phytoplankton generally [35]
and about CUB in particular [7,8]. A recent analysis of CUB in diatoms revealed wide
variation in the extent and the direction of CUB, even within the same genera [8], illus-
trating the evolutionary lability of this trait. Here, we extend the analysis of CUB to other
phytoplankton groups, taking advantage of the large dataset generated by the Microbial
Eukaryote Transcriptome Sequencing Project (MMETSP; [36,37]). This dataset allowed
us to describe the patterns and infer the evolution of codon bias in six major eukaryotic
phytoplankton groups and one unicellular pigmented group and to compare them to one
zooplanktonic group.

2. Materials and Methods
2.1. Data Preparation

The reassembled transcriptomes [37] from the MMETSP project [36] were used to
explore the CUB in different eukaryotic groups of phytoplankton. We selected 8 groups
with more than 5 strains sequenced: Haptophyta, Chlorophyta, Ochrophyta, Dinophyta,
Cryptophyta, Ciliophora, Rhodophyta and Chlorarachniophyta. Diatoms were not in-
cluded in the Ochrophyta group because they had already been analysed [8]. Before the
CUB analysis, we excluded the sequences shorter than 300 bp to remove the non-coding
RNA and fragmented coding sequences with uncertain open reading frames (ORFs). Then,
we looked for the longest ORF in all of the six possible ORFs of each sequence and removed
sequences that (i) contained an internal stop codon or (ii) had more than 1 possible ORF.
The remaining set of transcripts was reverse-complemented, whenever necessary, to orient
the ORF 5′ to 3′, and we trimmed the 5′ end to ensure that the sequence started with the
first-codon position in the ORF. Transcriptomes with less than 500 sequences remaining
after filtering were discarded.
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2.2. Codon Bias Analysis

We used CodonW (http://codonw.sourceforge.net, accessed on 26 January 2022)
with each clean transcriptome to identify the preferred codons (by a 2-way Chi squared
contingency test between 2 subsets of genes determined by a correspondence analysis [38]),
and we calculated the frequency of optimal codons (FOP; [17]), the effective number of
codons (ENC; [39]) and the GC and GC3 content of the whole transcriptome (-total option).
Several strains had 2 to 4 different sequenced transcriptomes available at MMETSP. In those
cases, the FOP, ENC, GC and GC3 contents of a strain were calculated as the average of
the different values obtained from the different MMETSP transcriptomes; the differences
between the transcriptomes for the same strain were negligible.

2.3. The Analysis of Genetic Diversity within Species

To estimate the genetic diversity within species, we measured silent pairwise diver-
gence between strains from the same species when at least 2 strains per species were
sequenced. This approach allows one to identify highly divergent strains (if any) and
thus is preferable for phytoplankton, where cryptic species are not uncommon. We ran
Orthofinder [40] on the cleaned transcriptomes and selected the single-copy orthologous
genes. Then, we aligned the orthologous genes with Prank [41] and calculated the silent
divergence between each strain separately with SNAP [42]. We analysed the species Karenia
brevis, Ostreococcus mediterraneus, Bigelowiella natans, Emiliania huxleyi, Hemiselmis andersenii
and Heterosigma akashiwo, Lotharella globose and Pycnoccocus provasolii. For Ostreococcus
mediterraneus, we removed the strain MMETSP0932 because it highly limited the number
of single-copy orthologous genes.

3. Results
3.1. Codon Bias Analysis

In total, we analysed 334 transcriptomes from 215 strains, corresponding to 184 species
from six phytoplankton groups, one unicellular pigmented group and one zooplankton
group. The number of strains representing each group ranged from 8 to 49. The number of
genes analysed per transcriptome ranged (after filtering; see Methods) from 523 to 33,669
(Table 1).

