
P
h
P

O

P

T
(
I
S

Y
T

a

b

c

d

e

f

g

S

H
s
w
a
i
C
©

K

T
l
p

1

2

e
w

h
1

rotist,  Vol.  170,  125684,  December  2019
ttp://www.elsevier.de/protis
ublished  online  date  19  October  2019

RIGINAL PAPER

rotist Genome  Reports

he  Draft  Genome  of  Hariotina  reticulata
Sphaeropleales,  Chlorophyta)  Provides
nsight  into  the  Evolution  of
cenedesmaceae

an Xua,b,2, Linzhou Lic,d,2,  Hongping Liangb, Barbara Melkoniane, Maike Lorenzf,
homas Friedlf,  Morten Peterseng,  Huan Liua,g, Michael Melkoniane,1, and Sibo Wanga,g,1

BGI-Shenzhen,  Beishan  Industrial  Zone,  Yantian  District,  Shenzhen  518083,  China
BGI  Education  Center,  University  of  Chinese  Academy  of  Sciences,  Beijing,  China
China  National  GeneBank,  BGI-Shenzhen,  Jinsha  Road,  Shenzhen  518120,  China
Department  of  Biotechnology  and  Biomedicine,  Technical  University  of  Denmark,
Copenhagen,  Denmark
University  of  Duisburg-Essen,  Campus  Essen,  Faculty  of  Biology,  Universitätsstr.  5,
45141 Essen,  Germany
Department  ‘Experimentelle  Phykologie  und  Sammlung  von  Algenkulturen’  (EPSAG),
University of  Göttingen,  Nikolausberger  Weg  18,  37073  Göttingen,  Germany
Department  of  Biology,  University  of  Copenhagen,  Copenhagen,  Denmark

ubmitted  October  9,  2019;  Accepted  October  13,  2019

ariotina  reticulata  P.  A.  Dangeard  1889  (Sphaeropleales,  Chlorophyta)  is  a  common  member  of  the
ummer phytoplankton  of  meso-  to  highly  eutrophic  water  bodies  with  a  worldwide  distribution.  Here,
e report  the  draft  whole-genome  shotgun  sequencing  of  H.  reticulata  strain  SAG  8.81.  The  final
ssembly comprises  107,596,510  bp  with  over  15,219  scaffolds  (>100  bp).  This  whole-genome  project
s publicly  available  in  the  CNSA  (https://db.cngb.org/cnsa/) of  CNGBdb  under  the  accession  number
NP0000705.

 2019  Elsevier  GmbH.  All  rights  reserved.
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he  Scenedesmaceae  Oltmanns  1904  is the
argest  family  in the  order Sphaeropleales  (Chloro-
hyta)  with over  300  described  species  (Guiry and
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Guiry  2019) and contains  such  well-known genera
as Coelastrum, Desmodesmus  and  Tetradesmus,
the  latter two formerly in genus Scenedesmus
(Krienitz  and Bock  2012). The  Scenedesmaceae
are  common  constituents  of freshwater  phytoplank-
ton,  and because  of their rapid  growth  and high
lipid  contents  they are  intensively studied as poten-
tial  sources  of biofuels  and in wastewater treatment
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Figure  1.  Genome  Features  and  phylogenomic  analysis  of  H.  reticulata.  (A)  Light  micrograph  (Nomarski  Inter-
ference Contrast)  of  H.  reticulata. Please  note  that  no  coenobia  (only  single  cells  and  occasionally  sporangia)
were observed  in  this  axenic  strain  under  the  culture  conditions  used  in  this  study.  (B)  The  phylogenetic  tree  was
constructed by  using  the  maximum-likelihood  method  in  RAxML  based  on  a  concatenated  sequence  alignment
of 142  single-copy  genes  (numbers  on  branches  refer  to  %  bootstrap  values;  in  total  500  bootstrap  iterations).
(C) KEGG  pathway  mapping  of  annotated  H.  reticulata  genes.  (D)  The  table  displays  the  summary  statistics  of
the H.  reticulata  genome.

