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                     Abstract 
 Species in the microalgal genus  Nannochloropsis  are increasingly used as models for theoretical and applied studies. Here 

we attempt to generate InDel variations in the genome of  Nannochloropsis oceanica , and then decipher the genetic basis 

of its economic and biological traits with bulked mutant analysis modifi ed from bulked segregant analysis. In addition, we 

describe our eff orts to construct site-tagged and gene-traceable mutant libraries to clone its genes through reverse genetic 

approaches. Currently, more than a half of  N. oceanica  protein-encoding genes are annotated against databanks. However, no 

functional gene has been de novo cloned from  N .  oceanica  and no new function has been assigned to any of its annotatable 

genes. Here, we discuss the possible methods and potential benefi ts of de novo cloning of  N. oceanica  genes. 
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      Classifi cation and unusual biochemical 
and ultrastructural characteristics 

 The microalgal genus  Nannochloropsis  comprises six spe-

cies that inhabit marine, freshwater, and brackish environ-

ments (Fawley and Fawley  2007 ; Hibberd  1981 ). Following 

a phylogenetic analysis of the concatenated 18S ribosomal 

RNA (rDNA) and rbcL genes, Fawley et al. ( 2015 ) described 

a new species,  N .  australis  and established a new genus, 

 Microchloropsis , comprising  M .  salina  and  M .  gaditana , 
both of which were transferred from  Nannochloropsis  (bas-

ionyms  N .  salina  and  N .  gaditana , respectively). These 

species are assigned to class Eustigmatophyceae, phylum 

Ochrophyta, superphylum Heterokonta (or Stramenopiles) 

(Hibberd  1981 ). All species of  Nannochloropsis  and  Micro-
chloropsis  are small, non-motile, and spherical in shape 

(Kandilian et al.  2013 ). Currently, the rbcL amino acid and 

ribosomal RNA gene sequences are used to identify species 

in these genera (Andersen et al.  1998 ; Bailey and Freshwater 

 1997 ; Daugbjerg and Andersen  1997 ). 

  Nannochloropsis  are able to build up high concentrations 

of diverse pigments (Lubian et al.  2000 ) and have chloro-

phyll  a , but completely lack chlorophylls b and c (Manning 

and Starain  1943 ).  Nannochloropsis  spp. also accumulate 

large quantities of polyunsaturated fatty acids (Boussiba 

et al.  1987 ; Sukenik et al.  1989 ). The ultrastructure of  N. 
oculata  is unusual; a nucleus-plastid continuum exists 

throughout its cell cycle (Murakami and Hashimoto  2009 ), 

but the basal body and fl agellum observable in green algae 

(Nishikawa and Tominaga  2001 ) are absent. 

    Genomic characteristics and unique 
speciation process 

 The genomes of two species of the genus  Nannochloropsis , 
 N .  gaditana  (Carpinelli et al.  2014 ; Radakovits et al.  2012 ) 

and  N .  oceanica  (Vieler et al.  2012 ), have been sequenced on 

the Illumina platform. Their genomes vary between 28.5 and 

29.0 Mb and are characterized by a high density of genes, a 

low intron content, short spacers between genes (Carpinelli 

et al.  2014 ), and low numbers of repeat sequences (Vieler 

et al.  2012 ). In addition, a comparison of the genomes of all 
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six species of  Nannochloropsis  revealed an extreme case 

of dose expansion of lipid biosynthesis genes (Wang et al. 

 2014 ). 

 Single molecule real-time (SMRT) sequencing technol-

ogy has the advantages of long reads and the ability to main-

tain accuracy by optimizing assembly software using PacBio 

and Illumina reads (Eid et al.  2009 ). Furthermore, assem-

bly of pseudochromosomes is possible with the aid of Hi-C 

technology that can generate the chromosome conformation 

data and anchor and orient the scaff olds into pseudochromo-

somes (Burton et al.  2013 ; Lieberman-Aiden et al.  2009 ). 

With these newly developed technologies, the genome of 

 N .  oceanica  has been resequenced. Its genome is 29.3 Mb 

and contains 32 chromosomes.  Nannochloropsis oceanica  
may have evolved through the active fusion of a host protist 

and a photosynthesizing ancient red alga (Guo et al.  2019 ). 

