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ABSTRACT (203 words) 18 

While duplications have long been recognized as a fundamental process driving major 19 

evolutionary innovations, direct estimations of spontaneous chromosome duplication 20 

rates, leading to aneuploid karyotypes, are scarce. Here, we provide the first 21 

estimations of spontaneous chromosome duplication rates in six unicellular eukaryotic 22 

species from mutation accumulation (MA) experiments. The spontaneous 23 

chromosome duplication rates reach 1x10-4 to 1x10-3 per genome per generation, 24 

which is ~4 to ~50 times less frequent than spontaneous point mutations per genome, 25 

whereas chromosome duplication events can affect 1 to 7% of the total genome size. 26 

Comparative transcriptomics between MA lines with different chromosome 27 

duplications reveals a strong positive correlation between RNA expression rate and 28 

DNA copy number. However, comparative analyses of the translation rate of mRNAs 29 

estimated by polysome profiling unravel a chromosome specific dosage compensation 30 

mechanism. In particular, one chromosome with a gene average of 2.1 excess of 31 

mRNAs is compensated by an average of ~0.7 decrease in translation rates. 32 

Altogether, our results are consistent with previous observations of a chromosome 33 

dependent effect of dosage compensation and provide evidence that it may occur 34 

during translation. These results support the existence of a yet unknown post-35 

transcriptional mechanism orchestrating the modification of translation of hundreds of 36 

transcripts from genes located on duplicated regions in eukaryotes. 37 

 38 
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INTRODUCTION 39 

Complete or partial chromosome duplications leading to aneuploidy karyotypes are 40 

known to be at the origin of genetic diseases, such as Trisomy 21 in humans, and is 41 

a near universal feature of tumor cells (Rajagopalan and Lengauer 2004). When a 42 

single chromosome is duplicated, an immediate issue arises: the imbalance of ploidy 43 

and gene dose within a same karyotype. This is expected to have deleterious effects 44 

because it creates an imbalance of the transcript and protein productions, which is 45 

costly and may disrupt the function of a pathway and protein interactions (Dephoure 46 

et al. 2014; Veitia and Potier 2015). The deleterious effects of aneuploidy have been 47 

documented in many different biological model systems such as yeast (Torres et al. 48 

2007), mouse and human (Gearhart et al. 1987). In Caenorhabditis elegans, mutation 49 

accumulation experiments provided evidence of purifying selection against gene 50 

duplications causing excess of transcripts, as compared to gene duplications 51 

associated to invariant transcript levels (Konrad et al. 2018). Moreover, the 52 

consequences of aneuploidy on gene expression are complex and while gene 53 

expression may increase with chromosome copy number, gene expression changes 54 

may also spread outside the duplicated regions in Arabidopsis (Hou et al. 2018; Song 55 

et al. 2020), Drosophila (Devlin et al. 1988), and human cells (FitzPatrick et al. 2002).  56 

Contrasting with the before mentioned studies, aneuploidy may confer a selective 57 

advantage as a response to stress, such as resistance to drugs in Candida albicans 58 

(Selmecki et al. 2006) or Saccharomyces cerevisiae (Chen et al. 2012). Recent 59 

evidence about a lack of deleterious effect of aneuploidy is the high aneuploidy 60 

prevalence and tolerance across Saccharomyces cerevisiae lineages (Scopel et al. 61 

2021), a fifth of the sequenced strains harboring atypical aneuploidy karyotypes (Peter 62 

et al. 2018). Indeed, different dosage compensation mechanisms have evolved and 63 

may restore the ancestral gene dose leading to aneuploidy tolerance. The three 64 

targets of dosage compensation mechanisms of duplicated genes are the modification 65 

of the transcription rate, the translation rate, or the protein degradation rate of 66 

duplicated genes. The most studied mechanisms are those involved in modifying the 67 

transcription rate during the evolution of heterogametic sex chromosomes, known both 68 

in plants (Muyle et al. 2012; Muyle et al. 2017; Charlesworth 2019) and animals 69 

(Disteche 2012; Graves 2016). Different mechanisms evolved either by simulating the 70 

ancestral ploidy by doubling the expression of the genes of the single copy male X 71 

(Baker et al. 1994); or by equalizing the ploidy between the two sexes by halving the 72 
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expression – silencing of one X in female (Heard et al. 1997). Although dosage 73 

compensation is well studied in sex chromosome evolution, whether and how it 74 

evolves after a chromosome ploidy variation is unclear, particularly for autosomes 75 

(Kojima and Cimini 2019). Previous studies did not report consistent results, with a 76 

significant increase of expression for the duplicated genes in C. albicans (Selmecki et 77 

al. 2006), Drosophila (Loehlin and Carroll 2016), S. cerevisiae (Torres et al. 2007), 78 

mammalian cells (Williams et al. 2008); and a decrease of the expression of the two 79 

copies in yeast and mammals, suggesting a compensation at the transcriptional level 80 

