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ABSTRACT

While duplications have long been recognized as a fundamental process driving major
evolutionary innovations, direct estimations of spontaneous chromosome duplication
rates are scarce. Here, we provide the first estimations of spontaneous whole
chromosome duplication rates in four green algae and in one diatom species from
mutation accumulation (MA) experiments. The spontaneous whole duplication events
are 7 to 70 times less frequent than spontaneous point mutations per cell division.
Comparative transcriptome analyses between the control versus a MA line with a
whole chromosome duplication indicate a ~1.94-fold higher relative level of mRNAs in
genes located within the duplicated regions. However, comparative analyses of the
translation rate of mRNAs demonstrate that the excess of mRNAs is compensated by
a proportional decrease to ~0.67 in translation rates of genes located on duplicated
chromosomes. This provides evidence that translation regulation mechanisms
orchestrate dosage compensation in duplicated chromosomes. We further investigate
the role of the poly(A) tail length in tempering mRNA translation and suggest that
poly(A) tail length is regulated and shorter for transcripts linked to the chromosome
duplication. These results point out the existence of a post-transcriptional mechanism
co-ordinating the translation of hundreds of transcripts from genes located on
duplicated regions in eukaryotes.
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INTRODUCTION
Copy number variants or genome-chromosome duplications have huge implications
in evolution and can be involved in various processes such as speciation and the
evolution of novel functions (Ohno 1970; Van de Peer et al. 2009; Flagel and Wendel
2009). Well documented cases include whole genome duplication in ancestral
vertebrate (Dehal and Boore 2005) or multiple whole genome duplications in plants
(Vanneste et al. 2014; Scott et al. 2016; Segraves 2017; Smith et al. 2018). However,
when a single chromosome is duplicated, an immediate issue arises: the imbalance
of ploidy and gene dose within a same karyotype. This is deleterious because it
creates an imbalance of the transcript production, which is costly and can disrupt the
function of a pathway and gene interactions (Veitia and Potier 2015). In
Caenorhabditis elegans, mutation accumulations at different effective population sizes
showed purifying selection against duplications causing excess of transcripts as
compared to transcript levels in the ancestral state (Konrad et al. 2018). Aneuploid
karyotypes are also known to be at the origin of genetic diseases, such as Trisomy 21
in humans. The effects of aneuploidy lead to the evolution of mechanisms that restore
the ancestral gene dose by modifying the transcription level, such as the dosage
compensation (DC) during the evolution of heterogametic sex chromosomes, known
both in plants (Muyle et al. 2012, 2017; Charlesworth 2019) and animals (Disteche
2012; Graves 2016). As a consequence of the degeneration of the non-recombining
sex chromosome, such as the Y in human or Drosophila, the X-linked genes are
haploid in males. Different DC mechanisms evolved, either by simulating the ancestral
ploidy (by doubling the expression of the genes of the single copy male X) or by
equalizing the ploidy between the two sexes (by halving the expression – silencing of
one X in female). Although DC is well studied in sex chromosome evolution, how DC
evolves shortly after a gene dose – chromosome ploidy variation is unclear,
particularly for autosomes. In Drosophila, it has been reported that gene duplication
induces a significant increase of expression for the duplicated genes (Loehlin and
Carroll 2016). In contrary, in yeast and mammals, gene duplication has been
associated with a decrease of the expression of the two copies, suggesting immediate
DC at the transcriptional level (Qian et al. 2010; Henrichsen et al. 2009). In the case
of whole chromosome duplication, disomic yeasts show a dramatic increase in the
expression of genes located in the duplicated chromosome (Kaya et al. 2020). In
Arabidopsis, the consequences of aneuploidy on gene expression are complex and
2
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highly variable as gene expression changes spread outside the duplicated regions
(Song et al. 2020; Hou et al. 2018). These previous studies show that the
transcriptional response and immediate DC following a duplication are variable
between species and genotypes.
Here, we investigate the spontaneous whole chromosome duplication rate in six
photosynthetic