The effective number of codons (ENC)—a measure of codon bias [39], ranging from
ENC = 61 for random codon use, to ENC = 20 for extremely strong codon bias—was
calculated for all groups analysed. The average ENC was modest in all groups, ranging
from 46.4 in Haptophyta to 58.0 in Chlorarachniophyta (Tables 1 and S1). Moreover, the
ENC variation within each group was high, with more than 10 points of difference between
a lower and higher ENC, except Chlorarachniophyta (54.4 < ENC < 59.7) and unicellular
Rhodophyta (49.4 < ENC < 58.8). However, these two groups were represented with only
12 and 8 strains in our dataset, respectively. In Chlorarachniophyta, the lowest ENC was
54.4, while all other species had an ENC > 56.9, with a high ENC ~59 in all strains of
Bigelowiella natans and Norrisiella sphaerica, indicating that codon usage is nearly random in
these species. More generally, considering all groups, 97 strains had an ENC between 40
and 50, 116 strains were above 50 and only four strains had an ENC lower than 40 (one
Chlorophyta and three in Ochrophyta). There was a particularly low ENC of 30.2 in the
case of Paraphysomonas vestita in Ochrophyta (MMETSP1107), which was surprisingly low
compared to other species from this genus, which had an ENC > 57 (Table S1).

http://codonw.sourceforge.net
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Table 1. Distribution of GC content at the 3rd codon position (GC3) and average codon bias statistics for eight phytoplankton groups. Data are provided in Table S1.

GC3 (%) Average

Group Nstrains Nspecies <25 25–35 >35–45 >45–55 >55–65 >65–75 >75 GC3 GC FOP ENC

Haptophyta 24 19 0 0 0 0 3 10 11 72.9 64.7 0.49 45.9

Cryptophyta 19 16 0 0 0 0 8 10 1 66.7 58.2 0.45 51.6

Dinophyta 44 41 0 0 0 4 15 17 8 65.8 59.6 0.46 51.5

Chlorophyta 49 38 0 0 1 6 9 18 15 68.9 61.1 0.48 47.9

Unicellular Rhodophyta 8 8 0 0 1 3 3 1 0 55.4 54.1 0.45 54.2

Chlorarachniophyta 12 9 0 1 0 6 5 0 0 53.4 50.9 0.43 58.0

Ciliophora 19 19 0 1 6 4 6 2 0 51.0 48.7 0.44 52.9

Ochrophyta 40 34 3 4 3 3 10 13 4 56.6 54.3 0.44 50.2
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Another measure of CUB—the frequency of optimal codons (FOP; [17])—ranged from
the lowest FOP = 28.1% in Ochrophyta to the highest FOP = 54.1% in Chlorophyta. As with
the ENC, the FOP values were modest in most of the groups, with no FOP values above
50% observed in Chlorarachniophyta, Ciliophora and Cryptophyta. Across all the strains
analysed, only 35 strains had an FOP higher than 50% (Table S1). The highest FOP average
for a phytoplankton group (49.2%) was calculated in Haptophytes, which also showed the
lowest ENC average (45.9), indicating that codon bias in this group is particularly strong
and possibly the strongest of all eukaryotic phytoplankton (Table 1).

As expected, the correlations between the CUB statistics were highly significant
(Figure 1), implying a strong link between FOP, ENC and the GC composition at syn-
onymous positions. However, for a dozen strains with FOP < 0.4, this correlation broke
down (brown and yellow dots on Figure 1). Both ENC and FOP were low for these strains
(as low as ENC = 30.2 for Paraphysomonas vestita), with the ENC indicating strong codon
bias, whereas FOP indicated a low proportion of optimal codons. This disparity is likely
driven by mutational biases or a recent shift in the set of optimal codons. Indeed, these
low-FOP strains had AT-ending optimal codons (Table S1), whereas most of the strains had
GC-ending codons.

3.2. GC Content and Optimal Codon Shift

GC content at the third-codon positions (GC3) was highly biased toward GC, with
only 20 strains out of 215 being AT-rich (i.e., having GC3 < 45%). Only 3 out of 215 strains
had GC3 lower than 25% (all in Ochrophyta) and six were between 25 and 35% (Table 1).
Four groups contained AT-rich species (Ochrophyta, Ciliophora, unicellular Rhodophyta,
Chlorarachniophyta), with a higher proportion of AT-rich strains in Ochrophyta (25.0%)
and Ciliophora (36.8%). Ochrophyta species showed the largest variation in GC3 content,
containing highly AT- and GC-rich species with GC3 < 25% and GC3 > 75%, respectively.
In Chlorophyta, only one species was in the AT-rich category (Picochlorum oklahomensis
CCMP2329), but it was a borderline case with GC3 = 44.3%. Highly GC-rich species
constituted the majority, with 39 strains with GC3 > 75% and 72 with GC3 > 65%. Two
groups (Haptophytes and Cryptophytes) contained only species with GC3 higher than 55%
and were the only ones where no strains had a lower GC3 than the total GC%.

