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Abstract

Background: Because of their high biomass productivity and their ability to accumulate high levels ofiehergy

reserve compounds such as oils or starch, microalgae represent a promising feedstock for the production of biofuel.
Accumulation of reserve compounds takes place when microalgae face adverse situations such as nutrient shortage,
conditions which also provoke a stop in cell division, and deguiation of photosynthesis. Despite growing inter

est in microalgal biofuels, little is known about molecular mechanisms controlling carbon reserve formation. In order
to discover new regulatory mechanisms, and identify genes of interest to boost the potential of microalgae for biofuel
production, we developed a forward genetic approach in the model micrGhalganydomonas reinhardtii

Results: By screening an insertional mutant library on the ability of mutants to accumulatenamioiliee reserve
compounds, we isolated@hlamydomonasiutant étarch degradation 1, 9tdé cient for a duaspeci city tyrosine
phosphorylatiorregulated kinase (DYRK). Stdémutant accumulates higher levels of starch and oil thartyyikl

and maintains a higher photosynthetic activity under nitrogen starvation. Phylogenetic analysis revealed that this
kinase (named DYRKP) belongs to a-plaeti ¢ subgroup of the evolutionarily conserved DYRK kinase family. Fur
thermore, hypeaccumulation of storage compounds occurstiotilmostly under low light in photoautotrophic con-
dition, suggesting that the kinase normally acts under conditions of low energy status to limit reserve accumulation.

Conclusions: The DYRKP kinase is proposed to act as a negative regulator of the sink capacity of photosynthetic
cells that integrates nutrient and energy signals. Inactivation of the kinase strongly boosts accumulation of reserve
compounds under photoautotrophic nitrogen deprivation and allows maintaining high photosynthetic activity, The
DYRKP kinase therefore represents an attractive target for improving the energy density of microalgae or crop plants.

Keywords: Chlamydomona®YRK, Kinase, Microalgae, Nutrient deprivation, QOil, Photosynthesis, Starch

Background reserve compounds including starctb] convertible into

Microalgae, the primary biomass producers of oceanspioethanol and oil convertible into biodiesell] 6], algal

are a promising and renewable feedstock for the pro productivity must be improved in order to implement

duction of next-generation biofuels 1-4]. Despite economically viable biofuel production7. One of the

their high biomass productivity and a marked ability to major limitations is the requirement for stress conditions

accumulate high intracellular amounts of energy-rich such as nutrient deprivation to trigger accumulation of
reserve compounds, as this results in decreased biomass
productivity [1]. In natural environments, photosyn
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(such as nitrogen or sulfur) strongly a ects algal growth cassette within the third exon of a gene, initially annotated
and induces drastic changes in the cellular metabolismasDYRK2 (C. reinhardtii genome version 4.0) (Additional
including decreased protein synthesis, arrested cell divi le 1: Figure S1A). A new gene structure was con rmed
sion, a massive accumulation of energy-rich storage eombased on overlapping RT-PCRs (Fi®), and the locus was
pounds [5,8], and a down-regulation of photosynthesis renamed DYRKP based on the subsequent phylogenetic
[9-11]. Deciphering regulatory mechanisms that control analysis. e stdl mutant was complemented using a cen
photosynthesis and reserve accumulation in response tatruct containing the wild-typeDYRKPgenomic sequence
nutrient supply is therefore a key issue in understandingdriven by the constitutive psaD promoter (Additional
survival strategies of photosynthetic organisms in natural le 1: Figure S1B). Two independent complemented strains

ecosystems, and is thus crucial for optimization of algal
productivity for biotechnological applications.

Until now only a few regulatory elements and pathways
linking the nutrient status to reserve accumulation and
growth have been identied in plants. ese include the
conserved TOR and SnRK1/Snfl/AMPK kinases involved
in the control of growth by nutrient availability [12.13].

In Chlamydomonas, SNRK2 has been identied as a-cru
cial regulatory element of the S deprivation response [14
15]. A nitrogen response regulator (NRR1) predicted as ¢
transcription factor and holding a SQUAMOSA promoter-
binding domain was proposed to regulate the algal oil eon
tent [16]. In yeast, other regulatory elements such as the
DYRK kinase (dual-speci city tyrosine-phosphorylation-
regulated kinase) Yakl are involved in the cellular respons
to nutrient stress [17]. Recently, a Chlamydomonas mutant
de cient in a DYRK kinase belonging to the Yakl subfam
ily was isolated from a forward genetic screen; this mutant
is showing a decreased capacity to accumulate oil under N
deprivation when compared to the wild-type [18].

