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Here, we present a 231 Mb draft genome of the centric diatom Conticribra weissflogii CCMP1336. Com-
parative genomics of C. weissflogii and other Ochrophyta support the existence of unique carbon-
concentrating mechanisms and chitin metabolic processes in diatoms. The whole-genome project
is available at CNSA (https://db.cngb.org/search/project/CNP0001903/).
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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The single-celled eukaryotic diatoms belonging to
the Ochrophyta are crucial for global carbon fixation
similar to green plants (Falkowski et al. 1998). While
the high photosynthetic capacity of C4 CO2-
concentrating mechanisms is widespread among
plants, and was initially believed to be absent from
unicellular algae (Hopkinson et al. 2016), it was
identified in some diatoms, such as Thalassiosira
pseudonana (also referred to Cyclotella pseudo-
nana) (Kustka et al. 2014) and Conticribra weiss-
flogii (Reinfelder 2011) (previously known as
Thalassiosira weissflogii) (Stachura-Suchoples and
Williams 2009). The diatom-specific C4 pathway
appears unconventional in comparison to land
plants, but the precise mechanisms remain to be
resolved (Hopkinson et al. 2016).

Another unique characteristic of diatoms in com-
parison to other Ochrophyta and land plants are
their silicified cell walls (Martin-Jézéquel et al.
2000). Accordingly, they are central to global biosili-
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cification (Mock et al. 2008) and the diatom frustules
have gained attention for industrial applications
(Rabiee et al. 2021). However, the exact composi-
tion of the diatom cell wall remains difficult to
decipher. In fungi, chitin is a key component of the
cell wall, synthesized by chitin synthases (CHSs).
It has been suggested that chitin also plays an
important role in the cell wall of diatoms such as T.
pseudonana and C. weissflogii (Cheng et al. 2021;
Durkin et al. 2009). Interestingly, chitin is generally
considered only to be present in centric rather than
pennate diatoms (Durkin et al. 2009), however,
CHSs can be found in both groups (Shao et al.
2019).

The centric diatomC. weissflogii serves as model
system to study these environmentally important
processes (Sonnenschein et al. 2021) and is a
nutrient-rich and robust resource of renewable bio-
mass for energy, food and feed. Although a full-
length transcriptome of C. weissflogii has recently
been released (Cheng et al. 2021), genomic data
are still lacking. Here, we report the draft genome
sequence of C. weissflogii strain CCMP1336 and
take a glance at the unique features of the C. weiss-
flogii genome in comparison to other Ochrophyta
genomes including the CO2-concentrating mecha-
nism and the evolutionary origin of diatom CHSs.

An axenic culture of C. weissflogii CCMP1336
(Fig. 1A) was obtained fromNCMA (National Center
for Marine Algae and Microbiota, East Boothbay,
Maine, USA). C. weissflogii was cultivated in 1.5 L
f/2 (Guillard and Ryther 1962, 1975) culture medium
prepared with 3% Instant Ocean (IO, Aquarium Sys-
tems Inc., Sarrebourg, France) in a 2 L Erlenmeyer
flask with sterile aeration and incubation at 80 lmol
photons m�2 s�1 and 18 �C for 8 days. The cells
were pelleted by centrifugation (4000 � g, 10 min
and 4 �C), frozen in liquid nitrogen and stored at
�80 �C until freeze-drying.

Long fragment DNA was extracted using a mod-
ified cetyltrimethylammonium bromide protocol fol-
lowed by stLFR (single-tube long fragment reads)
library construction. 150 bp paired-end reads were
generated using MGI-SEQ. Data noise reduction
was performed to remove low-quality and duplicated
reads using SOAPfilter (v2.2) with default parame-
ters. Then, the newly constructed reads were
assembled into scaffolds using Supernova (v2.1.1)
according to the manufacturer’s protocol. The
231 Mb draft genome assembly of C. weissflogii
CCMP1336 (accession number CNP0001903 at
CNSA https://db.cngb.org/cnsa/) comprised 31,770
scaffolds with a scaffold N50 of 27,127 bp
(Fig. 1C). The final, assembled genome size was
similar to the estimated genome size (228 Mb) as
predicted by GenomeScope 2.0 (Ranallo-
Benavidez et al. 2020). Although the assembly is
fragmented, it is more complete (contig
N50 = 18.3 kb) than previously published genomes
of centric diatoms, for example, Cyclotella cryptica
(contig N50 = 12 kb) and Thalassiosira oceanica
(contig N50 = 3.6 kb) (Lommer et al. 2012; Traller
et al. 2016). BUSCO evaluation (Waterhouse et al.
2018) showed that the assembly shared 76% core
eukaryote genes, which was higher than the geno-
mic assemblies of other centric diatoms (Supple-
mentary Material Table S1). The evaluation of the
GC-depth distribution demonstrated a good quality
of the genome assembly based on completeness
and accuracy (Fig. 1B).

