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ABSTRACT
Microalgae have great potential as feedstock to pouce next-generation biofuels. The scarceness of
genomic level information, however, prevents the tt#gonal de novo microalgae strain design. In this
research, we describe the next-generation sequengirde novo assembly, and functional annotation
of the transcriptome of Ankistrodesmus sp. UCPO0001. In total 48,867,830 high-quality segqoce
reads werede novo assembled into 38,414 unigenes (mean length = 348 N50 = 1038 bp). Seventy-
two percent of unigenes presented mapping informatin. Based on the KEGG pathway assignment,
the fatty acids and the triacylglycerol biosynthes pathways were reconstructed. Our results
demonstrate that the synergy among high-throughputsequencing technologies and appropriate
bioinformatics tools provides a fast, low-cost, andeffective approach to generate invaluable
functional genomic information in non-model microabjae species (e.gAnkistrodesmus sp.). With the
de novo assembled and annotated transcriptome we have swssfully identified genes encoding
enzymes and reconstructed metabolic pathways for & biosynthesis of fatty acids and
triacylglycerols in this microalgae species. This enetic information could be used for thede novo
microalgae strain design with desirable characterigcs to produce biodiesel and capabilities for the
biosynthesis of others valuable bioactive compoundsf interest to the pharmacological, food, and
cosmetic industries.

Keywords: Biodiesel; high-throughput sequencing; lipid biohesis; oleaginous microalgae;
transcriptome analysis.

INTRODUCTION those obtained from crop based plant oils to

support the growing global demand of renewable
The next generation of microalgae-basedenergy for a variety of reasons. In contrast to
biodiesels are arguably a superior alternative tharoleaginous plants, microalgae have greater solar
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energy conversion efficiencies and consequentlytranscriptomes is possible for microalgae species —
have demonstrated ultrahigh bioproductivity the orphans of genomic science. Consequently,
(Gordon and Polle 2007). Their cultivation is low these approaches have proved successful as the
in cost and can be conducted in wastewaterfollowing microalgae species have been
(Komolafe et al. 2014). Microalgae show high sequenced,de novo assembled, functionally
capabilities for carbon dioxide bio-mitigation annotated, and their metabolic pathways
(Wang et al. 2008), channeling the Cfixed by reconstructed: Dunaliella tertiolecta (Rismani-
the Calvin cycle to neutral lipids biosynthesis Yazdi et al. 2011)Chlorella vulgaris (Guarnieri
(Schenk et al. 2008). Microalgae are a rich sourceet al. 2011),Neochloris oleoabundangRismani-
of several nutraceuticals, pharmaceuticals, andYazdi et al. 2012)Tisochrysis lutegCarrier et al.
other biologically active compounds (Borowitzka 2014),Chlorella protothecoide¢Gao et al. 2014),
1995; Singh et al. 2005; Spolaore et al. 2006;Botryococcus braunii (Fang et al. 2015),
Sasso et al. 2012). Fistulifera solaris(Tanaka et al. 2015Runaliella
parva (Shang et al. 2016 hlorella minutissima
The culture and biomass production of (Yu et al. 2016), andChlorella sorokiniana(Li
microalgae, however, have serious limitations for et al. 2016).
commercial applications (Lee 2001; Spolaore et
al. 2006). To improve the biochemical capabilities Based on these successful experiences the
and obtain sufficient, high quality biofuel and objectives of this research were to identify gene
several others bioproducts, it is fundamental toencoding enzymes and reconstruct metabolic
realize the de novo microalgae strain design. pathways for the biosynthesis of polyunsaturated
Today, the obtention of genetically improved fatty acids and triacylglycerols of the oleaginous
microalgae strains for biotechnology uses could bemicroalgae Ankistrodesmussp. UCP0001 based
substantially accelerated by using system biologyon thede novoRNA-seq analysis. This microalgae
and synthetic biology tools (Gimpel et al. 2013; strain was previously isolated from the Peruvian
Reijnders et al. 2014; Liu et al. 2015; Ng et al. Amazon River, molecularly identified, and
2015; Hlavova et al. 2015). Nonetheless, the usebiochemically characterized by our research
of these current state of the art tools is only group, showing that this particular microalgae
possible for a limited number of microalgae strain has the capability to accumulate
species in which we have an in-depth knowledgeapproximately 50% of their dry weight in lipids.
due to available genomic resources (Grossman eFor this study, the microalgae strain was cultured
al. 2003; Merchant et al. 2007; May et al. 2008; and total RNA was purified from the log growth
Gomes de Oliveira Dal'Molin et al. 2011; phase. cDNA was synthesized and the libraries
Gargouri et al. 2015; Barahimipour et al. 2016), were constructed and sequenced on the Illlumina
such as the microalgae mod€hlamydomonas platform. The transcriptome wasde novo
reinhardtii. assembled, the unigenes were functionally
annotated to identify genes encoding enzymes,
In contrast taC. reinhardtiithe genomic resources and the metabolic pathways for the biosynthesis of
for most of the isolated oleaginous microalgae arepolyunsaturated fatty acids and triacylglycerols
missing or scarce, making tht@e novorational  were reconstructed based on the pathway database
design of genetically improved microalgal strains Kyoto Encyclopedia of Genes and Genomes
impossible.  With  the relatively recent (KEGG).
development of high-throughput sequencing
platforms (Koboldt et al. 2013; Buermans and denOur results validate the potential multiple bersefit
Dunnen 2014) it is now possible to generate, atthat can be obtained from the synergies among
low monetary and time costs, DNA sequence high-throughput sequencing technologies,
information, which is analyzed with novel and particularly based on Illumina technology, and
improved bioinformatics tools (Ansorge 2009; bioinformatics tools. Together, these tools are
Grabherr et al. 2011a; Géngora-Castillo and Buellincreasing our understanding of functional
2013). With these bioinformatics tools, the genomics in non-model microalgae species, like
novo assembly and functional annotation of Ankistrodesmussp. This invaluable information
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will accelerate the genetic improvement programsproducts from the ligation reaction were purified.
for thede novomicroalgae strain design, to obtain, Fifteen cycles of PCR amplification were carried
for example, high quality lipid hyperproductive out with Thermo Scientific™ Phusion™ High-
strains appropriate for the production of biodigsel Fidelity DNA Polymerase. Subsequently, the
and with abilities for the biosynthesis of others cDNA library was constructed with a 200 bp
valuable bioactive compounds of interest for the insertion fragment. The cDNA library was
pharmacological, food, and cosmetic industries.  validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, CA, USA) and finally
MATERIALS AND METHODS sequenced using an lllumina HiSeq™ 2000