With the aim to identify new regulatory mecha
nisms involved in the dynamics of reserve formation in
response to nutrient availability, a genetic screen wag
developed in the unicellular green alga Chlamydomonas
reinhardtii [19]. We report here the characterization
of one such mutant, defected in a plant-speci c DYRK
kinase (DYRKP), which accumulates higher starch ang
oil amounts than WT in response to nutrient deprivation
in photoautotrophic conditions.

Results

Molecular characterization and genetic complementation

of the std1 mutant

We previously initiated a genetic approach in the unicellu
lar green alg&. reinhardtii by screening a DNA insertional
mutant library based on the analysis of starch content
dynamics. Insertion lines were submitted to 5 days N or §
deprivation to induce starch accumulation, then to a 48-h
starch degradation period under nutrient replete condi
tions. Eighteen mutants showing higher intracellular starch
amounts than WT were isolated from the screen of 15,000
paromomycin-resistant transformants [19], among which
one mutant, named std1 for staraffegradationl, contained

a single insertion of the paromomycin (ApHII)-resistance
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Fig. 1 Molecular and phylogenetic characterization of the Chla-
mydomonas std1 mutant. a In std1, the paromomycin-resistance,
cassette (AphVIII gene, white box) is inserted within the third exa
of a gene annotated as a DYRK kinase (Cre07.9g337300, v5.5). T
gene structure was deduced from three overlapping@R. b

STD1 transcript levels were analyzed #3G®Rin WT, std1 and two
complemented lines (std1::STD1-1 and std1::STD1-2) by amplify
1421 bp product. A 456 bp-RTR actin product was ampli ed as a
loading control. Sequence primers fofACR are given in Additiona
le 1: Table S2.The level of STD1 protein was analyzed by immu
nodetection in WTKtd1 and two complemented lines (std1::STD1-
and std1::STD1-2). d Phylogenetic analysis of the DYRK protein
indicates that STD1 (referred to here as DYRKP) belongs to a ne
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(std1::STD1-1 and std1::STD1-2) were isolated showindhe wild-type phenotype being rescued in complemented
transcript and protein levels close to that of WT progeni strains (Fig.2a—c). e intracellular oil content increase
tor (Fig. 1b, ¢), and a rescued starch degradation phenotypavas also greater in the mutant than in control strains
(Additional le 1: Figure S1C). (Fig. 2f), although the dierence occurred later during
starvation in photoautotrophy (Fig2d) as compared to
Chlamydomonas DYRKP (STD1) is a member of a novel mixotrophy (Fig. 2e). While both complemented lines
plant-speci ¢ group of the DYRK family showed an intermediary oil phenotype on Fi@d, full
DYRKs are a relatively novel subfamily of eukaryoticrestoration was observed in an independent experiment
kinases belonging to the CMGC group, including CDKs (Additional le 1: Figure S5).
(cyclin-dependent kinases) and MAPKs (mitogen-
activated protein kinases). In the yeast Saccharomycebhe std1l mutant shows increased biomass production
cerevisiae, the DYRK family member Yakl is a negaduring photoautotrophic N starvation
tive regulator of cell proliferation under nutrition stress Biomass production (as estimated from cell pellet size)
[20, 21]. DYRK kinases exhibit conserved sequence- feawas much higher in std1 cultures than in control strains
tures, in particular the DYRK homology-box (DH-box) upon 3 and 10 days of N deprivation (Figa). While con
that precedes the conserved catalytic domain [22]. Phytrol lines grew as isolated cells, thed1 mutant formed
logenetic analysis showed that the Chlamydomonasaggregates (or palmelloids [23]) of 2, 4, 8 or more cells
DYRKP (STD1) belongs to a distinct group, dierent enclosed by the mother cell wall (Additional lel: Fig
from DYRK1, DYRK2, and Yak sub-families (Figgd). ure S6). Nonetheless, the cell humber as determined
is novel group contains only plant members and has after autolysin treatment increased in a similar manner
been thus named DYRKP (for plant DYRK) [18]. DYRKPiIn both std1 and control strains; the large increase in the
shares conserved sequence features of the other DYREellular volume observed in the mutant resulted from
sub-families, including a DH-box motif (Additional lel: an increase in the volume of each single cell (Additional
Figure S2A, B). e length of the N- and C-terminal le 1: Figure S6). After 6 days of N depletion, the bio
regions upstream and downstream of the kinase domainmass increase (measured as dry weight) was about twice
is quite variable among the DYRK family, but DYRKP higher in the mutant than in control strains, the dier
members harbor a very short C-terminal extension ence being essentially due to the increase in intracellular
(Additional le 1: Figure S2C). Whereas mosses and-vasstarch (Fig.3b). Transcript analysis demonstrates that
cular plants harbor 2-6 DYRKP homologues, microalgalthe DYRKP gene is strongly expressed after 1 day of N