During the speciation of  N .  oceanica  through secondary 

endosymbiosis, the host nucleus was overthrown by the sym-

biont nucleus.  Nannochloropsis oceanica  lost its ability to 

undergo meiosis and to move by means of fl agella. The two 

outermost membranes of its chloroplast may have originated 

from the endoplasmic reticulum; this may be why it has not 

evolved a complex protein transport system similar to that 

of diatoms (see Guo et al.  2019  for supporting information). 

    Biological restrictions of their evolvement 
as models 

  Nannochloropsis  has shown promising characteristics, 

allowing convenient genetic improvement, which include, a 

monoploid nucleus and asexual reproduction, as revealed by 

the diff erence between mutation frequencies of nuclear and 

plastid genomes (Galloway  1990 ), the single allele of inser-

tion mutated gene (Kilian et al.  2011 ) and single nucleotide 

polymorphism (SNP) distribution revealed by preliminary 

genome sequencing (Pan et  al.  2011 ).  Nannochloropsis  
are easy to be genetically manipulated. Various species 

of the genus are able to perform homologous recombina-

tion (Kilian et al.  2011 ) and genome editing (Verruto et al. 

 2018 ; Wang et al.  2016a ,  b ). Species of  Nannochloropsis  
are widely used as feed for fi sh larvae and rotifers, as food 

additives for human nutrition, and as models for industrial 

applications and biological research (Gee and Niyogi  2017 ; 

Weeks  2011 ). 

 In breeding elite varieties (lines, strains) of  N .  oceanica  
and studying the genetic basis of its economic and biological 

traits, we have met three main limitations: i.e., SNP insta-

bility; extremely narrow genetic background; and absolute 

unavailability of segregation populations. The number of  N . 
 oceanica  cells may double in about 2 days and SNPs may 

be generated from a  N .  oceanica  cell to a  N .  oceanica  line 

(Lin et al.  2017 ,  2018 ). At the rate of  10 −6 , a widely believed 

nucleotide mutation rate during DNA replication, about 30 

SNPs will be generated during each cellular division cycle; 

the genome size of  N .  oceanica  is ~ 30 M (Pan et al.  2011 ). 

The SNPs may not be stable among a microalgal popula-

tion; SNPs may change reversely and other newly generated 

SNPs may hide the phenotypes controlled by already exist-

ing SNPs. We have proposed that a microalgal population 

is an assemblage of mutants and at least one of them will 

successfully dominate the population, if the environment 

changes in its favor (Lin et al.  2017 ,  2018 ). It is clear that 

SNPs themselves and trait-associated SNPs are less appli-

cable for microalgal genetic study and modifi cation. Micro-

algal strains (lines) are usually clonal (derived from a single 

cell); thus, the stable variations such as InDel should be 

very scarce. In addition, the asexual reproduction strategy 

of  Nannochloropsis  make their sexual crossing impossible, 

so segregation populations will never been obtained. This 

scenario severely limits the opportunity for genetic modifi ca-

tion and investigation of  N .  oceanica . 

    Finding solutions 

 Various strategies employed in the creation of variety in 

land crops have been applied to microalgal breeding, includ-

ing chemical mutation (Anandarajah et al.  2012 ; Vigeolas 

et al.  2012 ), heavy-ion irradiation (Hu et al.  2013 ), proto-

plast fusion (Tjahjono et al.  1994 ), and gene silencing and 

knockout (Bowler et al.  2008 ; Vieler et al.  2012 ). These 

approaches are less applicable for improving and studying 

 N .  oceanica  as they are either technologically advanced or 

practically inconvenient (Wang et al.  2016b ). 

 We have tried to create stable microalgal variations 

through Zeocin mutation (Chankova et al.  2007 ; Lin et al. 

 2017 ,  2018 ) and other chemotherapy drug mutations. Zeocin 

causes double strand breaks (DSBs) of DNA and introduces 

InDels during DNA repair. InDels are more stable than 

SNPs. In addition to mutants for selection, InDels created 

through Zeocin mutation also provide the convenience of 

obtaining mutant populations for genetic studies. 