. . . Sequencing System (lllumina Inc., San Diego,
Microalgae Culturing, Harvesting and RNA CA, USA).

Purification

Ankistrodesmusp. UCP0001 was obtained from Data Filtering and de Novo Assembly

the Culture Collection of Microalgae at the
Universidad Cientifica del Perd. Three hundred
milliliters of CHU-10 medium in a 500 mL
Erlenmeyer flask was inoculated with the
microalgae strain (Ofg, 0.05) and incubated at 25
+ 1 °C using 10QUE mi’s* intensity of cool-white
fluorescent light and continuous agitation at 150
rom for four weeks with a 12/12 h light/dark
photoperiod. They were then centrifuged in a
Universal 320 R centrifuge (Hettich, Tuttlingen,
Germany) at 1920 xg for 10 min to harvest the
microalgae cells. The cell pellets were rinsed with
50 mL of deionized water and centrifuged again.
Total RNA was extracted and purified following a
modified CTAB method (Castro et al. 2013). The
integrity of the purified total RNA was determined

by formaldehyde agarose gel electrophoresis athwavs were reconstructed bv mapping the

(Samlprook et al. 1983)' ‘.’md RNA quahtT)“/A and gequen)ées with assigned EC numgers topr::hegKyoto

e e o, n Encylopedia of Geres and Genomes (KECC)

Ug A) P ( ' ' metabolic pathway database (Kanehisa and Goto
' 2000). Also, to enrich the pathway annotation and

to identify the BRITE functional hierarchies,

sequences were also submitted to the KEGG

mMRNA was isolated from 2Qg of total RNA  Automatic Annotation Server (KAAS) (Moriya et

using Sera-Mag Magnetic oligo (dT) beads al. 2007).

