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Abstract Marine microalga Nannochloropsis oceanica LAMB0001 were domesticated (~730 generations,
~two days each) to adapt freshwater BG11 medium. A number of freshwater medium adapted colonyderived strains were obtained. The strains were veriﬁed phylogenetically to be N. oceanica LAMB0001
based on the 18S ribosomal RNA gene. Freshwater-medium adapted strain (FA1) grew faster in the
BG11 medium prepared with freshwater than wild-type N. oceanica grew in f/2 medium prepared with
seawater. We assumed that (1) the expression patterns of the genes that expressed diﬀerentially between
FA1 and the wild-type N. oceanica exposing to the BG11 medium (WT-F) have been reprogrammed; (2) the
physiological processes in which these genes involved have been modiﬁed; and (3) a Gene Ontology (GO)
term or a KEGG pathway enriched by DEGs between FA1 and WT-F has been up- or down-regulated if it
was enriched simultaneously by up- or down-regulated DEGs between FA1 and WT-F, respectively. Under
these assumptions, we found that FA1 reprogrammed the expression patterns of a set of genes that involved
in cell adhesion, membrane and membrane integrity, material transportation, cell movement, and cellular
signaling network. These changes in cellular functions and metabolic pathways indicate that the microalga
modiﬁed its gene expression pattern in a wide function range and at a high regulation rank in order to adapt
to the freshwater medium. It is feasible to domesticate marine microalgae to a freshwater habitat, which may
aid to modify their cultivation performances.
Keyword: Nannochloropsis oceanica; domestication; acclimation; adaptation; genetic variation

1 INTRODUCTION
Salinity, one of the major environmental factors, is
a selection pressure against the evolution of organisms
from saltwater to freshwater habitats and vice versa
(Marschner, 1995; Sudhir and Murthy, 2004). To
make it easy to describe what we have done in this
study, we deﬁne here “acclimation” as a temporary
response of an organism to salinity change and
“adaptation” as its permanent inhabitation in salinity
changed environments. We also refer to the artiﬁcial
evolutionary process adapting an organism to salinitychanged environments to “domestication” which is
widely adopted by crop breeders. Domestication is