genomes tend to contain only one group member. depletion, and remained high after 3 days of deprivation
(Fig.3c), thus indicating a functional role of the kinase in

The std1 mutant hyper-accumulates starch and oil the response to nitrogen stress.

under photoautotrophic nutrient deprivation Biomass productivity was then measured by using pho

Although std1 was initially identi ed as a mutant a ected tobioreactors operated as turbidostats (Fig). WT and

in starch degradation [19] (Additional lel: Figure S1C), std1l mutant cells were rst grown under N replete condi
further characterization identied an even stronger tions by maintaining biomass at a constant value through
starch accumulation phenotype in response to depletionthe addition of fresh MM. At {, MM was replaced by
of nitrogen (Fig.2a, b) or sulfur (Additional le 1: Fig  N-deprived MM as dilution media, resulting in a complete
ure S3). Interestingly, this phenotype was dependent orN depletion in both cultures after 43 h (Figda). Upon
culture conditions. In WT and complemented strains, starvation, the dilution rate of thestd1 culture increased
starch accumulation strongly depended on the intraeel while the dilution rate of the WT culture progressively
lular energy status. Low or transient accumulations weredecreased. Biomass productivity, determined from dilu
respectively observed at low (35 umol photons?ms? ) tion rate and dry weight measurements, was much higher
or medium light (100 pmol photons n? s! ) under phe  in the mutant after 48 h and remained at a high value after
toautotrophic N deprivation (Fig.2a, b), while high and 72 h, while the productivity of the WT strongly decreased
persistent accumulation was observed in mixotrophic and reached a null value after 72 h (Figp). Starch pre
conditions, in which acetate was added to the cultureductivity was also higher in the stdl mutant than in the
medium (Fig.2c). In the wild-type strain, accumulation WT, the e ect being more marked at 72 h (Figch

of reserve compounds depends on light intensity or ace

tate supply, thus re ecting the e ect of the intracellular The std1 mutant maintains higher photosynthetic activity
energy status on reserve formation. is dependency under photoautotrophic N starvation

was absent in std1, in which high and persistent starchN deprivation is known to induce a decline in the photo
accumulation was observed under all of these conditions synthetic activity of microalgae, resulting in a drop in the
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Fig. 2 Starch and oil hypeaccumulate in std1l mutant following N deprivation. a Starch content in cells grown photoautotrophically under|low
light (LL, 35 pumol photons s? ) supplemented with 2 % G Starch content in cells grown photoautotrophically under medium light
(100 pmol photons rh st ) supplemented with 2 % GQ Starch content in cells grown mixotrophically (i.e., TAP) under medium light (100 pmol
photons m? s ). d TAG content in cells grown photoautotrophically under medium light (100 pmol photoss Jrsupplemented with 2 %

CO,. e TAG content in cells grown mixotrophically (i.e., TAP media) under medium light (100 umol phatbisf iile red uorescence (lower
panel) and bright eld microscopy (upper panel) of indicated cells under photoautotrophic N deprivation. Scale bar 10 um. MM minimal medium.
Data are means SD (n 3). Cell counts, cellular volumes, and chlorophyll content measurements related to these experiments are shown on
Additional le 1: Figure S4