(Henrichsen et al. 2009; Qian et al. 2010). In the case of chromosome duplication, 81 

evidence for dosage compensation at the transcriptional level is scarce (Stenberg et 82 

al. 2009; Hose et al. 2020), and scaling of gene expression with gene copy number 83 

has been reported in disomic yeasts (Kaya et al. 2020). Interestingly, dosage 84 

compensation has been reported to occur at the post-transcriptional level via the 85 

modification of translation efficiency in Drosophila (Zhang and Presgraves 2017) or at 86 

the post-translational level for 20% of the proteome in yeast via an increased 87 

degradation rate of proteins (Dephoure et al. 2014). Increase of protein degradation 88 

has also been reported to be involved in compensation mechanism in human Downs 89 

syndrome for proteins encoded on the triplicated chromosome 21 and include known 90 

stable heteromeric protein complexes (Liu et al. 2017). 91 

Although the consequences of chromosome duplication on transcription rates  - and 92 

to a lesser extent their consequences on translation rates and protein abundance - 93 

have been investigated in many model organisms, our knowledge of the rate of 94 

chromosome duplication events in eukaryotes have been yet restricted to 95 

Saccharomyces cerevisiae (Lynch et al. 2008; Zhu et al. 2014; Liu and Zhang 2019) 96 

and humans (Nagaoka et al. 2012; Loane et al. 2013). Here, we investigate the 97 

spontaneous chromosome duplication rate in six unicellular photosynthetic species by 98 

analyzing mutation accumulation (MA) experiment genomes. The principle of MA 99 

experiments is to follow the descendants originated from a single cell under minimal 100 

selection insured by serial bottlenecks during dozens to thousands cell divisions 101 

(Halligan and Keightley 2009). Here, MA experiments have been performed by 102 

maintaining 12 to 40 MA lines for a total of 1,595 to 17,250 generations depending of 103 

the species (Krasovec et al. 2017; Krasovec, Sanchez-Brosseau, et al. 2018; 104 

Krasovec et al. 2019). The six species include five Chlorophyta (one 105 

Trebouxiophyceae et four Mamiellophyceae) and one Bacillariophyta, ecological 106 
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relevant primary producers in the sunlit ocean (de Vargas et al. 2015), with a large 107 

phylogenetic spread encompassing 1.5 billion years of divergence (Yoon et al. 2004). 108 

We further recovered cryopreserved MA lines to investigate the consequence of 109 

chromosome duplication on the transcription and translation rates. 110 

  111 
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RESULTS 112 

Whole chromosome duplication rate 113 

In this study, we analyzed whole genome resequencing data from previous MA 114 

experiments (Krasovec et al. 2016; Krasovec et al. 2017; Krasovec, Sanchez-115 

Brosseau, et al. 2018) in five haploid green algae species (Chlorophyta, four 116 

Mamiellophyceae and one Trebouxiophyceae) and one diploid diatom 117 

(Bacillariophyta) : Picochlorum costavermella RCC4223 (Krasovec, Vancaester, et al. 118 

2018), Ostreococcus tauri RCC4221 (Blanc-Mathieu et al. 2014), O. mediterraneus 119 

RCC2590 (Subirana et al. 2013), Bathycoccus prasinos RCC1105 (Moreau et al. 120 

2012), Micromonas commoda RCC299 (Worden et al. 2009) and Phaeodactylum 121 

tricornutum RCC2967 (Bowler et al. 2008; Giguere et al. 2022). Coverage was used 122 

as a proxy of copy number (Figure 1A and Supplemental figures S1 to S16), and 123 

unveiled whole chromosome duplication events in four of the six species (Table 1 and 124 

Table S1). Four whole chromosome duplications were observed in M. commoda 125 

(chromosomes C05, C12, C16 and C17), four in B. prasinos (chromosomes C04, C05, 126 

C06 and C19), one in O. mediterraneus (chromosome C14) and four in P. tricornutum 127 

(chromosomes C02, C14 and C23). The chromosome duplication events were 128 

mapped onto the genealogies of the MA lines to identify all independent chromosome 129 

duplication events (Figure 1B for B. prasinos). Genealogy analysis provided evidence 130 

that several chromosomes were duplicated two times independently: the MA lines 131 

Bp25c and Bp28b carry two independent duplications of chromosome C19; Mc08 and 132 

Mc09 carry two independent duplications of chromosome C17; and Pt11 and Pt10c 133 

carry two independent duplications of chromosomes C23. The probability of observing 134 

two independent whole chromosome duplication of the same chromosome in B. 135 

prasinos, M. commoda and P. trichornutum are 0.46, 0.47 and 0.34 respectively (see 136 

methods), and these probabilities are thus consistent with an equal probability of 137 

duplication across chromosomes. All independent duplication events inferred from 138 

coverage analysis and genealogies are summarized in Table 1 and S1. Unexpectedly, 139 

the analyses revealed that the ancestral line of the MA experiment in B. prasinos 140 

carried two copies of the chromosome C01. One of the copies had subsequently been 141 

lost 11 times independently over 4,145 generations, corresponding to a spontaneous 142 

chromosome loss of a duplicated chromosome of 0.006 per duplicated chromosome 143 

per generation in B. prasinos. 144 

 145 
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 146 
Figure 1. A. Normalized raw genomic coverage of the mother line (T0 of mutation accumulation 147 
experiment), Bp20c and Bp28 mutation accumulation lines of Bathycoccus prasinos. Grey lines are 148 
chromosome separators. In blue are the chromosomes in double copies. Raw coverage of all lines from 149 
all species are provided in Figures S1 to S16. B. Pedigree of the mutation accumulation lines from the 150 
B. prasinos experiment. Chromosome C01 is duplicated in the T0 line (named mother line) of the 151 
experiment. This duplication is then lost several times, and five other duplications of chromosomes C04, 152 
C05, C06 and C19 occurred.  153 
 154 

 155 

 156 
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Table 1. Spontaneous whole chromosome duplication rate in six species. Nlines : number of MA lines, 158 
Gen : average number of generations per MA line, TotGen : total number of generations, NChrom : number 159 
of chromosomes in the ancestral karyotype, NWCD is the number of independent whole chromosome 160 
duplications, UWCDl is the whole chromosome duplication rate per chromosome per cell division, and 161 
UCell is the whole chromosome duplication rate per cell division, Ubs is the base substitution mutation 162 
rate per cell division. The estimation of the upper limit of NWCD and Ucell in O. tauri and P. costavermella 163 
relies on the assumption of one duplication event.  164 