(Ilumina) then fragmented (100-400 nucleotides

of length) using divalent cations at 94 °C for 5 RESULTS AND DISCUSSION

min. The double-stranded cDNA was synthesized

using random hexamer primers with the Sequencing, de Novo Assembly and Functional

SuperScript double-stranded cDNA synthesis kit Annotation

(Invitrogen, CA, USA). Later, the synthesized

cDNA was end-repaired, phosphorylated, and theThe lllumina paired-end sequencing of a 200 bp

cDNA fragments were’3denylated with Klenow insert cDNA library generated 51,116,978 raw

Exo- (3 to 5 exo minus, lllumina). Illumina reads of 100 bp, and total read bases were 5.2 Gb

paired-end adapters were ligated to the ends ofvith @ GC content of 64.5%. High quality reads

these 3adenylated cDNA fragments. To select (95.6%) were de novo assembled, producing

the proper templates for downstream enrichment, 38,414 unigenes with a length that ranged from

Raw sequence reads were filtered and trimmed
with Trimmomatic v0.36 (Bolger et al. 2014) and
reads shorter than 36 bp and singletons were
removed. Quality filtered and trimmed reads were
de novoassembled using Trinity (Grabherr et al.
2011b) with default settings.

Functional Annotation, and Metabolic Pathway
Assignments

The functions of the assembled unigenes were
predicted using the annotation tool Blast2GO
(Conesa et al. 2005) to assign Gene Ontology
(GO) terms, Enzyme Commission numbers (EC
numbers), and functional domains to query
sequences (cut-off Evalue 10°°). The metabolic

cDNA Library Construction and Sequencing
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201 to 7,966, mean length of 508 bp, and N5O0biological process category were cellular process
value of 1038 bp (Fig. 1A). The lllumina paired- (10.9%), single-organism process (10.2%), and
end raw reads were submitted to the Short Readnetabolic  process (9.6%). For cellular
Archive (SRA: SRR5179119). The BLASTX components, the terms with the major number of
comparison with the biological databases revealedsequences were cell (18.2%), cell part (18.2 %),
26,539 (69.0 %) unigenes with annotations (Fig.and organelle (16.5 %). Additionally, in the
1B). The top-hit species distribution analysis molecular function category the terms with more
showed thatrabidopsis thalianacontributed the  sequences were binding (43.7 %), -catalytic
greatest number of gene annotations fromactivity (34.4%), and transporter activity (5.9%).
BLASTX (Fig. 1C). Also, the largest quantity of Finally, 141 KEGG maps with 1,618 enzymes
mapping data (72.0 % of unigenes with mapping assigned to metabolic pathways were generated.
information) was derived from UniProtKB
database followed by MGI and TAIR with 11.2% Fatty Acids Biosynthesis
and 8.9%, respectively (Fig. 1D).

Whereas the metabolic pathway for fatty acid
Of the core GO annotation categories, biological biosynthesis has been well described for plant and
processes comprised 53.0% of the total assigneénimal species, the scientific information of
annotations, whereas cellular components andmicroalgae metabolic processes is limited and
molecular functions comprised 35.6% and 11.4%,fragmented. Based on the KEGG maps assignment
respectively (Fig. 2). The GO terms with the (map00010, map00020, map00061, map00062,
largest number of assigned sequences in thamap00620, map00710, and map01040) of the
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Fig. 1. De novo assembly and mapping results 8hkistrodesmus sp UCP0001 transcriptome.

A: Distribution of unigene lengths afterde novo transcriptome assembly, B: Distribution of
Blast2GO three-step processes including BLASTX, magpng, and annotation, C: Top-hits species
distribution based on BLASTX alignments, D: Mappingdatabase sources
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Fig. 2. Gene ontology classifications of assembledquences