 The continuous advancement of DNA sequencing tech-

nologies has modernized genotyping by whole-genome 

resequencing and deciphering the genetic bases of traits by 

adopting these genotypes through either linkage or associa-

tion analyses. The genome-wide association study (GWAS) 

(Klein et al.  2005 ) has evolved rapidly as an approach to 

control genes, or the most approximate markers of important 

traits, of a wide diversity of organisms. The vast majority of 

genomic variations (including SNPs, InDels, microsatellites, 

gene copy number, and chromosomal structural variations) 

can be revealed by whole genome resequencing (WGR) at 

an aff ordable cost. Genotyping by WGR is highly produc-

tive; however, genotyping a large number of individuals by 
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WGR has been hindering GWAS (Fu et al.  2010 ; Steem-

ers et al.  2006 ). Bulked segregant analysis (BSA) was pro-

posed to fi nd the most possible linking molecular markers 

of segregating traits (Giovannoni et al.  1991 ; Michelmore 

et al.  1991 ). Diverse traditional molecular markers, includ-

ing randomly amplifi ed polymorphism of DNA (RAPD), 

restriction fragment length polymorphism (RFLP), and sim-

ple sequence repeat (SSR or microsatellite), have been used 

in combination with BSA. With the advancement of DNA 

sequencing and DNA chip-developing technologies, SNPs 

were once regarded as the optimal molecular markers and 

are still widely used even today. BSA has also been extended 

to bulked segregant RNA sequencing (BSR-seq) to identify 

the variations among gene transcripts (Liu et al.  2012 ). BSA 

has been widely used in studies of rice and other terres-

trial crops that have been subjected to continuous modifi ca-

tion. Consequently, modifi ed forms of BSA, e.g., MutMap 

(Abe et al.  2012 ), QTL-seq (Takagi et al.  2013a ),  MutMap +  

(Fekih et al.  2013 ), MutMap-Gap (Takagi et al.  2013b ), and 

Graded Pool-seq mapping (GPS) (Wang et al.  2019 ), have 

been developed. 

 We modifi ed BSA and BSR-seq into bulked mutant anal-

ysis (BMA) and bulked mutant RNA sequencing (BMR-

seq) to fi nd the association between the genes and the traits 

of  N .  oceanica  (Pan et al.  2011 ). We mutated  N .  oceanica  
with Zeocin, evaluated the growth performance of a set 

of mutants, and obtained two extreme mutant bulks (fast 

growth and slow growth). We then compared the genomic 

and transcriptomic diff erences between the two bulks with 

BMA and BMR-seq methods. We have identifi ed a set of 

genes that may be associated with the growth performance 

of  N .  oceanica  (see Liang et al.  2019  for method detail). 

BMA and BMR-seq genotype the mutants bulk by bulk. 

Genotyping by resequencing on the second generation of 

sequencing platforms provides mainly SNPs and InDels, 

but not the structural variations. Since SNPs are unstable, 

InDels are recognized as the most appropriate markers. To 

understand the genetic basis of the growth performance trait, 

the function of the genes in which the associating mark-

ers located should be verifi ed. Unfortunately, we have not 

progressed to this point yet. It is certain that future studies 

will be shifted to the real GWAS in which mutants will be 

genotyped one by one; however, the linkage analysis based 

on segregation population is not applicable for  N .  oceanica  
as it does reproduce sexually. 

    De novo cloning of  N. oceanica  genes should 
not be left out 

 The identifi cation of economic and biological trait-asso-

ciated markers in  N .  oceanica  is in its infancy (Liang 

et al.  2019 ) and cloning genes in this species has not been 

achieved. Here, the genes were predicted and the functions 

of these genes were annotated against known databanks in 

diverse genomic and transcriptomic analyses; however, we 

are unsure of the functions of the unannotated genes and 

the novel functions of annotated genes. In other words, no 

 N .  oceanica  gene has been cloned from scratch (de novo). 

Such a scenario makes cloning genes of this species a prime 

area for future work. A set of associated markers and genes 

in  N .  oceanica  has been identifi ed by bulked mutant analysis 

(BMA) that was modifi ed from bulked segregant analysis 

(BSA) (Liang et al.  2019 ). The identifi cation of trait-asso-

ciated markers and genes in  N .  oceanica  is pioneering, but 

preliminary and the functions of the markers and the genes 

should be verifi ed with tools such as homologous recombi-

nation (Kilian et al.  2011 ) and genome editing (Verruto et al. 

 2018 ; Wang et al.  2016a ). 