actually a process of identifying and isolating
(selecting) the most desirable and genetically unique
variant which may either exist in the original
population or appear newly during domestication.
Salinity change subjects organisms to an osmotic
stress where they must either adjust their physiological
processes rapidly and temporarily (acclimation) or
reprogram their gene expression pattern genetically
and permanently (adaptation) or both.
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Salt tolerance of crops is always one of the major
traits that breeders try to improve. Similarly,
domestication of microalgae to salinity changed
cultivating conditions is highly appreciated by
microalgal cultivators because the microalgae
cultivated in salinity changed environments may
change their performances and alleviate the damage
of harmful organisms. To our knowledge (personnel
communications), the microalgal species subjecting
salinity domestication include at least Spirulina
platensis, Tribonema sp. and Tetraselmis sp. among
others in China at present. Domestication to diﬀerent
cultivating conditions (e.g. organic matters as carbon
sources and high concentrations of CO2) has been
evolving as a wide practice in microalgal cultivation.
There must be mechanisms for organisms to cope
with the change of environmental salinity. These
mechanisms have been correlated with many
observations including structural characteristics,
metabolic pathways and genetic modiﬁcations among
others. An osmoregulation process exists in many
aquatic animals like L. vannamei, where osmotic
stress leads to cell shrinkage and swelling, aﬀecting
cell volume and then cytoskeletal organization
(Pedersen et al., 2001). The cytoplasmic osmotic
strength may interact with the cytoskeleton,
maintaining cellular osmotic balance (Liu et al.,
2013). The osmoregulation involves a number of
physiological pathways including cross membrane
transportation of ions and energy metabolism (Chen
et al., 2015). Many phytoplankton may be able to
adapt rapidly to abiotic stresses where they reproduce
in either a rapidly changing climate or occasionally
physical events. Their responses to salt stress include,
for example, reduction in photosynthesis, upregulation
of glycerophospholipid signaling and transcription
and translation machinery (Perrineau et al., 2014),
and proline may provide the resistance to salt stress in
these species (Mastrobuoni et al., 2012). Reprograming
gene expression pattern has been observed in the fast
evolutionary adaptation in coccolithophore Emiliania
huxleyi to ocean acidiﬁcation (Lohbeck et al., 2014).
The permanent change of DNA sequence and genomic
structure (Sunday et al., 2014) and epigenetic shifting
(Crevillén et al., 2014) is the potential ways of
regulating and reprograming gene expression pattern.
The salt tolerance of plants varies between very saltsensitive glycophytes and highly salt tolerant
halophytes, and the mechanisms underlining salt
tolerance are diverse among species and variable in
degree (Ji et al., 2013; Rozema and Schat, 2013).
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Species in genus Nannochloropsis are widely used
to study the accumulation of lipids. They are cultivated
also as animal feeds and sources of feed or food
additives like eicosapentaenoic acid. Of the six
species in this genus, ﬁve inhabit the seawater and
one inhabits the freshwater (Fawley and Fawley,
2007). Marine Nannochloropsis species have been
found to be able to maintain a very slow growth in
freshwater (Huang and Hu, 2013). Nannochloropsis
species may acclimate to freshwater fast by changing
their gene expression pattern temporarily if fewer
generations of cell division are allowed and adapt to
freshwater by reprograming their gene expression
pattern permanently if more generations of cell
division are allowed. In this study, we ﬁrst
domesticated N. oceanica, a marine microalga, to
freshwater medium, and isolated a set of strains that
adapted to freshwater medium. We then documented
the transcriptomes of the domesticated strain
cultivated in freshwater medium and the original
species exposed to freshwater medium to reveal the
metabolic pathways aﬀected by reprograming gene
expression pattern. In the end, we identiﬁed the
diﬀerentially expressed genes (DEGs) between the
strain adapted to and the original species exposed to
the freshwater medium, and tried to understand the
physiological changes correlated with the adaptation
of N. oceanica to freshwater medium. This study was
carried out in order to validate the feasibility of
microalgal domestication in practice and verify the
physiological modiﬁcation during microalgal
domestication. Here in this paper, we present our ﬁndings.