unicellular

(Trebouxiophyceae,

eukaryotic

Mamiellophyceae,

species

from

distant

lineages

with

mutation

Bacillaryophyceae)

accumulation (MA) experiments. Mutation accumulation experiment provides the most
accurate method to directly estimate the spontaneous mutation rate. The principle is
to follow mutation accumulation lines originated from an inbred couple (such as in
Drosophila) or a clone (such as in yeast) under minimal selection obtain by serial
bottlenecks during dozen to thousands generations (Halligan and Keightley 2009).
Mutation accumulation experiments were done previously by maintaining 12 to 40
mutation accumulations line which accumulated

1,595

to 17,250 generations

(Krasovec et al. 2017, 2018a, 2019). Whole chromosome duplications detected here
are part of structural mutations, such as large insertions-deletions, inversions or
chromosome rearrangements and may have huge phenotypical effect, much more
than a nucleotide or short insertion-deletion mutations because they impact a larger
proportion of the genome. However, studies on the structural mutation rate are very
limited (Press et al. 2019; Ho and Schaack 2021) making this study a significant step
in our understanding of structural mutation rate in unicellular eukaryote. We then
estimate the effect of such chromosome duplication on the transcription and
translation rates by coupling transcriptomics with translatomics sequencing in one
cryopreserved mutation accumulation line of Bathycoccus prasinos.
RESULTS
Whole chromosome duplication rate
In this study, we leveraged sequencing data from mutation accumulation (MA)
experiments (Krasovec et al. 2017, 2018a, 2016) to estimate the whole chromosome
duplication rate in five haploid green algae species (Chlorophyta) and one diploid
diatom (Bacillariophyta) : Picochlorum costavermella RCC4223 (Krasovec et al.
2018b), Ostreococcus tauri RCC4221 (Blanc-Mathieu et al. 2014), O. mediterraneus
RCC2590 (Subirana et al. 2013) , Bathycoccus prasinos RCC1105 (Moreau et al.
2012), Micromonas pusilla RCC299 (Worden et al. 2009) and Phaeodactylum
3
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tricornutum RCC2967 (Krasovec et al. 2019). Sequence coverage was used as a
proxy for copy number (Figure 1A and Supplemental figures S1 to S16), and analyses
unveiled four independent whole chromosome duplications in the species M. pusilla
(chromosomes 5, 12, 16 and 17), four in B. prasinos (chromosomes 4, 5, 6 and 19),
one in O. mediterraneus (chromosome 14) and 6 in the species P. tricornutum
(chromosomes 2, 12, 15, 30 and 31). The chromosome duplication events can be
mapped onto the genealogies of the MA lines to identify the independent whole
chromosome duplication events (Figure 1B for B. prasinos). Several chromosomes
were independently duplicated two times: Bp25c and Bp28b carry two independent
duplications of chromosome 19; Mp08 and Mp09 carry two independent duplications
of chromosome 19; and Pt11 and Pt10c carry two independent duplications of
chromosomes 30 and 31. All independent duplication events inferred from coverage
analyses and genealogies are summarised in Table 1 and S1. In addition to
chromosome duplications, there have been 11 independent whole chromosome
duplication losses in B. prasinos. The ancestral line of B. prasinos carried two copies
of chromosome 1, and one of the copies had subsequently been lost in 23 daughter
lines over 4145 generations, corresponding to a spontaneous chromosome loss of
0.006 per duplicated chromosome per generation.
Table 1. Spontaneous whole chromosome duplication rate in six species. Nlines is the number
of MA lines, Gen the average number of generations per MA line, TotGen the total number of
generations, NChrom is the number of chromosomes in the ancestral karyotype, NWCD is the
number of independent whole chromosome duplications, UWCDl is the whole chromosome
duplication rate per chromosome per cell division, and UCell is the whole chromosome
duplication rate per cell division, Ubs is the base substitution mutation rate per cell division.
NWCD and Ucell of O. tauri and P. costavermella are calculated assuming one duplication event.
The whole chromosome duplication rate per cell division represents 5% of the rate of
spontaneous point mutations in these species in average.
Species