Species Nlines Gen TotGen NChrom NWCD Duplicated Chrom UWCD Ucell Ubs  
Bathycoccus prasinos  35 265 4,145 19 5 C04, C05, C06, C19 0.000063 0.00121 0.0046 
Micromonas commoda  37 272 4,994 17 5 C05, C12, C16, C17 0.000059 0.00100 0.0171 
Ostreococcus tauri  40 512 17,250 20 0 - <0.000003 <0.00006 0.0054 
Ostreococcus mediterraneus  33 272 8,380 19 1 C14 0.000006 0.00012 0.0064 
Picochlorum costavermella  12 133 1,596 10 0 - <0.00006 <0.00063 0.0119   
Phaeodactylum tricornutum  36 181 6,516 25 4 C02, C14, C23 0.000025 0.00061 0.0132 

 165 

 166 

Consequences of chromosome duplication on transcription  167 

To explore the consequences of the whole or partial chromosome duplication on 168 

transcription, we estimated the level of transcription of a control strain (B. prasinos 169 

RCC4222) and one MA line of B. prasinos by recovering one 4-year-old cryopreserved 170 

MA line. This cryopreserved culture originated from MA line Bp37, and the recovered 171 

culture is hereafter named Bp37B. Chromosome copy number of Bp37B and the 172 

control line were estimated by whole genome resequencing. This confirmed the two 173 

copies of chromosome C04 in Bp37B as in the original Bp37 (Figure 2A and S7), and 174 

also revealed additional karyotypic changes: an increase in chromosome C01 copy 175 

number (Figure 2A, Figure S17) in Bp37B. The heterogeneous coverage of 176 

chromosome C01 led us to divide it into two regions for subsequent analyses; region 177 

C01a (1.98 fold coverage) and C01b (1.35 fold coverage). The control line also 178 

contained duplicated regions (Figure 2A, Figure S17), chromosome C10 and a region 179 

of chromosome C02 named C02b, while C02a is in single copy. Limits of sub-regions 180 

of chromosomes C01 and C02 are provided in Table S2. We interpreted coverage 181 

values smaller than 2 (Figure S17), e.g. C01b in Bp37B, C10 and C02b as duplications 182 

that are carried by a subpopulation of cells. Cultures were grown to up to 10 million 183 

cells per ml prior to extraction so that polymorphism is not unexpected. 184 

Comparative transcriptome analyses of Bp37B and the control line revealed that there 185 

are on average twice the number of transcripts for genes located on the duplicated 186 

chromosomes as compared to the control line - C04 (transcription rate tr(i) 187 
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average=2.13, median=1.95, estimated from TPM, Figure 2B, raw data in Table S3) 188 

and C01a (transcription rate tr(i) average=2.29, median=2.02). The transcription rate 189 

of genes on chromosomes C10 and C02b is also affected. Altogether, the transcript 190 

production scales up with the chromosome copy number in the Bp37B and control 191 

lines (Pearson correlation, rho=0.87, p-value<0.001, Figure 3A). 192 

 193 

Gene-by-gene variation of the consequences of DNA copy number  194 

Dosage invariant genes (Antonarakis et al. 2004; Lyle et al. 2004) are genes for which 195 

the transcription is not affected by copy number, and they may be involved in 196 

aneuploidy tolerance. We investigated differential gene expression at the individual 197 

gene scale with Deseq2 (Love et al. 2014) to identify candidate invariant genes. We 198 

found that the transcription rate of 158 out of the 1776 genes in two copies (9%) 199 

located on duplicated chromosomes or regions were not significantly higher than for 200 

genes in single copy (Table S4). Two Gene Ontology categories (RNA processing, 201 

GO:0006396 and DNA metabolic process GO:0006259) were over-represented in this 202 

transcriptomic invariant gene set. First, genes involved in RNA processing (3.8 times 203 

more frequent, p-value <0.01) including members of heteromeric protein complexes 204 

such as subunits 7 and 2 of the U6 snRNA-associated Sm-like protein (Table S5, 205 

invariant 158 annotations). Second, the genes involved in DNA metabolic process (2.2 206 

times more frequent in the invariant gene subset, p-value <0.04) including the DNA 207 

Polymerase A and the DNA primase large subunit. Notable protein complex members 208 

of the invariant data set are Histone 3 and the subunit E of the translation initiation 209 

factor 3. There are in total 12 genes annotated as subunits in the subset of invariant 210 

genes, this is significantly more than the frequency of protein coding genes annotated 211 

as subunits in the complete proteome (Fisher exact test p=0.0006). This suggests that 212 

a higher proportion of these genes coding for protein forming complexes have a gene-213 

specific tailored regulated transcription that is not affected by gene copy number.  214 

 215 
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 216 
Figure 2. A. Genomic coverage of 1 kbp windows along the genome of the MA line Bathycoccus 217 
prasinos Bp37B. B. Distribution of genes transcription rate tr(i) of the 19 chromosomes. C. Distribution 218 
of genes translation efficiency te(i) of the 19 chromosomes. B and C. The transcription rate and 219 
translation efficiency ratio averages are different between chromosomes (ANOVA, p-value<10-15). D. 220 
Distribution of genes protein homeostasis (transcription rate x translation rate) of the 19 chromosomes. 221 
Y axis are in log2. Blue: duplications in Bp37B. Yellow: duplications in control RCC4222. 222 
 223 