    Reverse genetics: an alternative approach 

 Mutations generate rich variation. The genes containing 

these mutations may be identifi ed through GWAS. Tradi-

tional methods of cloning genes use a strategy of “from out-

ward appearance (trait) to inner essence (gene)”. The great-

est achievements of this strategy are the genes cloned by 

map-based cloning (Jander et al.  2002 ) and modifi ed map-

based cloning (e.g., Wang et al.  2019 ). A soybean mutant 

library has been constructed using chemical mutagen ethyl 

methanesulfonate (EMS) (Tsuda et al.  2015 ). We have like-

wise constructed  N .  oceanica  mutant libraries using Zeocin 

(Lin et al.  2017 ,  2018 ) and used this to identify a set of fast 

growth-associated markers and genes (Liang et al.  2019 ). 

The mutants in such libraries may contain more than one 

mutated site and genetic principles such as linkage and 

association are observed, when establishing the relation-

ship between mutated sites and traits. In other words, the 

mutations contained by the mutants in these libraries are 

neither tagged nor traceable. However, such mutant librar-

ies may aid the user to decipher the genetic bases of diverse 

economic and biological traits through GWAS and modifi ca-

tions of it; e.g., BMA (Liang et al.  2019 ). 

 With the advancements in molecular genetics and related 

technologies, it is now feasible to mutate or edit a specifi c 

site or a specifi c gene in the genome providing an alterna-

tive approach to clone genes, i.e., a way from gene to trait. 

This method is called reverse genetics, so named because it 

works in the opposite in direction of forward genetic screens 

of classical genetics. It is noteworthy that methods such as 

RNA interference (RNAi) and homologous recombination 

(gene knockout) have long been used for verifying the func-

tions of genes. 

 The genes in a genome may also be mutated and tagged 

randomly. This idea emerged very early among bacterial 
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genetic studies, when transposon insertional mutations 

were applied to clone genes from bacteria (van Opijnen and 

Camilli  2013 ). Constructing mutant libraries and tagging 

the mutated sites making them traceable spontaneously are 

the most outstanding progress in reverse genetic studies. The 

mutation site is usually unique within a given genome, either 

known in advance or being marked by a known sequence 

(Li et al.  2016 ,  2019 ; Meng et al.  2017 ). In addition, the 

insertion-mutated sites can be eff ectively found through 

whole genome resequencing (Zhang et al.  2014 ). Once the 

phenotype of a mutant is described and the mutated site 

is unique, the gene can be isolated and its function can be 

described; i.e., the gene can be cloned (not just isolated). We 

are constructing an insertional mutant library of  N .  ocean-
ica , trying to clone its genes controlling high lipid content, 

fast growth, stressing tolerance among others. We suggest 

that cloning genes is a key direction for future genetic stud-

ies of  N .  oceanica . 

       Acknowledgements     This study was financially supported by 

National Key R&D Program of China (2018YFD0900305 and 

2018YFD0901506), The Marine S&T Fund of Shandong Province for 

Pilot National Laboratory for Marine Science and Technology (Qing-

dao) (2018SDKJ0406-3), and The Fundamental Research Funds for 

The Central Universities (201762017).  

  Author contributions     GY suggested the general idea of the context 

of manuscript. ZZ collected and reviewed the papers published early, 

which report the genetic manipulations of  N .  oceanica . HL collected 

and reviewed the papers published that report the strategies and meth-

ods either applicable or referable to the genetic studies of  N .  oceanica . 
LG drafted the manuscript.  

  Compliance with ethical standards    

   Conflict of interest     The authors declare no competing and confl icting 

interest. 

    Animal and human rights statement     The material reviewed here and 

used in our previous studies are a microalgal species. This species and 

plants are comparable. The associating statements are not applicable.   

  References 

                                                                                                                                       Abe A, Kosugi S, Yoshida K, Natsume S, Takagi H, Kanzaki H, Mat-

sumura H, Yoshida K, Mitsuoka C, Tamiru M, Innan H, Cano L, 

Kamoun S, Terauchi R (2012) Genome sequencing reveals agro-

nomically important loci in rice using MutMap. Nat Biotechnol 

30:174–178  

                                                       Anandarajah K, Mahendraperumal G, Sommerfeld M, Hu Q (2012) 