PSilI yield [9. When N deprivation was performed under Discussion

photoautotrophic conditions, the PSII yield decrease wasAccumulation of reserve compounds (starch and oil)
less pronounced in std1 than in control strains (Fi§a). by photosynthetic organisms is part of an acclimation
However, parallel decreases in PSII yields were observestrategy to nutrient shortage. Despite a strong interest
in std1 and control strains when N deprivation was con in microalgae as a renewable feedstock for the produc
ducted under mixotrophic conditions (Fig.5b). Immu-  tion of next-generation biofuels, little is known about
nodetection experiments revealed a decrease in majomolecular mechanisms regulating carbon storage. Using
photosynthetic components in bottstd1 and the WT pre  the unicellular green alga C. reinhardtii as a model, we
genitor in response to N deprivation (Additional lel: Fig  developed a forward genetic screen to identify novel
ure S7), therefore indicating that the higher photosynthetic genes involved in the regulation of starch dynamics [19].
activity observed irstd1 does not result from higher levels We report here the characterization of a mutant (std1)
of photosynthetic complexes but rather from a higher PSll a ected in a DYRK kinase homologue belonging to a
activity. Consistently, the higher photosynthetic activity of subgroup (called DYRKPspecic to plants. e stdl
the mutant was observed in conditions where the synthe mutant, the rst DYRKP mutant reported so far, aceu
sis of reserve compounds was increased (Fjg. 2 mulates high intracellular starch and oil amounts and
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Fig. 3 Biomass and starch production during photoautotrophic N
deprivation. All strains were grown photoautotrophically in an MM
medium supplemented with 2 % G@it a light intensity of 100 pmal
photons n? s' and then subjected to N deprivation (at day 0). a
Visual observation of cell pellets from 1 ml N-starved cells harvested
at di erent time points. b Biomass (measured as dry weight) and
intracellular starch were determined in N-starved strains. Data repre
sent means SD (n 3) (upper error bar dry weight, lower error bar,

starch). ¢ Northern blot analysis of DYRKP transcripts in response tg
deprivation

shows a sustained photosynthetic activity in response tq
nutrient starvation.

DYRKP, a negative regulator of carbon storage
In nutrient-deprived WT cells, accumulation of starch is
strongly dependent on the cellular energy status. While

low starch accumulation occurs at low light, higher

Fig. 4 Biomass productivity of WT and std1 Chlamydomonas cel
measured in photobioreactors operated as turbidostats during
photoautotrophic N deprivation. Cells were grown under constan
illumination (125 pmol photons s ) in the presence of 2 % £O
enriched air. Cell density was measured using an absorption pro
and maintained at a constant level by injection of fresh medium.
NDue to the aggregation phenotype of std1 gg[Q, was regulated at
di erent values for WT (@QR,m O. 4) and std1 (Of3y,n 0. 3) to
reach similar biomass concentrations (0. 15 g dry wetghtAfter a
48-h stabilization period in the presence of MM, the dilution med
was replaced by MM (). a Cumulated amounts of fresh medium
were added to maintain the culture at a constant biomass conce
tion. Measurements of ammonium concentration (dotted lines) in
culture medium showed complete exhaustion after 45 h. The 100
value corresponds to 7.5 mM NHwhich is the ammonium con-
centration of the minimal medium. Shown are mean SD (n 3).
b Biomass productivity (g dry weight Id* ) was determined from
dilution rates and biomass measurements,airid 48 and 72 h afte
N-removal. Shown are means SD (n 3)

be

ntra-
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Fig. 5 Photosynthetic activity of WT and std1 Chlamydomonas cells during mixotrophic or photoautotrophic N deprivation. PSII yields were deter
mined at di erent light intensities in the std1 mutant, in the WT and in two complemented mutant lines by measuring pulse anuglitladed
chlorophyll uorescence. Cells were grown under a light intensity of 100 pmol phofois$ mnder a Photoautotrophic conditions (i.e., MM-sup
plemented with 2 % C@or b Mixotrophic conditions (i.e., TAP),, Aktls were resuspended in an N-free medium and uorescence measurements
were performed aiyt(N-replete) and after 2 and 3 days of N deprivation. Data are means SD (n 6 for a, and n 4 for b)

accumulation is observed as light increases or acetate igccumulation of reserves under nitrogen depletion [25,
supplied to the culture medium (Figra—c). is depend -  26]. Such a stimulation of reserve accumulation by ace
ency is abolished in the std1 mutant, in which high andtate, which is absent in std1, re ects the tight regulation
sustained starch accumulation was observed in all condiof this phenomenon by the intracellular energy status,
tions (Fig.2a—c). We therefore suggest that the DYRKPwhich likely occurs through a DYRKP (STD1)-dependent
(STD1) kinase acts as a negative regulator of carbon-stomechanism.

age in conditions of low cellular energy status (Fig).