-2
-1

0
1

2
-3

-2
-1

0
1

2
3

-3
-2

-1
0

1
2

3
-3

-2
-1

0
1

2
3

-2
-1

0
1

2
-3

-2
-1

0
1

2
3

-3
-2

-1
0

1
2

3
-3

-2
-1

0
1

2
3

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

Raw genomic coverage ratio Bp37/4222 by 1 kbp windows

Relative transcription in Bp37 as compared to control 

Relative translation in Bp37 as compared to control 

Relative protein homeostasis in Bp37 as compared to control 

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

-2
-1

0
1

2
-3

-2
-1

0
1

2
3

-3
-2

-1
0

1
2

3
-3

-2
-1

0
1

2
3

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

Raw genomic coverage ratio Bp37/4222 by 1 kbp windows

Relative transcription in Bp37 as compared to control 

Relative translation in Bp37 as compared to control 

Relative protein homeostasis in Bp37 as compared to control 

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

-2
-1

0
1

2
-3

-2
-1

0
1

2
3

-3
-2

-1
0

1
2

3
-3

-2
-1

0
1

2
3

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

Raw genomic coverage ratio Bp37/4222 by 1 kbp windows

Relative transcription in Bp37 as compared to control 

Relative translation in Bp37 as compared to control 

Relative protein homeostasis in Bp37 as compared to control 

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

C01
a

C02
a

C03 C04 C05 C06 C07 C08 C09 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19C01
b

C02
b

A

B

C

D

Raw genomic coverage ratio Bp37B/4222 by 1 kbp windows

Relative transcription in Bp37B as compared to control 

Relative translation in Bp37B as compared to control 

Relative protein homeostasis in Bp37B as compared to control 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 19, 2022. ; https://doi.org/10.1101/2022.02.03.478961doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.03.478961
http://creativecommons.org/licenses/by-nc/4.0/


 10 

Consequences of chromosome duplication on translation 224 

The compelling evidence of overexpression of the majority of duplicated genes 225 

prompted us to investigate whether post-transcriptional processes may temperate this 226 

excess of transcripts. This second hypothesis was tested in the same B. prasinos MA 227 

line by sequencing mRNAs associated with ribosomes (polysomes) in order to 228 

compare the translation efficiency te(i) of genes located on duplicated and non-229 

duplicated lines, by estimating the relative proportion of mRNA binded to a ribosome 230 

in single versus duplicated genes. We found that the average translation efficiency of 231 

the genes located on the duplicated chromosome C04 was 0.71 (median=0.54) as 232 

compared to the genes on this chromosome in the control line (Figure 2C). At 233 

chromosome scale (Table S7), the translation rate is 0.67 for the chromosome C04. 234 

However, the translation efficiency of part C01a of the chromosome C01 was 0.93 and 235 

1.54 for the part C01b. The translation efficiency of the two parts of the chromosome 236 

C02 are 1.04 and 0.76 for C02a and C02b, respectively, and 0.99 for chromosome 237 

C10. Translation rate modification is thus chromosome dependent (Figure 3):  genes 238 

located on the C04 and C01b display an important variation in translation efficiency 239 

between the two lines. Last, we estimated the expected protein production in Bp37B 240 

as compared to the control line by going back to the absolute translation rate for each 241 

gene: that is the ratio of mRNA in polysomes in Bp37B as compared to the control 242 

(Figure 2D). This predicted that genes on C04 have a similar protein production rate 243 

in Bp37B and in the control line, despite a higher transcription rate as a consequence 244 

of the chromosome duplication, as well for the two parts of the chromosome C02 245 

(Figure 2D). However, the two parts of the chromosome C01, despite different 246 

transcription and translation efficiency rates both leads to a protein level that is the 247 

double of the control line. The chromosome C10 also exhibits a lower protein content 248 

in Bp37B compared to control, meaning there is an excess of proteins from genes 249 

linked to this chromosome in the control line because of the duplication. Altogether, 250 

we observed there is no dosage compensation at the transcription level for any of the 251 

duplicated regions, but that dosage compensation may occur at the translation level 252 

on some duplicated regions and seems chromosome dependent (Figure 3). 253 

 254 

 255 
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 256 
Figure 3. Raw relative genomic coverage average (Bp37B/Control) related to average transcription rate 257 
tr(i) (A), translation efficiency te(i) (B), and average protein synthesis (average transcription rate x 258 
average translation efficiency) per chromosome (C). Blue: chromosomes duplicated in Bp37B; Yellow: 259 
chromosomes duplicated the control RCCC4222; Black: non-duplicated chromosomes; Grey: outlier 260 
chromosome C19. Data are provided in Table S6 and S7.  261 
 262 
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Searching for independent molecular signatures of translation modulation 265 

The observed dosage compensation at the translation level on chromosome C04 266 

suggests that a post-transcriptional mechanism occurs on duplicated transcripts. As 267 

the length of the poly(A) tail is a key feature of many cytoplasmic mRNAs and is known 268 

to regulate translation (Subtelny et al. 2014; Eichhorn et al. 2016; Lim et al. 2016), we 269 

tested if DC observed for the translation of transcripts linked to duplicated 270 

chromosome C04 is associated with a variation of poly(A) tail length. Using 3’RACE 271 

experiment, we measured the poly(A) tail length in Bp37B and control (Figure 4 and 272 

S18) of the transcripts of three genes located on chromosome C04 (04g00840, 273 

04g01730 and 04g04360), one gene located on chromosome C08 (08g03470) and 274 

C01 gene located on chromosome C01a (01g01300). We systematically observed that 275 

the poly(A) tail length is reduced in Bp37B line compared to control line for transcripts 276 

located on chromosome C04 (Figure 4), whereas no difference is observed control 277 