2 MATERIAL AND METHOD
2.1 Domestication of N. oceanica and microalgal
cultivation
Marine microalga N. oceanica LAMB0001 (wild
type, WT) was provided by Key Laboratory of
Mariculture of Chinese Ministry of Education, Ocean
University of China. This species holds a monoploid
nucleus and reproduces asexually (Galloway, 1990;
Kilian et al., 2011; Pan et al., 2011). Its genome has
been repeatedly sequenced (Vieler et al., 2012; Liang
et al., 2013). The species in genus Nannochloropsis
are mainly used as the feed of ﬁsh larvae and rotifers
and the food additive for human nutrition. They have
evolved gradually as the models of both industrial
application and biological researches (Weeks, 2011;
Gee and Niyogi, 2017).
Nannochloropsis oceanica LAMB0001 was
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cultivated for about 730 generations (~two days each
generation) in media with their salinity decreased and
the component changed gradually by increasing the
replaced volume of f/2 medium (pH 7.8, salinity 30)
(Guillard and Ryther, 1962; Guillard, 1975) with
BG11 medium (Stanier et al., 1971), which were
autoclaved at 121°C for 30 min. During the process of
domestication lasting about 4 years, one-half volume
of culture was replaced by fresh BG11 each month,
and the ratio of f/2 medium decreased exponentially.
The microalga eventually adapted to BG11 and was
maintained in BG11, a medium appropriate for and
widely used to the cultivation of freshwater
cyanobacteria, i.e., the microalga completely changed
its habitat from f/2 prepared with seawater (collected
far Qingdao shore, ﬁltrated ahead of use) to BG11
prepared with freshwater (double distilled water). A
group of algal colonies (stains hereafter) was isolated,
and one of these strains (FA1) was used in this study.
WT was cultivated in f/2 and FA1 was cultivated in
BG11 to the stationary growth phase, respectively,
with their cells harvested through centrifugation at
4 000×g for 10 min and resuspended in f/2 and BG11.
The growth curves were drawn after WT was
inoculated in f/2 (WT) and BG11 (WT exposing to
freshwater, WT-F), respectively, and FA1 was
inoculated in f/2 (FA1 exposing to seawater, FA1-M)
and BG11 (FA1), respectively. The inoculants were
cultivated at 25°C and under an irradiation of 70 μmol/
(m2·s) following a rhythm of 12 h dark and 12 h light.
The OD750 was read every two days and used to draw
the growth curve. In order to extract the total RNA,
WT and FA1 were both inoculated into the BG11
medium, respectively, and cultivated under the same
condition as that for drawing the growth curve for
three days when the microalga was at its exponential
growth stage. The microalgal cells were harvested
through centrifugation at 4 000×g for 10 min, washed
with BG11 and frozen immediately in liquid nitrogen
and used to total RNA extraction.
2.2 Assigning the freshwater adapted strains to N.
oceanica
Nannochloropsis oceanica LAMB0001 and 3
freshwater-adapted strains, N. oceanica FA1, N.
oceanica FA2, and N. oceanica FA3, cultivated in f/2
and BG11 media, respectively, were harvested at their
stationary growth stage through centrifugation with
their DNA extracted with E.Z.N.A.® Plant DNA Kit
(Omega Bio-Tek, USA) following manufacturer’s
instructions. The PCR was carried out in a volume of
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50 μL containing 1X LA PCR Buﬀer II (Mg2+ Plus),
0.4 mmol/L dNTP (each), 50 ng template DNA,
400 nmol/L 18S rRNA gene ampliﬁcation primers
(each direction) and 2.5 U TaKaRa LA Taq DNA
polymerase. The ampliﬁcation primers were newly
designed, which were 5′-CTCTGAATCTGCGAATG-3′
and
5′-TTTAGATAACTTCTCACGCT-3′.
The
reaction was thermocycled by predenaturing at 98°C
for 1 min followed by 30 cycles of denaturing at 98°C
for 10 s, annealing at 57°C for 10 s and extending at
72°C for 2 min and an extra extension at 72°C for
4 min. The PCR product was checked for the length
and integrity through electrophoresis in 0.8% agarose
gel, and sequenced commercially on an ABI3730x1
DNA analyzer with traditional chain termination
method (Sanger method) with PCR ampliﬁcation
primers forwardly and reversely and primers
5′-CCAGCTCCAATAGCGTAT-3′ and 5′-GGGAGTATGGTCGCAAGG-3′ forwardly designed in the
middle regions. The overlapping reads were direction
transformed and assembled into complete 18S
ribosomal RNA gene sequences with the primer
corresponding regions and the low quality parts at
both ends in the assembled trimmed. The 18S rRNA
gene sequences of the six known species in genus
Nannochloropsis and outgroup species were retrieved
from GenBank, which were then aligned with the
newly obtained in this study with ClustalX 2.1
(Posada, 2008). After trimming the regions
corresponding to the missing parts at both ends of the
newly obtained sequences in this study, the remained
were used to screen the most appropriate phylogenetic
tree calculation model with jModelTests (Larkin et
al., 2007) and construct the phylogenetic tree with
MrBayes 3.2 (Ronquist et al., 2012).
2.3 RNA extraction, library construction, and
sequencing
The total RNA was extracted using Trizol Reagent
(Invitrogen, USA) following the manufacturer’s
instructions. The total RNA was assessed for
degradation through electrophoresis in 1% agarose
gel. The concentration of RNA was measured with a
Qubit2.0 Fluorometer. The purity and integrity of the
RNA were determined with an Agilent 2100
Bioanalyzer. About three micrograms of RNA with
RNA integrity (RIN) of ~8 was used for library
construction, from which poly (A) tailed mRNA was
isolated using the oligo(dT) magnetic beads in
Oligotex mRNA Kits (Qiagen), fragmented and used
as the template for the ﬁrst-strand cDNA synthesis
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with reverse transcriptase and random hexamers. The
second-strand cDNA was synthesized with RNase H
and DNA polymerase Ⅰ. Following end polishing,
each ds cDNA fragments was added an ‘A’ base at
both ends and ligated with adapters. The modiﬁed ds
cDNA fragments were gel puriﬁed and PCR ampliﬁed,
yielding a cDNA sequencing library which was
quantiﬁed with an Agilent 2100 Bioanalyzer.
Transcriptome sequencing was carried out on an
Illumina MiSeqTM platform (Novogene Bioinformatics
Technology Co. Ltd.). The raw reads in FASTA
format were processed through in-house perl scripts,
yielding clean reads. During the processing, GC
content and quality parameters including Q20 and Q30
were calculated. All the downstream analyses were
based on the clean reads. The genome of N. oceanica
(Vieler et al., 2012) was used as the reference with an
index built using Bowtie v0.12.8 (Alverson, 2007).
The clean reads were aligned onto the reference using
Hisat2 (Kim et al., 2015).
2.4 Determination of diﬀerential transcripts
The salinity was reduced from f/2 medium to BG11
medium. Simultaneously, the components of f/2 were
changed gradually to those of BG11. In order to ﬁnd
the genes with their expression patterns aﬀected by
salinity alone, the transcriptomes subjected to
comparison were limited to the transcriptome of
N. oceanica exposed to BG11 and that of N. oceanica
adapted to BG11. This comparison made the inﬂuence
of medium components the same and the inﬂuence of
salinity alone.
Prior to the determination of diﬀerential transcripts,
the reads were adjusted for each sequenced library
with edgeR program package (3.22.3) through one
scaling normalized factor. HTSeq v0.5.3 was used to
count the reads mapped to each gene. The abundance
of each transcript was normalized into TPM, a
parameter indicating the abundance of a transcript
(Wagner et al., 2012). Diﬀerential transcripts between
WT-F and FA1 were determined with DESeq R
package (1.32.0) (Anders and Huber, 2010). The
adjusted P-value of 0.05 and log2|Foldchange|>1.00
were set as the thresholds for diﬀerential transcripts.
The P-values were adjusted to account for multiple
testing by using the false discovery rate (FDR)
(Benjamini and Yekutieli, 2001).
2.5 Pathway enrichments of diﬀerential transcripts
The diﬀerential transcripts were enriched into
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Gene Ontology (GO) terms (function groups) with
GOseq R Package (Young et al., 2010). GO terms
with FRD of <0.05 were considered signiﬁcant. These
diﬀerential transcripts were also enriched into KEGG
(Kyoto Encyclopedia of Genes and Genomes)
pathways
(http://www.genome.jp/kegg/)
with
KOBAS software (Mao et al., 2005).