(Brennan  and Owende 2010; Pittman  et  al.  2011;
Shuba  and Kifle  2018). Despite their  ecologi-
cal  and biotechnological  importance,  only  scarce
genomic  resources have been  provided  in the
Scenedesmaceae  (five genomes from  Desmod-
esmus  and Tetradesmus spp.).  Originally  confined
to  flat or  curved  coenobia,  consisting  of ovate-
to  spindle-shaped  cells,  Komárek and  Fott (1983)
expanded the family to include  also  genera  with
three-dimensional  coenobia.  Although  several of
these  genera  have subsequently  been  transferred
to  the class Trebouxiophyceae,  molecular  phylo-
genetic  analyses  presented  by Hegewald  et al.
(2010)  concluded  that taxa with spherical coeno-
bia,  that  were  previously placed in a separate
family  Coelastraceae  Wille 1909,  were part of

the Scenedesmaceae  forming a  separate  clade,
that  the authors  recognized  at the subfamily level
(Coelastroidea).  This clade  consists  of the  mor-
phologically  diverse  genera  Coelastrum,  Hariotina,
Asterarcys,  Coelastrella,  and Dimorphococcus.
Although  Hariotina P.A. Dangeard,  because of
superficial  resemblance  of the coenobia with those
of  Coelastrum,  had been transferred to Coelas-
trum  (as C. reticulatum) by Senn  (1899), it  was
not  monophyletic  with Coelastrum  and  its type
species  C. sphaericum  (Hegewald  et al. 2010). This
finding  corroborated  earlier observations  reported
by  Hegewald  et al. (2002) and Krienitz et al.
(2003)  who had also  argued  for the  separation of
genus  Hariotina from Coelastrum. Hariotina reticu-
lata  (Fig.  1A) is a common  member  of the summer
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phytoplankton  in eutrophic  water bodies  with a
worldwide  distribution  (e.g.  Munawar et al.  2017;
Zohary  et al. 2017). The draft  nuclear  genome  of
H.  reticulata  (strain SAG 8.81)  represents  the first
nuclear genome sequence  from subfamily  Coelas-
troidea  and thus from a Scenedesmaceae  with
three-dimensional  coenobia.  A  chloroplast  genome
sequence  from another  strain  of the same  species
has  recently  been  reported  (He  et al. 2018). The
draft  nuclear genome sequence  of H. reticulata
has  been established in the frame  of the  10 KP
project  (Cheng et  al. 2018),  a phylodiverse  genome
sequencing  plan.

An axenic culture  of H. reticulata  (SAG
8.81;  Sammlung  von Algenkulturen,  Univer-
sity  of Göttingen,  Germany)  was grown in 3N
BBM  + V culture  medium  (https://www.ccap.ac.uk/
media/documents/3N  BBM  V.pdf) in aerated
Erlenmeyer  flasks  at 40  �mol photons  m−2 s−1 in
a  14:10  hr  L/D  cycle up to a volume of 1,000 mL.
The  dense culture was harvested by centrifugation
(1,000  ×  g, 10 min), the pellet rapidly  transferred
into  liquid nitrogen  and stored  at −80 ◦C until
freeze-drying.  DNA  extraction  was done  on the
freeze-dried  samples  using  the  CTAB method
(Sahu  et al. 2012). During all steps of cultivation
until  nucleic acid extraction, axenicity was moni-
tored  by sterility  tests as well  as light  microscopy.
Light  microscopy  was  performed with a  Leica
DMLB  light  microscope  using  a PL-APO  100/1.40
objective,  an immersed  condenser  N.A. 1.4 and a
Metz  Mecablitz  32 Ct3 flash system.

The genomic DNA was used to construct a 10X
genomics  library, and sequenced  by the BGISEQ-
500  platform.  Paired-end  reads  of 100bp  in length
were  generated  using the BGISEQ-500  sequencer.
For  assembly  of the 10X Genomics Chromium
library  data,  the raw reads  were directly used
for  genome assembly by using the  Supernova
software  (v2.1.0)  according to the manufacturer’s
protocol  (Weisenfeld  et al. 2017).

Three types of  repeats  (DNA transposon
elements,  retrotransposon  elements,  tandem
repeats)  were identified  in the genome  of
H.  reticulata:  DNA transposons and  retro-
transposon  elements  were  identified  using
LTRharvest.  RepeatModeler  (version 1.0.8;
http://www.repeatmasker.org/RepeatModeler/)
was  used  to search  for  other  repeats  using the
denovo  approach.  Alternatively,  RepeatMasker
(http://www.repeatmasker.org) was applied  to
using  a custom  library comprising  a combination
of  Repbase  and  a de novo predicted  repetitive
element  library.