(Figure S18). 278 
 279 
 280 

  281 
Figure 4. Transcripts from genes located on duplicated chromosome C04 present shorter poly(A) tail. 282 
Poly(A) tail measurement was performed using modified 3’RACE. PCR amplification was performed 283 
using primers flanking poly(A) tail (A) or primers anchored in 3’UTR just before poly(A) tail as internal 284 
control (B). Experiments was performed using total RNA from RCC4222 line (control line) and BP37B 285 
line (with duplicated chromosome C04). Illustrations representing PCR amplification are present on the 286 
right panel. Black line represents the messenger RNA and the orange line represent the ligated adapter 287 
used for reverse transcription and PCR amplification. FW. Forward primer. RV. reverse primer.  288 
 289 
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DISCUSSION 293 

Rates of whole chromosome duplication in eukaryotes 294 

The rates of spontaneous whole chromosome duplication reported here vary between 295 

6x10-5 to 1x10-3 events per haploid genome per generation and are thus one to two 296 

orders of magnitude lower than spontaneous point mutations per genome per 297 

generation. Theoretically, there are two possible mechanisms at the origin of 298 

chromosome duplication i) the supernumerary replication of one chromosome before 299 

cell division, leading to one cell with one chromosome and one cell with two 300 

chromosomes; or ii) the unequal segregation of chromosomes during cell division, 301 

leading to one cell with two copies and one cell without any copy. The latter scenario 302 

has been intensively experimentally studied in human cells (Ford and Correll 1992; 303 

Cimini et al. 2001), and seems all the more likely in the extremely small-sized 304 

Mamiellophyceae cells (1 µm cell diameter) as it has been reported that they contain 305 

less kinetochore microtubules than chromosomes (Gan et al. 2011), which may induce 306 

high error rate in the chromosome segregation process. However, the whole 307 

chromosome duplication rates reported in Mamiellophyceae are in line with those 308 

found in the diatom P. tricornutum and in yeast (9.7x10-5) (Zhu et al. 2014), the latter 309 

containing approximately as many kinetochore microtubules as chromosomes 310 

(Peterson and Ris 1976). Altogether, the spontaneous whole chromosome duplication 311 

rates reported previously in yeast (Zhu et al. 2014) and in the species from 312 

evolutionary distant eukaryotic lineages reported here (Yoon et al. 2004) suggest a 313 

high rate of spontaneous aneuploidy across the eukaryotic tree of life. To investigate 314 

whether spontaneous whole chromosome duplication had been overlooked in other 315 

lineages, we screened publicly available resequencing data of MA on the freshwater 316 

green algae Chlamydomonas reinhardtii (Ness et al. 2015), and identified one event 317 

for chromosome 14 in the strain CC1373. We also provided evidence of spontaneous 318 

whole chromosome duplication (four chromosomes in a single individual from a 319 

pedigree) in the brown algae Ectocarpus (Krasovec et al. 2022).  320 

Interestingly, we were also able to estimate the rate of chromosome duplication loss 321 

during one experiment to be about three orders of magnitude higher than the 322 

spontaneous duplication rate. This is consistent with previous observation in S. 323 

cerevisiae, and our observations that cells with duplicated chromosomes are 324 

ephemeral and unlikely to be maintained for a long time in batch culture. Indeed, the 325 

coverage of the large duplication events on C01b, C02b, C04 and C10 were 1.4,1.6, 326 
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1.8 and 1.4 times the coverage of single copy chromosomes respectively, suggesting 327 

that the proportion of cells carrying a supernumerary chromosome within the 328 

population is 0.4, 0.6 and 0.8. In addition, we observed the loss of the chromosome 329 

C04 duplication in one of the Bp37B lines over 4 months of sub-culturing.   330 

As opposed to the aneuploidy generated during meiotic divisions, which has been 331 

intensively studied in mammalian cells (Nagaoka et al. 2012), the chromosomal 332 

duplication events reported here are generated during mitotic division. Since the 333 

molecular mechanisms involved in chromosomal segregation in mitosis, meiosis 1 and 334 

meiosis 2, are different, the associated aneuploidy rates are not expected to be equal. 335 

The aneuploidy rates in mitotically dividing human cells, such as HCT116 lines, has 336 

been estimated to be 7x10-2 (Thompson and Compton 2008), more than one order of 337 

magnitude higher than the highest estimation of 1.2x10-3 reported here in B. prasinos. 338 

The observed difference of the spontaneous point mutation rate per genome per 339 

generation is expected to vary between species as the consequence of different 340 

genome sizes, effective population sizes (Lynch et al. 2016), and the difference 341 

between the observed and expected GC content (Krasovec et al. 2017). However, the 342 

only eight spontaneous aneuploidy rates yet available are not sufficient to investigate 343 

the reasons of chromosome duplication rate variations, such as the impact of 344 

chromosome number or effective population size. 345 

 346 

Fitness effect of whole chromosome duplication and dosage compensation 347 

The high spontaneous rates of spontaneous chromosome duplication challenge the 348 

common idea that whole chromosome duplications are highly deleterious for individual 349 

cells. Using the number of cell divisions per days as a proxy of fitness during the MA 350 

experiment (Krasovec et al. 2016), only one out of the 15 MA lines with a whole 351 

chromosome duplication displayed a significant fitness decrease (Bp28b, Pearson 352 

correlation, p-value=0.016, r=-0.846, Table S8). Recent studies in yeast are 353 

inconsistent with a highly deleterious fitness effect of aneuploidy and point towards 354 

slightly deleterious effects, as well as a significant effect of the genetic background on 355 

aneuploidy tolerance (Scopel et al. 2021). Compensating point mutations have been 356 

previously linked to aneuploidy tolerance in yeast (Torres et al. 2010), notably in the 357 

gene encoding the deubiquitinating enzyme UBP6. Point mutations are unlikely to 358 