Twelve species were represented by at least two strains in the full dataset (Table S1).
We compared the preferred codons between strains of the same species (Supplementary
Material, file Archive.zip) to assess the consistency across the strains. In most cases, the
preferred codons were exactly the same (Karenia brevis, Phaeocystis antarctica, Hemiselmis
andersenii, Bigelowiella natans). However, in the case of Ostreococcus mediterraneus, we
observed a small variation in the set of preferred codons. In particular, the preferred codon
for the isoleucine was AUU in four O. mediterraneus strains and AUC in one of the strains
of this species.

In general, the last nucleotide of the preferred codons was always a G or C for 284
(GC% = 100) out of the 334 transcriptomes analysed (Table S2), meaning that preferred
AT-rich codons are very rare in phytoplankton. Moreover, only 16 transcriptomes had
only A- or T-ending-preferred codons—less than 5% of the transcriptomes analysed. These
16 transcriptomes belonged to Ciliophora, Chlorarachniophyta and Ochrophyta. In the case
of Chlorarachniophyta, this was MMETSP0110 Gymnochlora CCMP2014, where a single
species out of nine contained 100% AT-ending-preferred codons, whereas the others were
100% GC-ending-preferred codons.
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Figure 1. Correlation between codon usage bias and GC content across the phytoplankton species
analysed. FOP, ENC, GC and GC3 are strongly correlated with each other, though the correlation is
reversed for the species with AT-rich-preferred codons (orange and brown data points on the left
three panels). All correlations are highly significant (Pearson correlation, p-value < 0.001). Original
data are provided in Table S1.

3.3. Sequence Diversity within Species

To measure genetic variation within species, we calculated the pairwise silent diver-
gence for all pairs of strains within eight species (Table S3), with 8 to 203 genes analysed per
species. Pairwise silent divergence between the strains ranged from 0.00 to 0.03 (average
0.011) depending on the strain and the phytoplankton group analysed (Table S3). Surpris-
ingly, we found no sequence variation between the sequenced strains of Bigelowiella natans
and Hemiselmis andersenii. The lack of genetic diversity suggests small effective population
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sizes and a low efficacy of selection in these species. Indeed, codon usage was almost
random in B. natans (ENC~59). Alternatively, low diversity may reflect the local prevalence
of a single clone at the sampling location, e.g., for B. natans, the three strains were isolated
in the same region—the northwest Atlantic Ocean.

4. Discussion
4.1. Patterns of CUB in Phytoplankton

Our analysis documented the extent of codon bias across a wide variety of phytoplank-
ton, including representatives from eight major phytoplankton groups. This significantly
expands the work on phytoplankton CUB, which was previously limited to diatoms [8] and
Mamiellophyceae [7]. The current analysis revealed substantial variation in CUB among
phytoplankton groups. Despite this variation, there were clear patterns in CUB across the
groups. Codon bias was relatively modest in all groups, with the strongest overall CUB
observed in Haptophyta (average FOP = 0.49 and ENC = 45.9), which was stronger than
previously observed in diatoms but comparable to the CUB in terrestrial macro-organisms
with large population sizes, such as Drosophila [30]. According to the observed patterns in
CUB, groups can be classified into those having: (1) weak CUB (e.g., Chlorarachniophyta,
where ENC~59); (2) stronger CUB with predominantly GC-ending optimal codons (e.g.,
Haptophyta) and (3) stronger CUB with both AT- and GC-ending optimal codons present
(e.g., Ochrophyta).