For gene  prediction,  we used de novo gene  pre-
diction  methods.  Briefly, the program  GeneMark-
ES  (V4.32) was used  to  analyze  the genome by
utilizing  unsupervised  training  and the genes hav-
ing  an incomplete  gene  structure were removed
from  the predicted  gene sets. The  final  gene set
was  evaluated  with  two approaches:  The BUSCO
(V.  3; Waterhouse  et al. 2018) core eukaryotic
gene-mapping  approach was used to determine
the  gene  set completeness.  Gene  functional anno-
tation  was performed by BLASTP  (1e-5) against
several  known  databases, such  as  SwissProt,
KEGG  (plant  database),  COG, and  NR  (plant
database).  InterProScan  (using  data  from  Pfam,
PRINTS,  SMART, ProDom and PROSITE)  was
used  to identify protein  motifs and protein domains
of  the predicted  gene set.  Gene  Ontology  informa-
tion  was obtained  through  Blast2go  (version 2.5.0).

The  genomes  of H. reticulata  were com-
pared  with  selected algal genomes.  These algal
genomes  were used  to define orthogroups
(using  OrthoFinder,  version 1.1.8).  Single copy
orthogroups  (i.e. gene families  with only one gene
member  per species) were  used to  construct  phy-
logenetic  trees based on  maximum  likelihood.
RAxML  was used for  phylogenetic  tree construction
with  the CAT  + GTR  amino  acid substitution  model.
The  online tool  iTOL was applied  to edit and  display
the  final phylogenetic  tree.

We performed  whole-genome  shotgun sequenc-
ing  of genomic  DNA using a 10X genomics
library  and sequenced  by the BGISEQ-500 plat-
form,  resulting  in a  1,564  X genome  coverage
sequencing  data for  H. reticulata. The H.  reticu-
lata  genome  sequence  was assembled  into  15,219
scaffolds  (>100  bp). The  assembled  genome size
was  107,596,510  bp, and covered  100% of the
predicted  genome  size (107,326,711  bp) with a
scaffold  N50  reaching  291 kb (Fig. 1D). Analyses of
genome  completeness  indicated  that the genome
assembly  captured  at least  81.9%  of the  eukaryotic
BUSCO  dataset. Repetitive elements  accounted
for  21.88%  of the genome.  Among  the identi-
fied  repeats,  17.1%  were  classified  as known or
reported  repeat  families,  with long  terminal repeats
(LTRs)  and long interspersed  elements  (LINEs)
being  predominant,  representing  15.5 Mb and 4.9
Mb,  respectively (Supplementary  Material Table
S1).

We  predicted  12,648 protein-coding genes,
of  which  75.77%  (9,583) were assigned puta-
tive  functions with the NR plant database and
55.43%  (6,477)  with  the Swissprot  database.
The  H. reticulata  genome  size is similar
to  that  of Desmodesmus  armatus  (115Mb;

https://www.ccap.ac.uk/media/documents/3N_BBM_V.pdf
https://www.ccap.ac.uk/media/documents/3N_BBM_V.pdf
http://www.repeatmasker.org/RepeatModeler/
http://www.repeatmasker.org
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Figure  2.  Comparative  analysis  of  the  genomes  of  H.  reticulata  and  other  Sphaeropleales.  (A)  Venn  diagram
showing unique  and  shared  orthogroups  among  H.  reticulata, Chromochloris  zofingiensis, Monoraphidium
neglectum and  Desmodesmus  costato-granulatus.  Gene  numbers  are  given  in  parentheses.  (B)  The  KEGG
pathways enriched  in  genes  shared  among  four  Sphaeropleales  or  unique  in  the  H.  reticulata  genome.  (H  VS
C: genes  unique  in  H.  reticulata  compared  to  C.  zofingiensis; common  share:  genes  in  H.  reticulata  shared
among four  Sphaeropleales;  H  VS  D:  genes  unique  in  H.  reticulata  compared  to  D.  costato-granulatus;  H  VS
M: genes  unique  in  H.  reticulata  compared  to  M.  neglectum.) (C)  Principal  components  analysis  (PCA)  of  the
type and  number  of  Pfam  domains  of  all  genes  across  selected  Chlorophyta.  (D)  PCA  of  the  type  and  number
of Pfam  domains  of  all  genes  across  selected  Chlorophyceae.

https://www.ncbi.nlm.nih.gov/assembly/GCA
007449985.1) and Desmodesmus  obliquus
(108Mb;  Carreres  et al. 2017) but considerably
larger  than that of the small  spineless Desmod-
esmus  costato-granulatus  (Wang et al. 2019),
a  “Scenedesmus  quadricauda”  LWG002611,
presumably  D. communis (65.35  Mb;  Dasgupta
et  al. 2018),  and some  sequenced  Selenastraceae
(Chromochloris  zofingiensis, Monoraphidium
neglectum,  and  Raphidocelis  subcapitata).