impact the aneuploidy tolerance of the different MA lines reported here, as some MA 359 
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lines with chromosome duplication do not carry any point mutation (Mc3, Bp28b, Bp26 360 

and Bp25), or carry only synonymous mutations and mutations located in intergenic 361 

region (i.e. Om3 or Mc28, Table S9). The deleterious effect of aneuploidy could be 362 

mitigated by a dosage compensation mechanism preserving a relative protein 363 

homeostasis. Here in B. prasinos, despite the important variation in transcription and 364 

translation between genes, we observed that transcription rates overwhelmingly 365 

scaled up with chromosome copy number (Figure 3A) and that translation rates 366 

differed significantly between chromosomes (Figure 3B). However, chromosome C19 367 

displays a unique pattern. This chromosome is a small hypervariable outlier 368 

chromosome found in all Mamiellophyceae species sequenced so far (Blanc-Mathieu 369 

et al. 2017; Yau et al. 2020). Previous studies reported a strong variation in 370 

transcription rates of genes on this chromosome, which is associated with resistance 371 

to viruses (Yau et al. 2016) and characterized by lower GC content than other 372 

chromosomes.  373 

For the duplicated chromosomes or regions, we observed three different patterns of 374 

translation efficiency. First, we observed no relative difference in translation rates for 375 

genes on duplicated chromosome C10, which is duplicated in 40% percent of cells, 376 

and region C01a, which is duplicated in 100% of cells. The inferred excess of protein 377 

synthesis of duplicated genes on this chromosome is thus 40% (Figure 3C). Second, 378 

we observed a decrease of the translation rate for genes linked to chromosome C04 379 

and region C02b. More precisely, the estimated percent of mRNA linked to ribosomes 380 

is inversely proportional to the excess of mRNA produced for duplicated genes on 381 

these two chromosomes, predicting approximately the same protein production rate 382 

as in cells without duplicated chromosomes (Figure 3C). Third, and very surprisingly, 383 

we observed an increase of the translation level of genes on C01b, that are in two 384 

copies in 40% of cells. As a consequence, the rate of protein synthesis on genes 385 

located on region C01b reach the same relative protein synthesis than genes located 386 

on region C01a, that is twice the protein synthesis predicted in cells with a single copy 387 

of this chromosome. We speculate the absence of dosage compensation on region 388 

C01a and the excess of translation on region C01b simulate the ancestral protein 389 

homeostasis in the mother line, which contained two entirely duplicated chromosome 390 

C01.  391 

 392 
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Chromosome-wide regulation of gene translation is relatively unexplored and poorly 393 

understood. Indeed, while location on a chromosome may predict a gene’s 394 

transcription rate as a result of epigenetic marks on the DNA, epitranscriptomics 395 

chromosome wide mRNA modifications mechanisms are yet to be discovered. 396 

Notwithstanding, chromosome wide translational dosage compensation has been 397 

previously observed in Drosophila (Zhang and Presgraves 2016), and at the gene 398 

scale in several species (Zhang and Presgraves 2017; Chang and Liao 2020).  399 

 400 

Poly(A) tail length  401 

The role of poly(A) tail length in the translation efficiency is starting to be better 402 

understood (Weill et al. 2012; Subtelny et al. 2014), and alternative polyadenylation is 403 

indeed implicated in several processes: transcription termination by RNAP II, mRNA 404 

stability, mRNA export and translation efficiency (Zhang et al. 2010; Di Giammartino 405 

et al. 2011). In the cytoplasm, the poly(A) tail plays important roles in mRNA translation 406 

and stability and the modulation of its length has an important impact on translation 407 

efficiency (Subtelny et al. 2014; Eichhorn et al. 2016; Lim et al. 2016). As example, 408 

during oocyte maturation and early embryonic development, an increase of poly(A) tail 409 

length occurs for particular mRNAs resulting in an increase of translation (Subtelny et 410 

al. 2014; Eichhorn et al. 2016; Lim et al. 2016). This modulation of poly(A) tail length 411 

has also been found to activate some neuronal transcripts (Udagawa et al. 2012). 412 

Recently, it has been suggested that poly(A) tails can be modulated to balance mRNA 413 

levels and adjust translation efficiency (Slobodin et al. 2020). In this last case, the 414 

CCR4-Not complex shortened the poly(A) tails that reduces the stability of mRNAs. 415 

Here, our data suggest that, in a context of chromosome duplication, modulation of 416 

poly(A) tail length could be a key post-transcriptional mechanism necessary for 417 

dosage compensation at translation level. Future work to explore genome wide 418 

analysis of poly(A) tail variation and post-transcriptional RNA modifications such as 419 

adenosine methylation (Miao et al. 2022) are poised to clarify the translation 420 

compensation mechanisms. 421 

 422 

 423 

 424 

 425 

 426 
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CONCLUSION 427 

In conclusion, the high prevalence of whole chromosome duplication in five unicellular 428 

photosynthetic eukaryotes suggest spontaneous whole chromosome duplication is 429 

pervasive in eukaryotes. In one species, B. prasinos, we provide evidence that a whole 430 

duplication chromosome event is associated with dosage compensation at the post-431 

transcriptional level which might involve the adjustment of poly(A) tail length. These 432 

results point to yet unknown post-transcriptional regulation mechanisms in DC of 433 

aneuploid karyotypes. 434 

 435 
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MATERIALS AND METHODS 461 

Sequencing data from mutation accumulation (MA) experiments 462 

Mutation accumulation (MA) experiments of the six species Picochlorum 463 

costavermella RCC4223 (Krasovec, Vancaester, et al. 2018), Ostreococcus tauri 464 