functionally annotated sequences and local blasBenning 2016). This molecule is further modified
search of thede novoassembled transcriptome, by several glycolytic enzymes to pyruvate and
unigenes coding enzymes involved in the fatty thereafter to acetyl-CoA by the piruvate
acids and polyunsaturated fatty acids biosynthesislehydrogenase complex (PDH). The second
were identified and the metabolic pathways weresource of acetyl-CoA are the metabolic
reconstructed (Fig. 3). intermediates of the Krebs cycle. These
intermediates are citrate, oxaloacetate, and malate
The fatty acids biosynthesis pathway involves thewhich are modified enzymatically to acetyl-CoA
formation of saturated fatty acids of 16 and 18 by ATP:citrate oxaloacetate-lyase (EC 2.3.3.8),
carbons of length (palmitic acid and stearic acid, phosphoenolpyruvate carboxykinase (EC
respectively) from the intermediate metabolite 4.1.1.32), and (S)-malate:NADPRxidoreductase
Acetyl-CoA. In our reconstructed metabolic (oxaloacetate-decarboxylating) (EC 1.1.1.40),
KEEG maps ofAnkistrodesmussp. UCP0001 respectively. The last enzyme, also known as
there were several metabolic processes that supplynalic enzyme, catalyzes a key step, since this
acetyl-CoA (Fig. 3A). The primary source is the reaction provides the reductant NADPH for fatty
Calvin cycle, which fixes carbon dioxide to acids biosynthesis (Ratledge 2004). Some
produce glyceraldehyde-3-phosphate (Du andinvestigations have shown that the overexpression
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of the malic enzyme led to a significant increase i Acetyl-CoA is carboxylated to form malonyl-
triacylglycerol content in microalgae cells (Zhang CoA, this biochemical reaction catalyzed by
et al. 2007; Beer et al. 2009; Liang and Jiangacetyl-CoA carboxylase (ACC) is considered the
2013). The third source is the partial cataboliSm o committing step in fatty acids biosynthesis (Bellou
glucose to pyruvate through glycolysis. Further, et al. 2014). In microalgae heteromeric and
pyruvate is converted in acetyl-CoA by PDH. homomeric isosforms can exist. The heteromeric
Finally, acetyl-CoA can also be synthesized from isoform is located in the chloroplast and the
pyruvate via two PDH bypass. In the first bypass homomeric isoform in the cytosol (Liu and
participate the enzyme formate C- Benning 2013). Further, malonyl-CoA s
acetyltransferase (EC 2.3.1.54). In the secondcovalently bound to the acyl-carrier protein (ACP)
bypass, pyruvate is converted to acetaldehyde antby the action of malonyl-CoA:ACP transacetylase
acetate by the consecutive catalytic activities of(MAT, EC 2.3.1.39). The malonyl-ACP
pyruvate decarboxylase and acetaldehydeis integrated in the fatty acid biosynthesis
dehydrogenase, respectively (Ma et al. 2016).cycle by [(-ketoacyl-ACP synthase (KAS,
Acetate can then be chemically transformed inEC 2.3.1.41). This enzyme catalyzes the
acetyl-CoA by three independent enzymatic condensation of acyl-ACP with malonyl-ACP
processes, for example, the reaction catalyzed bYo produces pB-ketoacyl-ACP, which s

Acetate-CoA ligase (EC 6.2.1.1). sequentially converted tB-hydroxyacyl-ACP,
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Fig. 3. Fatty acids (A) and polyunsaturated fatty aids biosynthesis (B) reconstructed based on the
meta-assembly and annotation of thénkistrodesmus sp. UCP0O001 transcriptome
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TransA%enoyl-ACP, and Acyl-ACP by Triacylglycerol Biosynthesis
enzymatic reactions of reduction-dehydratation-
reduction. These sequential and cyclic reactions
are repeated six times to obtain palmitoyl-ACP by
action of B-Ketoacyl-ACP-reductase (KAR, EC
1.1.1.100),B-hydroxyacyl-ACP hydratase (HAD,
EC 4.2.1.59), and enoyl-ACP reductase (EAR, E
1.3.1.9). NADPH is an electron donor for the

Based on predicted putatively orthologous genes
identified in the functionally annotated
transcriptome ofAnkistrodesmussp. UCP0001,
we have reconstructed tlde novotriacylglycerol
C(TAG) biosynthesis pathway (Fig. 4). For this
enzymatic de novo assembly of TAG, three
. : X , molecules of activated fatty acids (acyl-CoA) and
reduction reactions of these cyclic reactions.
This reductant is supplied, in additon to °° molecule of - L-glycerol-3-phosphate  are
. . ' - _required. The  L-glycerol-3-phosphate  is
reactions of malic enzyme, by other metabolic . . .
synthesized by three metabolic processes, in two
processes such as pentose phosphate pathwa ; i
these enzymatic processes (glycolysis and

and  cytosolic. NADP-dependent  isocitrate glyceroneogenesis) dihydroxyacetone phosphate is
dehydrogenase (EC 1.1.1.42) (Koh et al. 2004; metabolic intermediate. Finally, in the third

Ratledge 2014). Fatty acids synthesis is completed”l

either by plastidic acyltransferases for direct processes,h theh er:zymel glycelrol kmz;ll_se (.EC
glycerolipid assembly or by an fatty acyl-ACP 2.7.1.30) phosphorylates glycerol. From this point,

thioesterase A (FATA, EC 3.1.2.14) that it has been suggested that in microalgae exists at