3 RESULT
3.1 Microalgal domestication
By cultivating marine N. oceanica LAMB0001 for
about 730 generations (~ two days each generation) in
media with salinity decreased and components
changed gradually by increasing continuously the
replaced volume of f/2 medium with the BG11
medium. The microalga eventually adapted to BG11,
a medium appropriate for and widely used to
cultivating cyanobacteria, i.e., from f/2 prepared with
seawater to BG11 prepared with freshwater. A group
of microalgal lines was isolated, and one of these
lines (FA1) was used in this study.
The species in genus Nannochloropsis are very
small in cell size and simple in morphological
characteristics. The 18S ribosomal RNA gene
sequence has been introduced into their classiﬁcation
as an auxiliary marker. The three lines adapted to
BG11 were most closely related to N. oceanica as
their 18S ribosomal RNA gene sequences merged into
a clade containing known N. oceanica (Fig.1).
Accordingly, three fresh water adapted lines of N.
oceanica LAMB0001, FA1 through FA3, were
assigned to species N. oceanica.
WT grew normally in f/2 medium; however, its
growth was extremely slow in BG11 medium (Fig.2).
FA1 grew faster in BG11 than WT did in f/2 medium,
and reached a signiﬁcantly higher cell density at the
end of cultivation. When FA1 was cultivated in f/2, it
recovered a faster growth than WT in f/2 after a brief
adjustment, and performed similarly to FA1 did in
BG11. These ﬁndings indicated that domestication of
N. oceanica to freshwater medium improved its
growth performance at least.
3.2 Transcriptome sequencing and DEGs between
FA1 and WT-F
After discarding low quality reads, the clean ones
(Table 1) were aligned (mapped) to the gene models
of the reference genome. A total of 11 877 genes in
the reference genome (99.17%) were aligned with
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N. oceanica LAMB0001
N. oceanica FA1
N. oceanica FA2
N. oceanica FA3
N. oceanica MBIC10090 AB052273.1
N. oceanica CCAP849/8 KJ756834.1
N. oceanica CCNM1081 LC169504.1
N. oculata CCMP525 AF045044.1
N. limnetica AS3-9 DQ977726.1
Nannochloropsis CCMP529 U41092.1
N. granulata BDH02 KC128500.1
N. gaditana CCMP526 KF040086.1
N. salina D12 JX185299.1
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Fig.1 Assigning three freshwater-adapted strains to N. oceanica according to their 18S ribosomal RNA gene sequences
a. the variation among the 18S ribosomal RNA genes of the six species in genus Nannochloropsis and three freshwater-adapted stains obtained in this study; b.
the phylogenetic tree constructed according to the 18S ribosomal RNA gene sequences of species in genus Nannochloropsis and three freshwater-adapted strains.