RCC4221 (Blanc-Mathieu et al. 2014), O. mediterraneus RCC2590 (Subirana et al. 465 

2013; Yau et al. 2020), Bathycoccus prasinos RCC1105 (synonym to RCC4222) 466 

(Moreau et al. 2012), Micromonas commoda RCC299 (Worden et al. 2009) and 467 

Phaeodactylum tricornutum RCC2967 (Bowler et al. 2008; Giguere et al. 2022) were 468 

conducted with a flow cytometry protocol described previously for phytoplankton 469 

species in liquid medium (Krasovec et al. 2016). Briefly, a mutation accumulation 470 

experiment consists in following of MA lines that have evolved from a same cell (the 471 

ancestral line) during hundreds of generations. Relaxed selection pressure on 472 

spontaneous mutations is ensured by maintaining all MA lines at very low effective 473 

population sizes (6<Ne<8.5) throughout the experiment (Krasovec et al. 2016). As a 474 

consequence, MA experiments enable to estimate spontaneous mutation rates, 475 

excluding lethal mutations. Coupled with whole genome sequencing of ancestral and 476 

MA lines, this experiment enables the direct estimation of the spontaneous mutation 477 

rate of a species. Here, MA lines came from a single cell obtained by dilution serving 478 

as T0 culture (named the mother line, ML) and were maintained in 24-wells plates in 479 

L1 medium at 20 °C with a 16h-dark 8h-light life cycle. Single cell bottleneck by dilution 480 

were done each 14 days to have a low effective population size and limit selection. 481 

DNA of initial line (ML line) and final time of MA lines were extracted with chloroform 482 

protocol and sequencing done with Illumina HiSeq or MiSeq by GATC biotech 483 

(Germany). To detect duplications, raw reads were mapped against the reference 484 

genomes for each strain with bwa mem v0.7.12 (Li and Durbin 2010). Then, bam files 485 

were treated with samtools v1.3.1 (Li et al. 2009) and bedtools v 2-2.18.0 (Quinlan 486 

and Hall 2010) to extract the coverage. 487 

 488 

Statistical analyses 489 

The probability of drawing one chromosome twice out of k WCD events chosen from 490 

n chromosomes, P(j,n), is equal to the ratio of the number of combinations of (k-1) out 491 

of n without replacement multiplied by k-1, which corresponds to the number of 492 

possible k-1 different chromosomes with one in two copies, out of n, divided by the 493 
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number of combinations of k out of n with replacement (k-1)*C(k-1,n)/(n+k-1), which 494 

corresponds to the total number of possible subsamples of k chromosomes out of n. 495 

𝑃(𝑘, 𝑛) =
𝐶(𝑘 − 1, 𝑛) ∗ (𝑘 − 1)

(𝑛 + 𝑘 − 1)! 𝑘! (𝑛 − 1)!⁄  496 

All statistical analyses were performed with R (R Core Team 2022). 497 

 498 

Dosage compensation analysis 499 

This study was started three years after the end of the MA experiments, for which 500 

some MA lines had been cryopreserved which allowed us to re-start a culture of one 501 

B. prasinos MA line with a duplicated chromosome C04 (Bp37) to investigate possible 502 

dosage compensation. The restarted culture from the cryopreserved Bp37 was 503 

renamed Bp37B. As a control, we used the reference culture of the strain B. prasinos 504 

RCC4222, that is the derived from the RCC1105 used for the MA experiment. All 505 

cultures (Bp37B and RCC4222) were maintained under a 12:12 h light:dark regime 506 

under 50 μmol photon m−2 s−1 white light at 20 ◦C. The karyotype of the defrozen 507 

cultures Bp37B and the control RCC4222 were checked by DNAseq resequencing. 508 

The karyotype of Bp37B contained on additional chromosome copy number as 509 

compared to Bp37, and the karyotype of RCC4222 contained one additional copy 510 

numbers and one less chromosome copy number as compared to the mother line (ML) 511 

(Figure S17). The relative transcription rate was corrected by the number of DNA copy 512 

in each line for further analysis below. 513 

For expression analysis, total RNA was extracted using the Direct-zol RNA MiniPrep 514 

Kit (Zymo Research, Californie, USA) from pooling flasks of cultures (100 ml cultures 515 

with 200 million cells per ml) taken 6h before and 1h before the light on, in triplicates 516 

for the control RCC4222 and duplicates for Bp37B. Then for translation efficiency 517 

analysis, polysome extraction was performed for Ribo-seq as described previously 518 

(Carpentier et al. 2020) with few modifications. Briefly, 600 mL of B. prasinos culture 519 

were centrifuged at 8,000 g for 20 minutes. After centrifugation, pellets were 520 

resuspended in 2.4 mL of polysome extraction buffer. After 10 minutes of incubation 521 

on ice and centrifugation, 2 mL of supernatant was loaded on a 9 mL 15–60% sucrose 522 

gradient and centrifuged for 3h at 38 000 rpm with rotor SW41 Ti. Fractions 523 

corresponding to polysomes were pooled and polysomal RNA was extracted as 524 

previously described (Carpentier et al. 2020). RNA library preparation was performed 525 

on total or polysomal RNA using a NEBNext Poly(A) mRNA Magnetic Isolation Module 526 
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and a NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs) 527 

according to the manufacturer’s instructions with 1 μg of RNA as a starting point. 528 