Nlines

Gen

TotGen

NChrom

NWCD

UWCD

Ucell

Ubs

Bathycoccus prasinos RCC1105

35

265

4,145

19

4

0.000051

0.00097

0.0066

Micromonas pusilla RCC299

37

272

4,994

17

5

0.000059

0.00100

0.0205

Ostreococcus tauri RCC4221

40

512

17,250

20

0

<0.000003

<0.00006

0.0062

Ostreococcus mediterraneus RCC2590

33

272

8,380

19

1

0.000006

0.00012

0.0081

Picochlorum costavermella RCC4223

12

133

1,596

10

0

<0.00006

<0.0006

0.0132

Phaeodactylum tricornutum RCC2967

36

181

6,516

33

7

0.000033

0.00107

0.0125
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Figure 1. A. Normalised raw genomic coverage of the mother line, Bp20c and Bp28 mutation
accumulation lines of Bathycoccus prasinos. In blue are the chromosomes in double copies.
Raw coverage of all lines from all species are provided in Figures S1 to S16. B. Pedigree of
the mutation accumulation lines from the Bathycoccus prasinos experiment. The chromosome
01 is duplicated in the T0 line (named mother line) of the experiment. This duplication is then
lost several times, and 5 independent chromosome other duplications of chromosome 4, 5
and 19 occurred.

Compensation of Whole Chromosome Duplication (WCD)
To explore the effect of the WCD on transcript production, we estimated the level of
transcription of a control line (B. prasinos RCC4222) and one MA line of B. prasinos
by recovering one 4-year-old cryopreserved mutation accumulation lines. This
5
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cryopreserved culture originated from the MA line Bp37, and the recovered culture
was hereafter named Bp37B. Chromosome copy number of Bp37B and the control
line were estimated by whole genome resequencing. This confirmed the two copies of
chromosome 4 in Bp37B as in the original Bp37 (Figure 2A and S7), but also revealed
additional changes: an increase in chromosome 1 copy number (Figure 2A) in Bp37B,
as well as a duplicated copy of chromosome 10 in the control line (Figure S18).
Transcriptomic analyses of Bp37B and the control line revealed that there are in
average twice the number of transcripts for genes located on chromosome 4
(Transcription Rate (TR) average=1.94, median=1.87, estimated in TPM, Figure 2B,
raw data provided in Table S3) compared to the control line. There is thus evidence of
overexpression of the duplicated genes. As no DC could be observed at the
transcriptional level, we investigated whether post-transcriptional processes may
temperate this twofold excess of transcripts. This second hypothesis was tested in the
same B. prasinos MA line by sequencing mRNAs associated with ribosomes
(polysomes) in order to compare the translation efficiency (TE) of genes located on
duplicated and non-duplicated between lines.
The translation efficiency of each transcript was estimated by the ratio of mRNAs in
polysomes versus total RNA between Bp37B and control. We found that the average
TE for the genes located on the duplicated chromosome 4 was 0.67 (median=0.50)
compared to the genes on this chromosome in the control line (Figure 2 C). Last, we
estimated the expected protein production in Bp37B as compared to the control line
by going back to the absolute translation rate for each gene: that is the ratio of mRNA
in polysomes in Bp37B as compared to the control (Figure 2D). This showed that
genes on chromosome 4 have a similar protein production in Bp37B and in the control
line, despite a 1.94 higher transcription rate as a consequence of the WCD.
Interestingly, the duplications who arose more recently as part of the strain recovery
from cryopreserved lines were not compensated neither at the transcription, nor at the
translation level (chromosome 1 and chromosome 10, Figure 2).
The observed compensation at the translation level on chromosome 4 suggests that
a post-transcriptional mechanism occurs on duplicated transcripts to allow DC. Poly(A)
tail is a key feature of many cytoplasmic mRNAs and is known to regulate positively
or negatively translation via size variation (Subtelny et al. 2014; Lim et al. 2016;
Eichhorn et al. 2016). Here we tested if translation compensation observed for
transcripts linked to duplicated chromosome 4 is associated with a variation of poly(A)
6
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tail length. Using 3’RACE experiment, we measured the poly(A) tail length of three
duplicated transcripts on chromosome 4 (04g00840, 04g01730 and 04g04360)
compared to two transcripts on chromosome 8 (non-duplicated) and chromosome 1
(duplicated but without translation regulation) as control in Bp37B and control lines
(Figure 3 and S18). For the 3 transcripts tested, we systematically observed that the
poly(A) tail length is significantly reduced in Bp37B line compared to control line for
transcripts located on chromosome 4 (Figure 3), whereas no difference is observed
for transcripts of non-duplicated chromosome (Figure S18).
A