Characterization of microalga  Nannochloropsis  sp. mutants for 

improved production of biofuels. Appl Energ 96:371–377  

                                                       Andersen RA, Brett RW, Potter D, Sexton JP (1998) Phylogeny of the 

Eustigmatophyceae based upon 18 s rDNA, with emphasis on 

 Nannochloropsis . Protist 149:61–74  

                                       Bailey JC, Freshwater DW (1997) Molecular systematics of the Gelidi-

ales: inferences from separate and combined analyses of plastid 

 rbcL  and nuclear SSU gene sequences. Eur J Phycol 32:343–352  

                                                               Boussiba S, Vonshak A, Cohen Z, Avissar Y, Richmond A (1987) 

Lipid and biomass production by the halotolerant microalga 

 Nannochloropsis salina . Biomass 12:37–47  

                                                                                                                                                                                         Bowler C, Allen AE, Badger JH, Grimwood J, Jabbari K, Kuo A, 

Maheswari U, Martens C, Maumus F, Otillar RP, Rayko E, 

Salamov A, Vandepoele K, Beszteri B, Gruber A, Heijde M, 

Katinka M, Mock T, Valentin K, Verret F et al (2008) The  Phae-
odactylum  genome reveals the evolutionary history of diatom 

genomes. Nature 456:239–244  

                                                                       Burton JN, Adey A, Patwardhan RP, Qiu R, Kitzman JO, Shendure 

J (2013) Chromosome-scale scaff olding of  de novo  genome 

assemblies based on chromatin interactions. Nat Biotechnol 

31:1119–1125  

                                                                                                       Carpinelli EC, Telatin A, Vitulo N, Forcato C, D’Angelo M, Schi-

avon R, Vezzi A, Giacometti GM, Morosinotto T, Valle G 

(2014) Chromosome scale genome assembly and transcriptome 

profi ling of  Nannochloropsis gaditana  in nitrogen depletion. 

Mol Plant 7:323–335  

                                                       Chankova SG, Dimova E, Dimitrova M, Bryant PE (2007) Induc-

tion of DNA double-strand breaks by zeocin in  Chlamydomonas 
reinharditii  and the role of increased DNA double-strand breaks 

rejoining in the formation of an adaptive response. Radiat Envi-

ron Biophys 46:409–416  

                                       Daugbjerg N, Andersen RA (1997) A molecular phylogeny of the 

heterokont algae based on analyses of chloroplast-encoded  rbcL  
sequence data. J Phycol 33:1031–1041  

                                                                                                                                                                                            Eid J, Fehr A, Gray J, Luong K, Lyle J, Otto G, Peluso P, Rank D, 

Baybayan P, Bettman B, Bibillo A, Bjornson K, Chaudhuri B, 

Christians F, Cicero R, Clark S, Dalal R, de Winter A, Dixon J, 

Foquet M et al (2009) Real-time DNA sequencing from single 

polymerase molecules. Science 323:133–138  

                                       Fawley KP, Fawley MW (2007) Observations on the diversity and 

ecology of freshwater  Nannochloropsis  (Eustigmatophyceae), 

with descriptions of new taxa. Protist 158:325–336  

                                               Fawley MW, Jameson I, Fawley KP (2015) The phylogeny of the 

genus  Nannochloropsis  (Monodopsidaceae, Eustigmatophy-

ceae), with descriptions of  N .  australis  sp. nov. and  Microchlo-
ropsis  gen. nov. Phycologia 54:545–552  

                                                                                                                                                                                    Fekih R, Takagi H, Tamiru M, Abe A, Natsume S, Yaegashi H, 

Sharma S, Sharma S, Kanzaki H, Matsumura H, Saitoh H, Mit-

suoka C, Utsushi H, Uemura A, Kanzaki E, Kosugi S, Yoshida 

K, Cano L, Kamoun S, Terauchi R (2013)  MutMap + : genetic 

mapping and mutant identifi cation without crossing in rice. 