Table 1 A data summary of the transcriptomic analysis
WT-F

FA1

No. of raw reads

57 683 752±4 591 848

64 540 385±2 768 758

No. of clean reads

55 996 740±4 272 866

62 405 516±3 093 590

Clean bases (G)

8.40±0.64

9.36±0.47

Q20 (%)

96.22±0.16

95.30±0.93

Q30 (%)

91.06±0.30

89.02±2.03

GC content (%)

56.51±0.25

56.18±0.25

Alignment rate (%)

80.44±0.33

80.87±0.58

Error (%)

0.02±0.00

0.02±0.01

WT-F: N. oceanica exposed to freshwater; FA1: strain adapted to freshwater
in BG11. Data are expressed as mean±SD (n=3).

>one read of either FA1 or WT-F. In total, 1 239
(10.43%) genes expressed diﬀerentially between FA1
and WT-F (Fig.3). Of the genes, 393 were up-

WT
WT-F
FA1
FA1-S

0.8
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Item

1
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Time (d)
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Fig.2 The growth curves of wild type N. oceanica LAMB
0001 in f/2 (WT), WT exposed to BG11 (WT-F),
freshwater adapted strain in BG11 (FA1) and FA1
inoculated back to f/2 prepared with seawater (FA1-S)
OD750 is recorded every two days, which is expressed as mean±SD (n=3).