C04
Whole genome of Bathycoccus prasinos MA line Bp37B

B

C01dC01nd C02 C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19
Transcription of the chromosomes of MA line Bp37B

C

C01dC01nd C02 C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19
Translation efficiency of the chromosomes of MA line Bp37B

D

C01dC01nd C02 C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19
Translation rate of the chromosomes of MA line Bp37B
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Figure 2. A. Raw coverage by 1000 bp windows along the genome of the MA line Bathycoccus
prasinos Bp37B (Bp37B is the culture started in 2019 from the MA Bp37 culture cryopreserved
in 2016). Grey lines are chromosome separators. C01d: duplicated part of the chromosome 1.
C01nd: non duplicated part of the chromosome 1. B. Distribution of genes expression ratio of
Bp37B over control TPM of the 19 chromosomes. C. Distribution of genes translation
efficiency of the 19 chromosomes. B and C. The expression and translation efficiency ratio
averages are different between chromosomes (ANOVA, p-value < 0.001). The expression is
different between chromosome 4 and all other chromosomes and the non-duplicated part of
the chromosome 1 (Student test, adjusted p-value for multiple tests <0.0001), excepted with
the duplicated part chromosome 1 (Student test, adjusted p-value for multiple tests =0.101);
and translation efficiency is different between chromosome 4 (highlighted in blue) and all other
chromosomes (Student test, adjusted p-value for multiple tests <0.001). C01 to C19 are the
chromosome numbers. D. Distribution of genes translation rate ratio of the 19 chromosomes.