Transposon elements were identified by employ-
ing two strategies. For novel repeats, PILER (Edgar
and Myers 2005) and RepeatScout (Price et al.
2005) were used to search for DNA transposons
and LTR_finder (Xu and Wang 2007) was used to
search for retrotransposons. For known repeats,
RepeatMasker (www. RepeatMasker.org) and Pro-
teinMask were used to search repeats based on
the existing database. All candidateswere combined
into a custom library, and the assembly was exam-
ined again based on the custom library. Finally, a
total of 54% transposon elements (TEs) were identi-
fied, which is similar to the TE content of C. cryptica
(53% of the genome). LTRs (long terminal repeats)
and DNA transposon elements comprised approxi-
mately 38% and 5% of the genome, respectively.
The most common LTR was of the Ty1-copia group,
which accounted for 80% of the total LTR. For gene
annotation, the BRAKER2 (Brůna et al. 2021) pipe-
line was used to automatically train and annotate
gene models. The pipeline combined evidence of
self-training models with homologous protein infor-
mation to obtain more accurate genemodels. A total
of 22,823 gene models were predicted (Fig. 1C).
The gene models of C. weissflogii showed similar
lengths and numbers as in other centric diatoms,
which implies a reliable annotation (Supplementary
Material Table S2). To further evaluate the gene
models, BLASTP was used to align them against
several protein databases (SwissProt, KEGG,
KOG and TrEMBL). InterProScan was performed
to identify protein domains. As a result, 80% of the
gene models could be aligned to the known protein
and domain databases.

https://db.cngb.org/cnsa/
http://www.+RepeatMasker.org


Figure 1. The morphology and genome assembly statistics of C. weissflogii. (A) Light micrograph of C.
weissflogii imaged with a Nikon Inverted Fluorescence Microscope-EclipseTi2. The chloroplasts are indicated
by the red color. (B) GC-depth plot showing the distribution of the GC content and average reads mapping. (C)
Statistics of genome assembly and gene models of C. weissflogii. (D) The phylogenetic tree of Ochrophyta
genomes constructed using the maximum-likelihood method by RAxML based on a concatenated method of
201 single-copy genes with 500 bootstrap replicates.
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To improve the evolutionary understanding of
Thalassiosirales, OrthoFinder was applied on pub-
lished genomes of Ochrophyta and C. weissflogii
and a phylogenetic tree was constructed based on
single copy orthogroups (i.e. gene clusters with only
one gene of each species). Supporting previous
work on the re-classification of former Thalassiosira
species (Alverson et al. 2011; Stachura-Suchoples
and Williams 2009), our phylogenetic analysis
showed the distinct placement of C. weissflogii (for-
merly Thalassiosira weissflogii) from Cyclotella
pseudonana (also Thalassiosira pseudonana) and
Thalassiosira oceanica (Fig. 1D).

To identify differences between diatoms and
other Ochrophyta, a heatmap was generated based
on the gene numbers in the orthogroups among
Ochrophyta (Fig. 2A). The enrichment of the gene
ontology (GO) category of photosynthesis-light har-
vesting (Fig. 2B and Supplementary Material
Table S3) could indicate that diatoms may share a
unique photosynthetic pathway or CO2-
concentrating mechanisms (CCMs). This could sup-
port the previous hypothesis that CCMs are more
common in diatoms than in other ochrophytes
(Kustka et al. 2014; Raven and Giordano 2017;
(Reinfelder 2011). Furthermore, the orthogroups of
centric diatoms were enriched in chitin metabolic
processes supporting the general notion that occurs
only in centric, not pennate diatoms (Shao et al.
2019). The C. weissflogii-specific orthogroups were
enriched in similar GO categories, as well as carbo-
hydrate metabolic processes and signal
transduction.

To analyse the phylogenetic relatedness of chitin
synthases (CHSs) in C. weissflogii and diatoms,
CHSs from representative fungi and all ochrophytes



Figure 2. Comparative genomic analysis of ochrophytes. (A) Heatmap of the proteins of each orthogroup of
Ochrophyta sorted according to the phylogenetic tree. The intensity of red indicates the copy number of
proteins. The pink numbers in the phylogenetic tree represent the expansion orthogroups while the blue
numbers represent the contraction orthogroups. (B) The gene ontology enrichment of the genes in diatoms
(including centric and pennate diatoms), centric diatoms and C. weissflogii extracted from the nodes
highlighted in Fig. 2A. (C) Phylogenetic tree of chitin synthases. The protein sequences were retrieved from all
ochrophytes and several representative fungi (Torruella et al. 2015).
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were retrieved based on the common conserved
domains, including Chitin_synth_1 (PF01644) and
Chitin_synth_2 (PF03142) (Supplementary Material
Table S4). The phylogenetic tree was divided into
two main clades based on the division I and II
domains (Torruella et al. 2015; Fig. 2C). As previ-
ously reported (Torruella et al. 2015), the division I
clade comprised the fungal CHSs 1/2/3 and CHSs
from pennate diatoms. The division II included the
fungal CHSs 4/5/6, CHSs from centric diatoms
including C. weissflogii, and those from the pennate
diatom Fistulifera solaris. While chitin is generally
considered to be present in centric, but not in pen-
nate diatoms, CHS genes have previously been
detected in pennate diatoms and their function has
been investigated (Shao et al. 2019). Why the CHSs
of the pennate diatom F. solaris are phylogenetically
closer to those of centric rather than pennate dia-
toms remains to be investigated.
In conclusion, this is the first study on the nuclear
genome of the model diatom C. weissflogii. Com-
parative genomic analyses between diatoms and
other ochrophytes indicated the existence of unique
CCMs and chitin metabolic processes in diatoms.
Mining the draft genome for biosynthetic genes
using antiSMASH (Blin et al. 2021) identified five ter-
pene, two NRPS-like genes and one Type III PKS
gene (Supplementary Material Table S5) suggest-
ing a bioactive potential of C. weissflogii, which
could support its use as a sustainable, biotechnolog-
ical production system.
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