\ least three active metabolic pathways for
%ciroc;lyses fatty acid from acyl-ACP (Joyard et al. TAG assembly. The first is the Kennedy

pathway or the glycerol phosphate pathway,
the second is the monoacylglycerol pathway,
and the third is catalyzed by the enzyme
gehyatase complex which s responsil for el OSE IR cerl | acarstersce
iosynthesis, in the endoplasmic reticulum, of

very long chain fatty acids, which progressively In the Kennedy pathway, the enzyme glycerol-3-
incorporates acetyl moieties to acyl-CoAs of 16 or phosphate acyltransferase (GPAT, EC 2.3.1.15)
18 carbons produced bgle novo biosynthesis catalyzes the first acylation of tise-1 position of
(Morineau et al. 2016). Due to the catalytic action glycerol-3-phosphate producing lysophosphatidic
of this enzymatic complex, for example, palmitic acid, this compound together with a second acyl-
acid (C16:0) is converted to stearic acid (C18:0).CoA are the substrates for the enzyme
Also, similar enzymatic reactions, together with lysophosphatidic acid acyltransferase (LPAAT,
specific desaturases, are carried out by a sefies EC 2.3.1.51), which catalyzes the second
subsequently stepwise elongation and desaturatiomcylation of thesn2 position giving rise to
enzymatic reactions to synthesize various phosphatidic acid (PA). LPAAT catalyzes an
polyunsaturated fatty acids (PUFAs) of the n-6 indispensable biochemical reaction by controlling
and n-3 families. For example, ti® desaturase the de novo biosynthesis of PA, a crucial
transforms stearic acid (C18:0) into oleic acid metabolic intermediate in the production of
(C18:1,A9) (Uttaro 2006; Liang et al. 2013). It phospholipids, cell signaling lipids, and
should be noted that, under normal and nitrogentriacylglycerols  (Korbes et al.  2015).
deficiency culture condition&nkistrodesmusp. Subsequently, PA is dephosphorylated by PA
produces several very long PUFAs of both phosphatase (PAP, sSrphosphatidate
families (black color), except EPA and DHA phosphohydrolase, EC 3.1.3.4) yielding inorganic
(Cobos et al. 2017). Although, transcriptomic phosphate and diacylglycerol (DAG). DAG is a
analysis reveals that the genes encoding thebiosynthetic precursor of phospholipids and TAG.
enzymatic machinery (i.e.A4 desaturase) to DAG also participates in cell signaling by
produces these important nutrients are expressedactivation of protein kinase C. Therefore,
These mRNAs have likely not been translated toPAP plays key roles in lipid metabolism and
produce the corresponding enzymes, cell physiology (Carman and Han 2009). DAG
consequently, the biosynthesis of EPA and DHA also is produced in the monoacylglycerol pathway
are missing. by the enzyme acyl-CoA: monoacylglycerol

As shown in Fig. 3B, in the transcriptome of
Ankistrodesmussp. was identified an elongase-
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Fig. 4. Triacylglycerol biosynthesis reconstructedased on the meta-assembly and annotation of the
Ankistrodesmus sp. UCP0001 transcriptome

acyltransferase (MGAT, EC 2.3.1.22). The DAG CONCLUSION

produced by both pathways is then enzymatically

modified by a third acylation of then-3 position  Our results demonstrate that the synergy among
yielding TAG. This reaction is catalyzed by acyl- high-throughput sequencing technologies and
CoA: diacylglycerol acyltransferase (DGAT, EC appropriate bioinformatics tools provides a fast,
2.3.1.20), which is a transmembranal enzyme thatow-cost, and effective approach to generate
participates in the terminal and committed step ofinvaluable functional genomics information
TAG biosynthesis (Turchetto-Zolet et al. 2011; in  non-model  microalgae  species like
Chen and Smith 2012). The TAG produced is Ankistrodesmusp. With thede novoassembled
finally organized in cytoplasmic lipid bodies, also and annotated transcriptome we have successfully
known as lipid droplets, which contain a major identified genes encoding enzymes and
lipid droplet protein (MLDP) (Nguyen et al. 2011; reconstructed metabolic pathways for the
Lenka et al. 2016). This protein was also biosynthesis of fatty acids and triacylglycerols in
identified in  Ankistrodesmus sp. and this microalgae species. This information should
several microalgae species (Moellering andbe used for thele novomicroalgae strain design
Benning 2010; Davidi et al. 2012; Goold et al. with desirable characteristics for the productién o
2015) biodiesel, and with abilities for the biosynthesfs
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others valuable bioactive compounds of interestBellou, S., Baeshen, M.N., Elazzazy, A.M., et al.
for the pharmacological, food, and cosmetic 2014. Microalgal lipids biochemistry and

industries. biotechnological perspectives. Biotechnol. Adv.
32:1476-1493.
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