Libraries were multiplexed and sequenced on a NextSeq 550. Raw reads were 529 

mapped against the reference transcriptome of B. prasinos with RSEM with standard 530 

parameters (Li and Dewey 2011). We obtained the TPM average of total RNA and 531 

polysomes linked RNA that we compared between B. prasinos RCC4222 and the MA 532 

line Bp37B. At the gene scale, we first used the total RNA TPM values to estimate the 533 

expression difference ratio, rRNA for each gene i, between two copies and single copy 534 

genes as:  535 

𝑟!"#(𝑖) =
𝑇𝑃𝑀$%&'&()*+	(𝑖)
𝑇𝑃𝑀+)",-*'&(.	(𝑖)

 536 

These relative expression rates rRNA(i) were normalized by the expression rate median 537 

of genes located on non-duplicated chromosomes in Bp37B (C03, C05, C06, C07, 538 

C08, C09, C011, C012, C013, C014, C015, C016, C017 and C018), in order to 539 

estimate the transcription rate tr(i) of duplicated chromosomes related to non-540 

duplicated chromosomes. Chromosome C19 was not considered because it is a 541 

particularly outlier chromosome (see Discussion).  542 

Second, we used the total RNA and polysomes linked RNA TPM values for each gene 543 

i to calculate the translation rates of each gene, r(i), as: 544 

𝑟	(𝑖) =
𝑃𝑜𝑙𝑦𝑠𝑜𝑚𝑒𝑇𝑃𝑀	(𝑖)
𝑇𝑜𝑡𝑎𝑙𝑇𝑃𝑀(𝑖)  545 

The translation efficiency between a gene i in the two lines in single versus two copies, 546 

te(i) was estimated as: 547 

𝑡𝑒(𝑖) =
𝑟$%&'&()*+	(𝑖)
𝑟+)",-*'&(.	(𝑖)

 548 

The te(i) ratio was then normalized by the median translation efficiency of all genes 549 

on non-duplicated chromosomes in strain BP37B (5,267 genes).  550 

Then, to estimate the dosage compensation at the scale of the chromosomes, the 551 

values were normalized by the average TPM of all single copy chromosomes prior to 552 

the calculation of the ratios (Table S7). 553 

Poly(A) tail analysis was performed as previously described with slight modifications 554 

(Sement and Gagliardi 2014). PCR products were resolved on a 2.5% agarose gel. 555 

Primers used in this study are available in Table S10. 556 

 557 
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Differential gene expression analyses 558 

The statistical significance of the genes differential expression levels was further 559 

estimated with Deseq2 (Love et al. 2014). Transcriptional invariant genes were 560 

defined as genes present on duplicated regions and for which the relative transcription 561 

rate rRNA(i) was comprised between 0.9 and 1.1. The over-representation of a certain 562 

GO term in the transcriptional invariant gene set was compared to the genome-wide 563 

GO term background frequency using the GO enrichment analysis with default values 564 

implemented in pico-PLAZA workbench (Vandepoele et al. 2013). 565 
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commoda, Bathycoccus prasinos), PRJNA453760 and PRJNA389600 (Picochlorum 592 

costavermella), and PRJNA478011 (Phaeodactylum tricornutum). Transcriptomic raw 593 

reads of the Bathycoccus prasinos MA lines 37 (Bp37B) and control line RCC4222 are 594 

available under the bioproject PRJNA715163. A summary is provided in Table S11. 595 

SUPPLEMENTARY MATERIAL 596 

 597 

Figure S1 to S16. Raw coverage by 1 kb windows of all mutation accumulation lines 598 

from Ostreoccocus tauri, O. mediterraneus, Bathycoccus prasinos, Micromonas 599 

commoda, Picochlorum costavermella and Phaeodactylum tricornutum. The 600 

horizontal grey lines indicate the chromosome separation, and the duplicated 601 

chromosome are in blue. ML is the T0 genome of mutation accumulation experiments. 602 

In M. commoda, a duplication of a fraction of chromosome 2 in the mother line (ML) is 603 

maintained in all MA lines, suggesting there might be a miss-assembly due to a 604 

duplicated region at this location. 605 

Figure S17. Coverage analysis of the Bp37B and control RCC4222. 606 

Figure S18. Transcripts from duplicated chromosome C01 and non-duplicated 607 

chromosome C08 present similar poly(A) tail. 608 

 609 

Table S1. List of duplicated chromosomes in the MA lines. 610 

Table S2. Limits of sub-regions of chromosomes C01 and C02. 611 

Table S3. Raw transcript per million (TPM) table for all 10 samples. 612 

Table S4. Estimation of the number of dosage insensitive genes per chromosome. 613 

Table S5. List of the dosage insensitive genes with annotations. 614 

Table S6. Relative copy numbers of chromosomes in the two lines of Bathycoccus 615 

prasinos. 616 

Table S7. Relative TPM average per chromosome used for Figure 2. 617 

Table S8. Fitness of MA lines with duplicated chromosomes during MA experiments. 618 

Table S9. Point mutations previously identified in the MA lines with whole 619 

chromosome duplications. 620 

Table S10. Sequences of primers used for poly(A) tail length analysis. 621 

Table S11. Summary of all accessions of the data used in this study with Bioprojects 622 

and biosamples. 623 

 624 
 625 
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 873 
Figure S17. Coverage by 1 kb windows of the Bathycoccus prasinos MA line Bp37 and control 874 
RCC4222. 875 
 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 

 884 
Figure S18. Transcripts from duplicated chromosome C01 and non-duplicated chromosome C08 885 
present similar poly(A) tail. Poly(A) tail measurement was performed using modified 3’RACE. PCR 886 
amplification was performed using primers flanking poly(A) tail. Experiments was performed using total 887 
RNA from RCC4222 line (control line) and Bp37B line (chromosome C04 duplicated). Illustrations 888 
representing PCR amplification are present on the left panel. Black line represents the mRNA and the 889 
orange line represent the ligated adapter used for reverse transcription and PCR amplification. 890 
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