1358

J. OCEANOL. LIMNOL., 37(4), 2019
a

Vol. 37

b
Membrane transport

Color key

Phosphate ion transport

-2 -1 0 1 2

Microtubule

Protein phosphorylation

Chemotaxis to cAMP

FA1

FA3

FA2

WT-F1

WT-F3

WT-F2

FA1

FA3

FA2

WT-F1

WT-F3

WT-F2

FA3

FA2

FA1

WT-F2

WT-F3

WT-F1

Cell adhesion

Fig.3 The heatmap of genes diﬀerentially expressed between FA and WT-F
a. the heatmap of all DEGs; b. the heatmaps of DEGs with diﬀerent functions.

regulated expressed and 846 down-regulated
expressed between FA1 and WT-F. In order to
understand the function of diﬀerently expressed
genes, they were enriched in GO term and KEGG
pathway according to genome annotation information.
In GO enrichment, the 118 DEGs were signiﬁcantly
enriched in 12 GO terms including microtubule
protein phosphorylation and membrane transport
(GO: 0005887, GO: 0016020, GO: 0055085),
phosphate ion transport (GO: 0022891, GO: 0005315,
GO: 0015293, GO: 0006817), microtubule (GO:
0003777, GO: 0007018), protein phosphorylation
(GO: 0006468), cell adhesion (GO: 0007155),
chemotaxis to cAMP (GO: 0043327) (Table 2,
Supplementary Table 1). Twenty-six DEGs were
signiﬁcantly enriched in 10 KEGG pathway (Table 3,
Supplementary Table 2), of which, 12 DEGs were
also found in GO enrichment and most of them were
related to protein phosphorylation. These expression
patterns of DEGs are shown in the heatmap of genes
diﬀerent function (Fig.3).

3.3 Genetically modiﬁed function and metabolic
pathways in FA1
When wild type N. oceanica is exposed to
freshwater medium (WT-F), it will adjust its
physiological metabolism rapidly and temporarily to
respond the salinity changed environment while in
BG11 medium, the freshwater medium adapted strain
(FA1) physiologically performs in a way diﬀerent
from that of N. oceanica exposed to the BG11
medium. We assumed that the expression patterns of
the genes diﬀerentially expressed between FA1 and
WT-F have been reprogrammed, and the metabolic
processes they correlate with have been genetically
modiﬁed. A GO term or a KEGG pathway came into
our sights if it was enriched signiﬁcantly by DEGs
between FA1 and WT-F. A GO term or a KEGG
pathway enriched by DEGs between FA1 and WT-F
was believed to be up- or down-regulated if it was
enriched simultaneously by up- or down-regulated
DEGs between FA1 and WT-F.
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Table 2 GO terms enriched by DEGs between FA1 (freshwater adapted N. oceanica in BG11) and WT-F (wild type N.
oceanica exposed to BG11)
Term ID

Term description

No. of genes*

corrected P-value **

GO:0005887

Integral component of plasma membrane

20(18/2)

0.001(0.000/0.754)

GO:0007155

cell adhesion

8(8/0)

0.002(0.000/-)

GO:0016020

Membrane

63(43/20)

0.003(0.063/0.1)

GO:0055085

Transmembrane transport

29(25/4)

0.003(0.000/0.847)

GO:0022891

Substrate-speciﬁc transmembrane transporter activity

5(5/0)

0.014(0.002/-)

GO:0005315

Inorganic phosphate transmembrane transporter activity

6(6/0)

0.017(0.002/-)

GO:0015293

Symporter activity

8(7/1)

0.017(0.011/0.503)

GO:0006817

Phosphate ion transport

5(5/0)

0.022(0.004/-)

GO:0003777

Microtubule motor activity

9(4/5)

0.025(0.383/0.031)

GO:0006468

Protein phosphorylation

23(16/7)

0.047(0.201/0.175)

GO:0007018

Microtubule-based movement

9(4/5)

0.047(0.383/0.034)

GO:0043327

Chemotaxis to cAMP

6(4/2)

0.047(0.213/0.175)

*: number of DEGs between FA1 and WT-F (No. of up regulated DEGs from WT-F to FA1/No. of down regulated DEGs from WT-F to FA1); **: adjusted
possibilities for the total (upregulated/down regulated) DEGs; -: not applicable.