A

400 bp
300 bp
200 bp

RCC
4222

BP37B

RCC
4222

BP37B

RCC
4222

BP37B

Poly(A) tail amplification
FW

100 bp

RV

AAA…AAA

B

400 bp
300 bp

Internal control amplification

200 bp
FW

100 bp

RV

AAA…AAA
Bathy
04g04360

Bathy
04g00840

Bathy
04g01730

Figure 3. Transcripts from genes located on duplicated chromosome 04 present shorter
poly(A) tail. Poly(A) tail measurement was performed using modified 3’RACE. PCR
amplification was performed using primers flanking poly(A) tail (A) or primers anchored in
3’UTR just before poly(A) tail as internal control (B). Experiments was performed using total
RNA from RCC4222 line (control line) and BP37B line (with duplicated chromosome 4).
Illustrations representing PCR amplification are present on the right panel. Black line
represents the messenger RNA and the orange line represent the ligated adapter used for
reverse transcription and PCR amplification. FW. Forward primer. RV. reverse primer.
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DISCUSSION
Mechanism of WCD in unicellular eukaryotes
There are two possible mechanisms at the origin of whole chromosome duplication: i)
the additional replication of a chromosome before mitotic cell division, leading to one
cell with one chromosome and one cell with two copies; or ii) the unequal segregation
of chromosomes during cell division, leading to one cell with two copies and one cell
without any copy of the chromosome. The latter scenario seems more likely in
extremely small-sized Mamiellophyceae (1µm cell diameter) cells as they contain
fewer kinetochore microtubules than chromosomes (Gan et al. 2011), which could
lead to a higher error rate in chromosome segregation. However, yeast cells contain
approximatively as many kinetochore microtubules as chromosomes (Peterson and
Ris 1976) and whole-chromosome duplication and loss estimates are 9.7x10-5 and
7.0x10-6 events per diploid genome per generation, respectively (Zhu et al. 2014),
which are values close to the rates of whole chromosome duplication reported here.
Furthermore, these rates are expected to vary with environmental conditions, as
previous mutation accumulation studies in seven different environments reported
significant variation in the rates of chromosome gain and loss (Liu and Zhang 2019).
Interestingly, the rate of chromosome duplication loss was estimated to be about three
orders of magnitude higher than the whole chromosome duplication rate. This
suggests that cells with duplicated chromosomes are ephemeral and are unlikely to
be maintained for a long time in batch culture.
Fitness effect of WCD and dosage compensation.
The disruption of chromosome numbers is expected to incur a significant fitness cost,
in contrast to point mutations whose fitness effects cover the deleterious to
advantageous range (Eyre-Walker and Keightley 2007). Using the number of cell
divisions per days as a proxy of fitness during the mutation accumulation experiment
(Krasovec et al. 2016), we found that only one out of the 15 MA lines with a WGD
displayed a significant fitness decrease along the experiment (Bp28b, Pearson
correlation, p-value = 0.015, rho = -0.850). A possible cause of aneuploidy tolerance,
or at least of the non-detection of fitness decrease in most of MA lines, may be due to
a compensating point mutation (Torres et al. 2010): in yeast, point mutations leading
to non-synonymous changes in specific genes (particularly the deubiquitinating
enzyme involved in proteins degradation) have been found in several disomic lines
9
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with higher growth rates than their parents. However, these mutations did not lead to
a fitness increase in all disomic strains, and a few disomic strains with higher growth
rates did not harbour any non-synonymous mutations. The previously identified point
mutations from each MA line carrying a WCD in this study (Table S2) (Krasovec et al.
2017, 2018a, 2019) are unlikely to impact the aneuploidy tolerance for two reasons.
First, some lines such as Mp03, Bp28b, Bp26 or Bp25 did not carry any additional
point mutation as compared to MA lines without WCD. Second, the number of
mutations per line was limited and, in some cases, appears only in intergenic region
or leads to synonymous codon change (i.e. Om3 or Mp28).
The more likely process limiting the deleterious effect of aneuploidy is a DC
mechanism that prevents the disruption caused by the excess of transcripts. Here in
B. prasinos, there is evidence for DC at the translation level for the duplicated
chromosome 4 only. However, more recent WCD in cryopreserved lines like
chromosome 1 led to an excess of transcripts from this chromosome which was not
tempered by a lower translation rate. On the contrary, it seems that the part of the
chromosome with a lower copy number experienced an increased translation rate
(Figure 2C) as if to compensate with the lower transcription level. Another
chromosome, chromosome 19, also shows a particular pattern with lower transcription
and higher translational rates in the BP37B strain. This chromosome is an outlier
chromosome typical of Mamiellophyceae species (Yau et al. 2020; Blanc-Mathieu et
al. 2017) with lower GC content than the rest of the genome, likely involved in antiviral
immunity. Compensation at the level of gene translation such as observed here in
chromosome 4 is relatively unexplored and poorly understood. In Drosophila, a
compensation of aneuploid genes has been reported and seems to depend on both
the genotypic and the developmental context (Zhang and Presgraves 2017). In yeast,
a previous study suggested compensation at the post-translational level by protein
degradation but failed to detect any compensation during translation (Dephoure et al.
2014).
The role of poly(A) tail length
The role of poly(A) tail length in the translation efficiency is starting to be better
understood (Weill et al. 2012; Subtelny et al. 2014), and alternative polyadenylation is
indeed implicated in several processes: transcription termination by RNAP II, mRNA
stability, mRNA export and translation efficiency (Di Giammartino et al. 2011; Zhang
10
