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ABSTRACT The current Chlamydomonas reinhardtii reference genome remains frag-
mented due to gaps stemming from large repetitive regions. To overcome the vast
majority of these gaps, publicly available Oxford Nanopore Technology data were
used to create a new reference-quality de novo genome assembly containing only
21 contigs, 30/34 telomeric ends, and a genome size of 111 Mb.

The model species Chlamydomonas reinhardtii is important for our understanding of
the structure and function of both chloroplasts and cilia. However, we are inhibited

by the lack of contiguity of the current reference nuclear genome assembly, which
contains 1,495 contigs representing 17 chromosomes and 37 minor scaffolds (1)
(Table 1). In contrast to other eukaryote models, the C. reinhardtii genome is GC rich
(64%) and not compact; chromosomes are up to 9 Mb long, genes carry on average 7
introns of �350 bp (1), and transposable elements are believed to be relatively active
(2). Large regions of repetitive material unable to be spanned by previous sequencing
technologies also affect the genome contiguity. In order to improve on this, recently
released Oxford Nanopore Technology sequencing data, exploited solely for the de-
tection of epigenetic markers (3), were used for de novo assembly of the nuclear
genome. This new assembly is for the strain CC-1690 mt� (“21 gr”) (3), which is used
in numerous laboratories and is genetically distant by 0.08% from CC-503 mt� (4),
which has only been used to generate the reference genome (1).

Initially, raw fast5 files (3) were re-base called using Guppy v3.4.5, adapters were
removed using Porechop v0.2.3 (https://github.com/rrwick/Porechop), and FASTQ files
were downsampled to various depths of coverage (40�, 50�, and 60�) using Filtlong
v0.2 (https://github.com/rrwick/Filtlong) and applying the parameter “--length_weight
10.” For all tools, default parameters were used except where otherwise noted. The read
subset with 40� coverage contained 87,192 reads with both a mean read length and
N50 value of 55 kb. In total, 5 raw genome assemblies were first achieved using both
SMARTdenovo v1 (https://github.com/ruanjue/smartdenovo) and Canu v2 (5) with the
3 coverage depths and then polished by 3 and 2 rounds of Racon (6) and Medaka
(https://github.com/nanoporetech/medaka), respectively. These long-read polished as-
semblies had an average of 62 contigs and an average size of 114 Mb. Following this,
each assembly’s contigs were evaluated based on 2 primary stats, their contiguity
against the current C. reinhardtii genome v5.6 (1) and the presence of telomeric repeats
at their ends. Contigs for the final assembly were then manually chosen from any of the
initial assemblies in order to reduce the total number of contigs necessary to cover the
entire reference nuclear genome and maximize the number of telomeric ends. Addi-
tionally, to further improve contiguity, 11 overlapping contigs were manually joined
after validating the structure with both another contig and multiple long reads (more
than 3 reads in all cases). Next, publicly available Illumina data, from the same strain,
were downloaded (SRA number SRR1734612) (7) and used to enhance the further
assembly accuracy using 3 rounds of Pilon v1.22 (8). In the end, this generated an
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assembly containing 21 contigs, 111 Mb, and 30/34 ends with telomeric repeats. Finally,
a 50-N scaffold, spanning an unassembled region, was placed in chromosomes 4, 12,
and 13 based on the structure of the reference genome, and one large contig was left
unplaced.

A BUSCO v4.0.6 analysis (9) was performed, using the genome mode, alongside the
current C. reinhardtii reference (1). The new assembly contained 5 more complete
benchmarking universal single-copy orthologs (BUSCOs) than the reference, totaling
1,515/1,519 (99.7%) (BUSCO data set chlorophyta_odb10).

Data availability. All of the raw fast5 files are available under the ENA accession
number PRJEB31789. The genome sequence is available under the GenBank accession
number JABWPN000000000.

ACKNOWLEDGMENTS
This work was supported by the Agence Nationale de la Recherche (ANR-16-CE12-

0019 and ANR-17-CE20-0002-01).
We thank Zhou Xu, Olivier Vallon, and Rory Craig for helpful discussions and all their

knowledge of Chlamydomonas.

REFERENCES
1. Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB,

Terry A, Salamov A, Fritz-Laylin LK, Maréchal-Drouard L, Marshall WF, Qu
LH, Nelson DR, Sanderfoot AA, Spalding MH, Kapitonov VV, Ren Q, Ferris
P, Lindquist E, Shapiro H, Lucas SM, Grimwood J, Schmutz J, Cardol P,
Cerutti H, Chanfreau G, Chen CL, Cognat V, Croft MT, Dent R, Dutcher S,
Fernández E, Fukuzawa H, González-Ballester D, González-Halphen D,
Hallmann A, Hanikenne M, Hippler M, Inwood W, Jabbari K, Kalanon M,
Kuras R, Lefebvre PA, Lemaire SD, Lobanov AV, Lohr M, Manuell A, Meier
I, Mets L, Mittag M, Mittelmeier T, et al. 2007. The Chlamydomonas
genome reveals the evolution of key animal and plant functions. Science
318:245–250. https://doi.org/10.1126/science.1143609.

2. Kim KS, Kustu S, Inwood W. 2006. Natural history of transposition in the
green alga Chlamydomonas reinhardtii: use of the AMT4 locus as an
experimental system. Genetics 173:2005–2019. https://doi.org/10.1534/
genetics.106.058263.

3. Liu Q, Fang L, Yu G, Wang D, Xiao CL, Wang K. 2019. Detection of DNA
base modifications by deep recurrent neural network on Oxford Nano-
pore sequencing data. Nat Commun 10:2449. https://doi.org/10.1038/
s41467-019-10168-2.

4. Gallaher SD, Fitz-Gibbon ST, Glaesener AG, Pellegrini M, Merchant SS.
2015. Chlamydomonas genome resource for laboratory strains reveals a
mosaic of sequence variation, identifies true strain histories, and enables

strain-specific studies. Plant Cell 27:2335–2352. https://doi.org/10.1105/
tpc.15.00508.

5. Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. 2017.
Canu: scalable and accurate long-read assembly via adaptive k-mer
weighting and repeat separation. Genome Res 27:722–736. https://doi
.org/10.1101/gr.215087.116.
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TABLE 1 Genome assembly statistics for the CC-503 reference, raw CC-1690 assemblies,
and the final CC-1690 assembly

Assembly
No. of
contigs

Genome
size (Mb) N50 (Mb) L50 N90 (Mb) L90

GC content
(%)

CC-503 v5 1,495 107.050 0.215 141 0.039 596 64.08
CC-1690 raw avga 62.2 114.169 3.739 11.2 1.240 31.2 64.03
CC-1690 final 21 111.112 6.886 7 4.015 15 64.13
a Mean values were determined from 5 raw de novo genome assemblies.
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