Table 3 KEGG pathways enriched by DEGs between FA1 and WT-F
Pathway ID

Description

No. of genes* (up-/down-regulated)

P-value (up-/down-regulated)

Map04022

Cgmp-pkg signaling pathway

6(4/2)

0.001(0.008/0.057)

Map04071

Sphingolipid signaling pathway

7(5/2)

0.003(0.011/0.141)

Map04724

Glutamatergic synapse

4(3/1)

0.003(0.009/0.201)

Map04014

Ras signaling pathway

5(4/1)

0.003(0.005/0.295)

Map04068

FoxO signaling pathway

7(6/1)

0.004(0.003/0.504)

Map04666

Fc gamma R-mediated phagocytosis

5(4/1)

0.005(0.008/0.33)

Map04010

MAPK signaling pathway

6(4/2)

0.006(0.029/0.108)

Map04062

Chemokine signaling pathway

4(2/2)

0.007(0.11/0.028)

Map04530

Tight junction

4(3/1)

0.007(0.017/0.24)

Map03440

Homologous recombination

6(2/4)

0.008(0.361/0.002)

*: number of DEGs between FA1 and WT-F (No. of up regulated DEGs from WT-F to FA1/No. of down regulated DEGs from WT-F to FA1).

On this assumption, the up-regulated GO terms
(corrected P<0.05) covered cell adhesion, membrane,
and membrane integrity and ion and substrate
transportations while the down-regulated GO terms
correlated with microtubule-based cell movement.
Except for cell adhesion, the regulation of these terms
indicated that the microalga got adapted to the
freshwater medium by strengthening its ion and
substrate transportations and simultaneously slowing
down its movement to some extent. Only two terms
(GO: 0006468 and GO: 0043327) were enriched with
DEGs between FA1 and WT-F, but not raised
according to the enrichment of up-regulated DEGs or
lowered according to the enrichment of downregulated DEGs. Protein phosphorylation is widely
involved in the modiﬁcation of protein functions. The

enrichment of this term indicates that the microalga
adapted to freshwater medium harmonized the
relationship among its proteins and further its
metabolism and performance. Why the microalga
signiﬁcantly modiﬁed its chemotaxis to cAMP was
not very clear. Chemotaxis orients cells (or organisms)
to respond to chemical gradients including, for
example, food sources and invading cells.
Extracellular cAMP attracts starving cells to aggregate
to one another, initiating the developmental phase of
the life cycle, which may cope with up-regulated cell
adhesion and down-regulated microtubule motor
activity
and
microtubule-based
movement.
Intracellular cAMP activates the catalytic activity of
the cAMP-dependent protein kinase, triggering the
expression of development-speciﬁc genes. The

1360

J. OCEANOL. LIMNOL., 37(4), 2019

microalga may modify its chemotaxis to cAMP in
order to adjust the growth and division of its cells in a
freshwater medium; however, this understanding
needs more supports from further studies
As listed in Table 3, of the enriched KEGG
pathways (P<0.01) by DEGs between FA1 and WT-F,
ﬁve signaling pathways were found to be up-regulated
and one was found to be down-regulated. These
pathways may have netted the signals, gene
expression, cellular metabolism, and cell performance,
indicating that N. oceanica fulﬁlled its adaptation to
freshwater medium mainly by changing its signaling
net. For example, the MAPK pathway is a chain of
proteins that link the receptors on the cell surface with
the DNA in the cell nucleus, correlating with gene
expression and cell division; and chemokines mediate
a wide range of biological activities like chemotaxis
and superoxide radical production through interactions
with transmembrane receptors.
The up-regulated pathways included also tight
junction (04530), glutamatergic synapse (04724) and
Fc gamma R-mediated phagocytosis (04666). Tight
junctions may serve purposes such as material transport
and maintenance of osmotic balance. Glutamatergic
synapse correlates with the synaptic transmission.
Phagocytosis is essential for the uptake and destruction
of infectious pathogens. Unfortunately, how these three
animal-speciﬁc pathways function in the microalga
and why they were up-regulated are not clear.