PLoS ONE 8:e68529  

                                                                                                                                                                       Fu Y, Springer NM, Gerhardt DJ, Ying K, Yeh CT, Wu W, Swanson-

Wagner R, D’Ascenzo M, Millard T, Freeberg L, Aoyama N, 

Kitzman J, Burgess D, Richmond T, Albert TJ, Barbazuk WB, 

Jeddeloh JA, Schnable PS (2010) Repeat subtraction-mediated 

sequence capture from a complex genome. Plant J 62:898–909  

                               Galloway RE (1990) Selective condition and isolation of mutants in 

salt-tolerant, lipid-producing microalgae. J Phycol 26:752–760  

                                       Gee CW, Niyogi KK (2017) The carbonic anhydrase CAH1 is an 

essential component of the carbon-concentrating mechanism in 

 Nannochloropsis oceanica . PNAS 114:4537–4542  

                                                       Giovannoni JJ, Wing RA, Ganal MW, Tanksley SD (1991) Isolation 

of molecular markers from specifi c chromosomal intervals using 

DNA pools from existing mapping populations. Nucleic Acids 

Res 19:6553–6558  

                                                                                                    Guo L, Liang S, Zhang Z, Liu H, Wang S, Pan K, Xu J, Ren X, Pei S, 

Yang G (2019) Genome assembly of  Nannochloropsis oceanica  
provides evidence of host nucleus overthrow by the symbiont 

nucleus during speciation. Commun Biol 2:249  

                               Hibberd DJ (1981) Notes on the taxonomy and nomenclature of the 

algal classes Eustigmatophyceae and Tribophyceae (synonym 

Xanthophyceae). Bot J Linn Soc 82:93–119  



26 Marine Life Science & Technology (2019) 1:22–27

1 3

                                                                                    Hu GR, Fan Y, Zhang L, Yuan C, Wang JF, Li WJ, Hu Q, Li FL 

(2013) Enhanced lipid productivity and photosynthesis effi  -

ciency in a  Desmodesmus  sp. mutant induced by heavy carbon 

ions. PLoS ONE 8:e60700  

                                                                       Jander G, Norris SR, Rounsley SD, Bush DF, Levin IM, Last RL 

(2002)  Arabidopsis  map-based cloning in the post-genome era. 

Plant Physiol 129:440–450  

                                               Kandilian R, Lee E, Pilon L (2013) Radiation and optical properties 

of  Nannochloropsis oculata  grown under diff erent irradiances 

and spectra. Bioresour Technol 137:63–73  

                                                       Kilian O, Benemann CSE, Niyogi KK, Vick B (2011) High-effi  -

ciency homologous recombination in the oil-producing alga 

 Nannochloropsis  sp. Proc Natl Acad Sci USA 108:21265–21269  

                                                                                                                                               Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C, Hen-

ning AK, SanGiovanni JP, Mane SM, Mayne ST, Bracken MB, 

Ferris FL, Ott J, Barnstable C, Hoh J (2005) Complement factor 

H polymorphism in age-related macular degeneration. Science 

308:385–389  

                                                                                                                       Li X, Zhang R, Patena W, Gang SS, Blum SR, Ivanova N, Yue R, 

Robertson JM, Lefebvre PA, Fitz-Gibbon ST, Grossman AR, 

Jonikas MC (2016) An indexed, mapped mutant library ena-

bles reverse genetics studies of biological processes in  Chla-
mydomonas reinhardtii . Plant Cell 28:367–387  

                                                                                                                                                                                       Li X, Patena W, Fauser F, Jinkerson RE, Saroussi S, Meyer MT, 

Ivanova N, Robertson JM, Yue R, Zhang R, Vilarrasa-Blasi 

J, Wittkopp TM, Ramundo S, Blum SR, Goh A, Laudon M, 

Srikumar T, Lefebvre PA, Grossman AR, Jonikas MC (2019) A 

genome-wide algal mutant library and functional screen identi-

fi es genes required for eukaryotic photosynthesis. Nat Genet 

51:627–635  

                                                                 Liang S, Zhang Z, Liu H, Guo L, Sun S, Yang G (2019) Identifying 

the growth associating genes of  Nannochloropsis oceanica  by 

bulked mutant analysis (BMA) and RNA sequencing (BMR-

seq). J Appl Phycol.   https ://doi.org/10.1007/s1081 1-019-01867 

-w      

                                                                                                                                                                                  Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, 

Ragoczy T, Telling A, Amit I, Lajoie BR, Sabo PJ, Dorschner 

MO, Sandstrom R, Bernstein B, Bender MA, Groudine M, Gnirke 

A, Stamatoyannopoulos J, Mirny LA, Lander ES, Dekker J (2009) 