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et al. 2010). In the cytoplasm, the poly(A) tail plays important roles in mRNA translation
and stability and the modulation of its length has an important impact on translation
efficiency (Subtelny et al. 2014; Lim et al. 2016; Eichhorn et al. 2016). As an example,
during oocyte maturation and early embryonic development, an increase of poly(A) tail
length occurs for particular mRNAs resulting in an increase of translation (Subtelny et
al. 2014; Lim et al. 2016; Eichhorn et al. 2016). This modulation of poly(A) tail length
has also been found to activate some neuronal transcripts (Udagawa et al. 2012). This
modulation seems to be specific of a particular developmental context. Recently, it has
been also suggested that poly(A) tails can be modulated to balance mRNA levels and
adjust TE (Slobodin et al. 2020). In this last case, the CCR4-Not complex shortened
the poly(A) tails that reduce the stability of mRNAs. Here, our data suggest that, in a
context of chromosome duplication, modulation of poly(A) tail length appears as a key
post-transcriptional mechanism necessary for DC at translation level.
CONCLUSION
In conclusion, we estimated an unexpected high rate of whole chromosome
duplication in five unicellular photosynthetic eukaryotes. In one species, B. prasinos,
we identified that a whole duplication chromosome event is associated with a
chromosome wide post-transcriptional regulation which might involve the adjustment
of poly(A) tail length. These results stress the importance of post-transcriptional
regulation mechanisms in DC of aneuploid karyotypes.
MATERIALS AND METHODS
Sequencing data from mutation accumulation experiments
Mutation accumulation (MA) experiments of the 6 species Picochlorum costavermella
RCC4223, Ostreococcus tauri RCC4221, O. mediterraneus RCC2590, Bathycoccus
prasinos RCC1105 (synonym to RCC4222), Micromonas pusilla RCC299 and
Phaeodactylum tricornutum RCC2967 were conducted with a flow cytometry protocol
described previously for phytoplankton species in liquid medium (Krasovec et al.
2016). Briefly, a mutation accumulation experiment consists in following of mutation
accumulation lines which evolved from the same cell (the ancestral line) during
hundreds of generations. Relaxed selection pressure on spontaneous mutations is
ensured by maintaining all MA lines at very low effective population sizes (6<Ne<8.5
(Krasovec et al. 2016)) throughout the experiments. Coupled with whole genome
11
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sequencing of ancestral and MA lines, this experiment enables the direct estimation
of the spontaneous mutation rate of a species. Here, MA lines came from a single cell
obtained by dilution serving as T0 culture (named the mother line, ML) and were
maintained in 24-wells plates in L1 medium at 20 °C with a 16h-dark 8h-light life cycle.
Single cell bottleneck by dilution were done each 14 days to have a low effective
population size and limit selection. DNA of initial line (ML line) and final time of MA
lines were extracted with chloroform protocol and sequencing done with Illumina
HiSeq or MiSeq by GATC biotech (Germany). To detect duplications, raw reads were
mapped against the reference genomes with bwa mem v0.7.12 (Li and Durbin 2010).
Then, bam files were treated with samtools v1.3.1 (Li et al. 2009) and bedtools v 22.18.0 (Quinlan and Hall 2010) to extract the coverage.
Dosage compensation analysis
This study was done three to four years after the end of MA experiments, but some
MA lines had been cryopreserved which allowed us to re-start a culture of one B.
prasinos MA line with a duplicated chromosome 4 (Bp37) to investigate dosage
compensation. The restarted culture from the cryopreserved Bp37 was renamed
Bp37B. As control, we used the reference culture of the strain B. prasinos RCC4222,
that is the derived from the RCC1105 used for the MA experiment. All cultures (Bp37B
and RCC4222) were maintained under a 12:12 h light:dark regime under 50 μmol
photon m−2 s−1 white light at 20 ◦C. The karyotype of the defrozen cultures Bp37B
and the control RCC4222 were checked by DNAseq resequencing. There was a
change in the karyotype of Bp37B as compared to Bp37 and in the karyotype of
RCC4222 as compared to the mother line (ML) (Figure S18). As a consequence, the
relative transcription rate was corrected by the number of DNA copy in the control
RCC4222 line for further analysis below.
For expression analysis, total RNA was extracted using the Direct-zol RNA MiniPrep
Kit (Zymo Research, Californie, USA) from pooling flasks of cultures (100 ml cultures
with 200 million cells per ml) taken 6h before and 1h before the light on. Three
extractions were done for the control culture RCC4222 and two for Bp37B. Then for
translation efficiency analysis, polysome extraction was performed for Ribo-seq as
described previously (Carpentier et al. 2020) with few modifications. Briefly, 600 mL
of B. prasinos culture were centrifuged at 8,000 g for 20 minutes. After centrifugation,
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pellets were resuspended in 2.4 mL of polysome extraction buffer. After 10 minutes of
incubation on ice and centrifugation, 2 mL of supernatant was loaded on a 9 mL 15–
60% sucrose gradient and centrifuged for 3h at 38 000 rpm with rotor SW41 Ti.
Fractions corresponding to polysomes were pooled and polysomal RNA was extracted
as previously described (Carpentier et al. 2020). RNA library preparation was
performed on total or polysomal RNA using a NEBNext Poly(A) mRNA Magnetic
Isolation Module and a NEBNext Ultra II Directional RNA Library Prep Kit (New
England Biolabs) according to the manufacturer’s instructions with 1 μg of RNA as a
starting point. Libraries were multiplexed and sequenced on a NextSeq 550. Raw
reads were mapped against the reference transcriptome of B. prasinos with RSEM
with standard parameters (Li and Dewey 2011). We obtained the TPM average that
we compared between B. prasinos RCC4222 and the MA line Bp37B. To be able to
compare the expression and translation rate values, TPM were first normalised within
each replicate by the gene Bathy11g03260. Then, expression difference between
control