4 DISCUSSION
In this study, a set of freshwater medium BG11
adapted lines of the marine microalga N. oceanica
were obtained through domestication and veriﬁed
thorough the phylogenetic analysis of the 18S
ribosomal RNA gene. The line FA1 grew faster in the
BG11 medium than wild type N. oceanica grew in the
f/2 medium. It may have reprogrammed the expression
patterns of a set of genes that correlate with cell
adhesion, membrane and membrane integrity,
material transportation and cell movement and
cellular signaling network. Our ﬁndings indicated
that the domestication of marine microalgae to
freshwater habitat is feasible, which may aid in
improving the microalgal cultivation performance.
The most obvious characteristics of N. oceanica are
its monoploidy and asexual reproduction mode (Pan
et al., 2011). These characteristics make this species
desirable for domestication.
In order to transfer truly the genetic information
under changed conditions, evolution has oﬀered cells
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a highly organized and coordinated ability to deal
with the DNA damage. Cells sense the problems in
DNA and then activate DNA repairing. Domestication
certainly makes organisms respond to artiﬁcially set
stresses continuously. This will force cells to change
their genome structure. Therefore, domestication
should not be understood as a selection process alone,
but also a mutation causing and favorite variant ﬁxing
process. On this understanding, the range of genetic
variation will be widened through mutation, and the
eﬃciency of domestication is increasable if a mutation
step is integrated into this process.
Epigenetic shifting of gene expression may also
have taken place during domestication of N. oceanica
to freshwater. The expression of histone
methyltransferase SETD3 gene was up-regulated
(log2Foldchange=1.37, padj=2.01E-07) in FA1
compared with WT-F. In eukaryotic cells, the genome
is tightly condensed into chromatin composing of
DNA and histone proteins (Kouzarides, 2007); such
conﬁguration may be overcome by histone
methyltransferases (Trievel et al., 2002). Histone
methylation is important for the epigenetic
modiﬁcation of chromatin; such modiﬁcation is
associated with diverse cellular functions including,
for example, gene expression, genomic stability, stem
cell maturation, cell lineage development, genetic
imprinting, DNA methylation and mitosis among
others (Sawan and Herceg, 2010). Either temporally
or permanently, change of chromatin conﬁguration
should aﬀect the expression of genes. The addition of
methyl groups to a DNA changes its activity without
changing its sequence. DNA methylation will repress
the transcription and the expression pattern of a gene
if the methylation is located in the promoter region.
DNA methylation is associated with a number of
cellular processes including, for example, genomic
imprinting, chromosomal inactivation, and repression
of transposable elements. Actually, chromatin
conﬁguration, DNA methylation and their associations
with the gene expression pattern have evolved as
studying hot points recently. In this study, we found
that the expression of histone methyltransferase
encoding gene was extremely up-regulated, providing
us a clue that chromatin conﬁguration may function
during the domestication of N. oceanica to freshwater
medium. Both DNA conﬁguration change and DNA
sequence methylation will lead to genetic change
during domestication. Unfortunately, more studies are
appreciated for identifying and distinguishing these
changes in DNA, the carrier of genetic information.
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5 CONCLUSION
A number of BG11 medium adapted strains of
marine N. oceanica were obtained through
domestication and veriﬁed phylogenetically based on
18S ribosomal RNA gene. It was found that BG11
adapted strain FA1 grew faster in the BG11 medium
than wild type N. oceanica grew in the f/2 medium.
FA1 may have reprogrammed the expression patterns
of a set of genes that correlated with cell adhesion,
membrane and membrane integrity, material
transportation, cell movement, and cellular signaling
network. It is feasible to domesticate marine
microalgae to freshwater habitat, which may aid in
improving their cultivation performance.

6 DATA AVAILABILITY STATEMENT
The data that support the ﬁndings of this study are
available from the corresponding author on request.
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