4.2. The Prevalence of GC-Rich Optimal Codons

GC-ending optimal codons were prevalent in Haptophyta, Cryptophyta, Dinophyta
and Chlorophyta (Table S1). This contrasts with prokaryotic phytoplankton (cyanobacteria),
where the AT-ending codons are more frequent, except for the genus Synechococcus [43].
However, besides cyanobacteria, GC-ending optimal codons are prevalent in most other
species studied in bacteria, plants, fungi and metazoans [1,23,44]. The reason that most
of the species have GC-rich optimal codons is unknown, but selection for optimization
of translation and GC-biased gene conversion are thought to be two main reasons for
the prevalence of GC-ending codons [23]. It has been demonstrated in Escherichia coli
that the CUB reduces the cost of missense and nonsense translation errors [4]. Although
BGC is caused by a process unrelated to natural selection, the outcome of this process is
almost identical to that of natural selection for G and C relative to A and T in GC-changing
polymorphic sites—the ones where one allele is represented by G or C and the other allele
by A or T. However, BGC affects coding and non-coding regions in a similar way, while
selection for translational efficiency is expected to affect only coding regions, offering an
opportunity to disentangle the effects of these processes. Detailed analysis of these two
processes requires the availability of DNA polymorphisms with relatively large samples to
reliably estimate allele frequencies [23], which was not available in our dataset.

4.3. Shifts between GC- and AT-Ending Preferred Codons

Despite the prevalence of species with GC-ending optimal codons, a number of shifts
to AT-rich codons were observed in our dataset, as well as in other organisms [8,30]. Such
shifts are mostly represented by one or a few species in a clade with predominantly GC-rich
species, as was the case for a number of species in our dataset. In other cases, the entire
clade had a high prevalence of species with optimal AT-ending codons, such as Ochrophyta
in our dataset (Table S2). A previous study focused on diatoms [8] that belonged to
Ochrophyta revealed that, among closely related species, e.g., in the genus Chaetoceros,
some had AT-rich codons whereas others had GC-rich ones. In prokaryotic phytoplankton,
such a shift was also reported, notably in Prochlorococcus marinus, where GC3 varies from 18
to 50% between strains [43]. The shifts to AT-rich codons were accompanied by a reduction
in codon bias, particularly for the frequency of optimal codons. Such a reduction was
reported for D. willistoni [30], as well as in the phytoplankton species with AT-rich optimal
codons in our analysis. In particular, the shift to AT-rich codons may be a consequence of



J. Mar. Sci. Eng. 2022, 10, 168 8 of 11

mutation bias from GC to AT nucleotides [25,45], which can be very strong. For instance,
a mutation rate from GC to AT more than six-times higher than the mutation rate from
GC to AT was reported for Arabidopsis thaliana [46], Mesoplasma florum [47] and Daphnia
pulex [48]. Furthermore, the AT-rich codons may have an advantage in particular conditions,
causing a shift in selection from the usual GC-ending to AT-ending codons. For example,
the particularly low GC3 content (44.3%) in Picochlorum oklahomensis (CCMP2329) may be
associated with adaptations to the brackish conditions in the salt lake from which it was
isolated. The comparison of GC content at third-codon positions and in the untranslated
transcribed regions (UTRs) provides a way to disentangle the effects of selection and non-
selective processes. However, the reasons for such shifts in selective pressure are unclear
and many environmental variables may be considered.

4.4. Mutation Bias

Haptophytes, including the model species Emiliania huxleyi [49], have the strongest
codon bias according to FOP and ENC statistics. One of the likely reasons for such strong
CUB is the unusual GC bias in the mutation rate, as revealed by a mutation accumulation
experiment in E. huxleyi [26]. Species with weaker CUB, such as diatoms or Chlorophyta
(which are, in most cases, GC-ending species), have a higher GC to AT mutation rate
compared to the rate in the opposite direction [45,50–53]. Overall, the AT-biased mutation
rate opposes the effect of GC-biased gene conversion and the selection for GC-rich-preferred
codons [54]. The observed GC3 is likely determined by the interplay of these opposing
forces. However, in E. huxleyi [26], and possibly in Haptophytes generally, these forces act
in the same direction, resulting in high GC3 and strong codon bias.