A phylogenomic  tree  inferred from a concate-
nated  alignment  of 142 nuclear-encoded,  single
copy  genes supported the position  of H.  reticulata
in  the Sphaeropleales  and family Scenedes-
maceae  as sister to D.  costato-granulatus  (Fig.  1B).
Based  on KEGG  pathway  mapping,  we anno-
tated  and mapped  237 level-3  pathways  for 5,906
genes  which  belong  to 22 level-2  metabolic path-
ways.  A summary  of  the findings  is presented
in  Figure 1C and Supplementary  Material Table

https://www.ncbi.nlm.nih.gov/assembly/GCA_007449985.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_007449985.1
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S2.  The  largest  number of sequences  were
those  associated  with Global and  overview maps
(1,454,  18.29%),  followed by sequences  that were
involved  in translation  (486,  6.11%),  “Folding,
sorting  and degradation”  (477, 6.00%), and car-
bohydrate  metabolism  (466,  5.86%). About  4,840
gene  families  were commonly  shared  among  H.
reticulata  and three  other  Sphaeropleales  used  in
our  genome comparisons  (Fig.  2A). Of the 101
genes  unique  to  H. reticulata,  most are  involved
in  RNA  degradation,  phenylpropanoid  biosynthesis
and  ascorbate  and aldarate  metabolism.  To fur-
ther  compare the gene-complement  between  H.
reticulata  and three  Sphaeropleales,  we performed
KEGG  enrichment  of  unique genes between H.
reticulata  and  each Sphaeropleales  (Fig.  2B). 2,942
genes  were  unique  to H. reticulata  when perform-
ing  the gene family  clustering  between  H. reticulata
and  D.  costato-granulatus,  and  these unique  genes
were  enriched in biological  process  categories such
as  “other glycan degradation”  and “protein  pro-
cessing  in endoplasmic  reticulum”.  2,235  unique
genes  could be identified  when  comparing  the
gene  family clustering  between H. reticulata  and M.
neglectum,  and according  to the  KEGG  enrichment
display,  these unique genes mainly  participate  in
betalain  biosynthesis,  sphingolipid  metabolism  and
ubiquitin  mediated  proteolysis. Gene  family  clus-
tering  between H. reticulata  and  C.  zofingiensis
shows  1,122 genes  unique  to H.  reticulata, which
are  highly enriched in biological process  cate-
gories  such  as  ascorbate and aldarate  metabolism,
and  amino  sugar  and nucleotide  sugar  metabolism
(Fig.  2B).

To characterize  the patterns of functional  diver-
sification  in gene  domains among Sphaeropleales
and  other Viridiplantae, principal  component  anal-
ysis  (PCA)  was  used to analyze the number
of  Pfam domains  in genomes among  selected
Viridiplantae  (Fig.  2C).  The results  show  that the
type  and number of conserved Pfam  domains  of
all  genes in Sphaeropleales  are  close to other
Chlorophyceae.  Interestingly,  further PCA analysis
among  Chlorophyceae revealed that Scenedes-
maceae,  Selenastraceae,  and Volvocaceae form
three  separate  clusters,  which  suggests  that
although  Scenedesmaceae,  Selenastraceae and
Volvocaceae  all belong  to class Chlorophyceae,
they  may display separate  functional  diversification
in  gene domains  (Fig.  2D).

Our draft  genome  sequence  of H. reticulata strain
SAG  8.81  provides the first insight into  genome  fea-
tures  of a member  of subfamily  Coelastroidea,  a
separate  lineage within Scenedesmaceae.

Data Availability

The  whole  genome assemblies  for H.  retic-
ulata  established  in this study  are available
on  CNGBdb  and  were deposited in CNSA
(https://db.cngb.org/cnsa/)  under  the accession
number  CNP0000705.
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