Comprehensive mapping of long-range interactions reveals fold-

ing principles of the human genome. Science 326:289–293  

                                                                                       Lin GM, Wang YM, Guo L, Ding HY, Hu YM, Liang SJ, Zhang ZY, 

Yang GP (2017) Verifi cation of mutagen function of Zeocin in 

 Nannochloropsis oceanica  through transcriptome analysis. J 

Ocean Univ 12:501–508  

                                                               Lin GM, Zhang ZY, Guo L, Ding HY, Yang GP (2018) Structural 

variation analysis of mutated  Nannochloropsis oceanica  caused 

by Zeocin through genome re-sequencing. J Ocean Univ 

17:1225–1230  

                                                            Liu S, Yeh CT, Tang HM, Nettleton D, Schnable PS (2012) Gene 

mapping via bulked segregant RNA-seq (BSR-seq). PLoS ONE 

7:e36406  

                                                                               Lubian LM, Montero O, Moreno-Garrido I, Huertas E, Sobrino C, 

Gonzalez-del Valle M, Pares G (2000)  Nannochloropsis  (Eus-

tigmatophyceae) as source of commercially valuable pigments. J 

Appl Phycol 12:249–255  

                                       Manning WM, Starain HH (1943) Chlorophyll d, a green pigment of 

red algae. J Biol Chem 151:1–19  

                                                                                       Meng X, You H, Zhang Y, Zhuang F, Song X, Gao S, Gao C, Li J 

(2017) Construction of a genome-wide mutant library in rice 

using crispr/cas9. Mol Plant 10:1238–1241  

                                               Michelmore RW, Paran I, Kesseli RV (1991) Identifi cation of markers 

linked to disease-resistance genes by bulked segregant analysis: 

a rapid method to detect markers in specifi c genomic regions 

by using segregating populations. Proc Natl Acad Sci USA 

88:9828–9832  

                                       Murakami R, Hashimoto H (2009) Unusual nuclear division in  Nan-
nochloropsis oculata  (Eustigmatophyceae, Heterokonta) which 

may ensure faithful transmission of secondary plastids. Protist 

160:41–49  

                                       Nishikawa K, Tominaga N (2001) Isolation, growth, ultrastructure, and 

metal tolerance of the green alga,  Chlamydomonas acidophila  
(Chlorophyta). Biosci Biotechnol Biochem 65:2650–2656  

                                                                                               Pan KH, Qin JJ, Li S, Dai WK, Zhu BH, Jin YC, Yu WG, Yang GP, 

Li DF (2011) Nuclear monoploidy and asexual propagation of 

 Nannochloropsis oceanica  (Eustigmatophyceae) as revealed by 

its genome sequence. J Phycol 47:1425–1432  

                                                                            Radakovits R, Jinkerson RE, Fuerstenberg SI, Tae H, Settlage RE, 

Boore JL, Posewitz MC (2012) Draft genome sequence and 

genetic transformation of the oleaginous alga  Nannochloropis 
gaditana . Nat Commun 3:686  

                                                                       Steemers FJ, Chang W, Lee G, Barker DL, Shen R, Gunderson KL 

(2006) Whole-genome genotyping with the single-base extension 

assay. Nat Methods 3:31–33  

                                               Sukenik A, Carmeli Y, Berner T (1989) Regulation of fatty acid com-

position by irradiance level in the Eustigmatophyte  Nannochlo-
ropsis  sp. J Phycol 25:686–692  