4.5. Low CUB and Genetic Diversity in Marine Phytoplankton

The silent divergence between strains of the same species (i.e., genetic diversity within
a species) analysed here was low (~1%), indicating that their effective population sizes
were relatively modest. This suggests that the efficacy of selection generally, and selection
on CUB specifically, is not as high in marine phytoplankton as may be expected given their
abundance in the oceans. However, both the modest codon bias and relatively low genetic
diversity within species can be explained by other factors and may not reflect the effective
population size (i.e., the rate of stochastic change in allele frequencies over generations). In
particular, the genetic diversity in very large populations may grossly underestimate the
true effective population size [55] because of past population size changes and constant
adaptation across many sites [56,57]. The analysis of the specific causes limiting genetic
diversity in a species requires detailed population genetic analysis [55], which cannot be
done with the dataset used in this study because too few strains were analysed per species.
Furthermore, the observed CUB may not accurately reflect the efficacy of selection, as
discussed above. The expectations of high genetic diversity and strong codon bias in very
large populations assume that populations are at an equilibrium state, which takes a long
time to reach (of the order of 2Ne generations), and real populations hardly ever reach an
equilibrium state.

4.6. Do the Peculiarities of the Genome or Cell Structure Affect CUB?

Some of the plankton groups analysed have peculiar genome features, such as the
partitioning of the genome into macro- and micro-nuclei in ciliates, the huge genome sizes
in dinoflagellates or the presence of a vestigial genome in Chlorarachniophyta and Crypto-
phyta [58]. Life cycles and ploidies are also very diverse, with species with an alternation of
haploid and diploid phases in Haptophyta [59], diploid in diatoms [60] or mainly haploid
in Chlorophyta [61]. Despite these genomic features, the extent and the patterns of codon
bias in these groups did not stand out in any way from the rest of the phytoplankton groups
analysed (Tables 1 and S1). Furthermore, different groups of phytoplankton studied here
originated from different endosymbiosis events [9,10]. The green lineage evolved after
the primary endosymbiosis when an eukaryotic cell engulfed and ‘domesticated’ a pho-



J. Mar. Sci. Eng. 2022, 10, 168 9 of 11

tosynthetic cyanobacterium. Then, secondary endosymbioses occurred multiple times in
different eukaryotes kingdoms [11,62], when other eukaryotes engulfed and ‘domesticated’
photosynthetic eukaryotic cells. Such secondary endosymbiotic events leave a distinc-
tive feature in the cell structure—additional membrane layers around the chloroplasts [9].
Haptophytes, cryptophytes, chlorarachniophytes and euglenophytes are thought to have
originated via different secondary endosymbiosis events. Tertiary endosymbiotic events
also have been reported, with multiple independent occurrences in dinoflagellates [63]. Re-
gardless of the group considered, and the number of endosymbiotic events undergone, all
groups show similar CUB patterns—predominantly GC-rich-preferred codons and modest
codon bias. Thus, it appears unlikely that these genomic or cellular features affect CUB.

5. Conclusions

In this study, we characterised the extent and variation of codon usage bias in six
phytoplankton groups, one unicellular pigmented group and one zooplanktonic group.
Consistent with our previous analysis in diatoms [8], CUB was modest in all groups
analysed, which is surprising as even very weak selection that is thought to drive codon
bias is expected to be effective in very large populations of marine plankton. Our analysis
revealed the predominance of GC-ending optimal codons in most species. Occasional shifts
to AT-ending codons, observed in a few species (mainly in Ochrophyta and Ciliophora), led
to a reduced frequency of optimal codons compared to other species, which likely reflects
the recency of such shifts and the time needed for CUB to reach the new equilibrium. The
unusual genomic features of some phytoplankton groups, such as the presence of macro-
and micro-nuclei in Ciliophora, large genome sizes in Dinophyta or the involvement in
secondary symbioses, do not appear to significantly affect CUB. On the other hand, genome-
wide mutational bias appears to be a strong factor that can increase or reduce codon bias if
it works in the same or the opposite direction to selection for codon usage. Overall, the
extent and the patterns of codon usage bias in phytoplankton are fairly similar to those in
other groups of organisms described previously [1–8].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10020168/s1, Table S1: Codon bias statistics from CodonW;
Table S2: Last nucleotide of preferred codons; Table S3: Silent divergence between the strains of the
same speices. Archive.zip file includes files with preferred codons identified by CodonW.
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