and

Bp37B

was

estimated

as:

normalised_TPM_Bp37B/

normalised_TPM_RCC4222. Last, the expression rate obtain for Bp37B were
normalised again for each gene by the expression rate average of non-duplicated
chromosome. The polysome RNA TPM values were normalised identically, and the
translation

efficiency

rates

were

calculated

as:

(polysome_TPM_Bp37B/total_TPM_Bp37B)/(TPM_RCC4222/total_TPM_RCC4222)
. Poly(A) tail analysis was performed as previously described with slight modifications
(Sement and Gagliardi 2014). PCR products were resolved on a 2.5% agarose gel.
Primers used in this study are present in Table S2.
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chromosome 8 present similar poly(A) tail.
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Figure S17. Coverage by 1 kb windows of the control Bathycoccus prasinos RCC4222.

RCC
4222

BP37

RCC
4222

BP37
400 bp
300 bp
200 bp

Poly(A) tail amplification
FW

100 bp

RV

AAA…AAA
Bathy
01g01300

Bathy
08g03470

Figure S18. Transcripts from duplicated chromosome 1 and non-duplicated chromosome 8 present
similar poly(A) tail. Poly(A) tail measurement was performed using modified 3’RACE. PCR amplification
was performed using primers flanking poly(A) tail. Experiments was performed using total RNA from
RCC4222 line (control line) and BP37 line (Chromosome 4 duplicated). Illustrations representing PCR
amplification are present on the left panel. Black line represents the mRNA and the orange line
represent the ligated adapter used for reverse transcription and PCR amplification.
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