                                                                                                                                       Takagi H, Abe A, Yoshida K, Kosugi S, Natsume S, Mitsuoka C, 

Uemura A, Utsushi H, Tamiru M, Takuno S, Innan H, Cano LM, 

Kamoun S, Terauchi R (2013a) QTL-seq: rapid mapping of quan-

titative trait loci in rice by whole genome resequencing of DNA 

from two bulked populations. Plant J 74:174–183  

                                                                                                                                               Takagi H, Uemura A, Yaegashi H, Tamiru M, Abe A, Mitsuoka C, 

Utsushi H, Natsume S, Kanzaki H, Matsumura H, Saitoh H, 

Yoshida K, Cano LM, Kamoun S, Terauchi R (2013b) MutMap-

Gap: whole-genome resequencing of mutant  F 2  progeny bulk 

combined with  de novo  assembly of gap regions identifi es the 

rice blast resistance gene Pii. New Phytol 200:276–283  

                                                               Tjahjono AE, Kakizono T, Hayama Y, Nishio N, Nagai S (1994) Isola-

tion of resistant mutants against carotenoid biosynthesis inhibi-

tors for a green alga  Haematococcus pluvialis , and their hybrid 

formation by protoplast fusion for breeding of higher astaxanthin 

producers. J Ferment Bioeng 77:352–357  

                                                                                                                                            Tsuda M, Kaga A, Anai T, Shimizu T, Sayama T, Takagi K, Machita 

K, Watanabe S, Nishimura M, Yamada N, Mori S, Sasaki H, Kan-

amori H, Katayose Y, Ishimoto M (2015) Construction of a high-

density mutant library in soybean and development of a mutant 

retrieval method using amplicon sequencing. BMC Genomics 

16:1014  

                                          van Opijnen T, Camilli A (2013) Transposon insertion sequencing: a 

new tool for systems-level analysis of microorganisms. Nat Rev 

Microbiol 11:435–442  

                                                                                                                                       Verruto J, Francis K, Wang Y, Low MC, Greiner J, Tacke S, Kuzmi-

nov F, Lambert W, McCarren J, Ajjawi I, Bauman N, Kalb R, 

Hannum G, Moellering ER (2018) Unrestrained markerless trait 

stacking in  Nannochloropsis gaditana  through combined genome 

editing and marker recycling technologies. Proc Natl Acad Sci 

USA 115:E7015–E7022  

                                                                                                                                                                                      Vieler A, Wu G, Tsai CH, Bullard B, Cornish AJ, Harvey C, Reca IB, 

Thornburg C, Achawanantakun R, Buehl CJ, Campbell MS, Cava-

lier D, Childs KL, Clark TJ, Deshpande R, Erickson E, Armenia 

Ferguson A, Handee W, Kong Q, Li X et al (2012) Genome, func-

tional gene annotation, and nuclear transformation of the heter-

okont oleaginous alga  Nannochloropsis oceanica  CCMP1779. 

PLoS Genet 8:e1003064  

                                                                               Vigeolas H, Duby F, Kaymak E, Niessen G, Motte P, Franck F, Rema-

cle C (2012) Isolation and partial characterization of mutants with 

elevated lipid content in  Chlorella sorokiniana  and  Scenedesmus 
obliquus . J Biotechnol 162:3–12  

                                                                                                                                                                                      Wang D, Ning K, Li J, Hu J, Han D, Wang H, Zeng X, Jing X, Zhou Q, 

Su X, Chang X, Wang A, Wang W, Jia J, Wei L, Xin Y, Qiao Y, 

Huang R, Chen J, Han B et al (2014)  Nannochloropsis  genomes 



27Marine Life Science & Technology (2019) 1:22–27 

1 3

reveal evolution of microalgal oleaginous traits. PLoS Genet 

10:e1004094  

                                                                       Wang Q, Lu Y, Xin Y, Wei L, Huang S, Xu J (2016a) Genome editing 

of model oleaginous microalgae  Nannochloropsis  sp. by CRISPR/

Cas9. Plant J 88:1071–1081  

                                                                       Wang S, Zhang L, Yang G, Han J, Thomsen L, Pan K (2016b) Breeding 

3 elite strains of  Nannochloropsis oceanica  by nitrosoguanidine 

mutagenesis and robust screening. Algal Res 19:104–108  

                                                                                                                                                                                      Wang C, Tang S, Zhan Q, Hou Q, Zhao Y, Zhao Q, Feng Q, Zhou 

C, Lyu D, Cui L, Li Y, Miao J, Zhu C, Lu Y, Wang Y, Wang Z, 

Zhu J, Shangguan Y, Gong J, Yang S et al (2019) Dissecting a 

heterotic gene through gradedPool-Seq mapping informs a rice-

improvement strategy. Nat Commun 10:2982  

                               Weeks DP (2011) Homologous recombination in  Nannochloropsis : a 

powerful tool in an industrially relevant alga. Proc Natl Acad Sci 

USA 108:20859–20860  

                                                                       Zhang R, Patena W, Armbruster U, Gang SS, Blum SR, Jonikas MC 

(2014) High-throughput genotyping of green algal mutants reveals 

random distribution of mutagenic insertion sites and endonucleo-

lytic cleavage of transforming DNA. Plant Cell 26:1398–1409    