Under nutrient deprivation, photosynthesis would be DYRKP are plant-speci ¢ DYRK kinases

restricted in the wild-type strain by the sink capacity of Phylogenetic analysis revealed that DYRKs can be
reserve metabolism, resulting in an increase in exeita divided into four subgroups, the DYRK1, the DYRK2,
tion pressure at PSII. is restriction would be alleviated the Yak, and the DYRKP subgroup de ned in this study
in the std1l mutant, thus explaining the lower excitation (Fig.2; Additional le 1: Figure S2, S8, S9). While vascu
pressure and the higher photosynthetic activity observedlar plant DYRKs only belong to two subgroups (Yak and
in the mutant (Fig.5a, b). In WT, the function of DYRKP DYRKP), algal and moss genomes also harbor members
(STD1) would be to prevent excessive accumulation ofof the DYRK2 subgroup. Vascular plants and mosses-pos
reserve compounds when the cellular energy status isess more than one homologue of the DYRKP subgroup
low, thereby preserving cellular energy for other pur (Arabidopsis and Populus contain four members and
poses. External acetate supply, which increases the intraPhyscomitrella three) and of the Yak subgroup (Physeom
cellular energy status [24] has been reported to boositrella harbors ve and Arabidopsis and rice have one and
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and AtDYRKP3 [36] and of C. reinhardtii CreYakl and

% Photosynthesis Acetate Supply CreDYRKP [37]. Taken together, this strongly suggests
PO that activation of plant and algal DYRKP kinases also
.{ )f . Metabollsm depends on tyrosine autophosphorylation. In yeast, the
DYRK homologue Yakl has been reported to be part of
PQH, a glucose-sensing system controlling the arrest of the
—— cell cycle after translocation to the nucleus and by phos
Nutrient limitation E”ergy SEIE phorylating Pop2p [21]. Yakl was also suggested to be
involved in the control of glycogen storage [38] and to
ﬂ I—I:> DYRKP mediate stress responses by phosphorylation of tran
% scription factors such as Msn2 and Hsfl upon glucose
depletion [39]. More recently, Yakl was proposed to lie

PQ‘_‘_ e Starch an(_i oil T at the center of a regulatory cascade controlling growth

synthesis and stress response by targeting di erent transcription

PQI-_ig—§ factors [40]. Further studies will be needed to identify
DYRKP targets and the nature of the regulatory cascade

Fig. 6 A hypothetical model of the DYRKP (STD1) function in controlled by DYRKP in plants and microalgae.

response to nutrient deprivation. We propose that DYRKP nega-
tively regulates the sink capacity in response to both nutrient and
energy signals. DYRKP is induced in response to nutrient limitation, Relationships with other signaling pathways of nutrient
and would be active in conditions of low energy status. Disruption and energy signals

of DYRKP in stc_il allows sust_ained syn_thesis of reserve compounds,m yeast and mammals, target of rapamycin (TOR) and
thereby increasing electron sink capacity and maintaining a high RAS/CAMP are the major signaling pathways involved in
photosynthetic rate . . .

the regulation of cell growth in response to nutrient and

energy-derived signals [41]. e mTORC1 complex senses
two, respectively). In contrast, algal genomes contain onlythe energy status of a cell through AMP-activated protein
one member of each DYRK subgroup (Yak, DYRK2, andinase (AMPK) [42], and controls anabolic processes such
DYRKP). Such a lower redundancy of algal genomes wags ribosome biogenesis and translation through the phos
previously reported for other gene families. For example phorylation of dierent targets [42]. In photosynthetic
the Chlamydomonas genome harbors a smaller numbereukaryotes, both SnRK1 (the plant orthologue of AMPK)
of cell cycle genes than vascular plants or vertebrates [27pnd TOR are involved in the control of cellular processes
Only two genes encoding heat-shock factors are found inthrough the transduction of nutrient and energy signals
the Chlamydomonas genome, whereas Arabidopsis ha§l2, 43]. In yeast, TOR negatively regulates the DYRK
more than 21 [28]. While mutants of DYRK homologs of kinase Yakl via PKA (CAMP-dependent protein kinase)
Yak1 have been recently isolated in C. reinhardfig] and [44]. Whereas the TOR pathway is conserved in all eukary
A. thaliana [30], this is the rst report on the function of a otes and controls cell proliferation and growth in response

DYRKP kinase in the green lineage. to nutrient and energy signals, DYRKP kinases are plant
speci c. We suggest here that in green algae and most
DYRK functions and mechanisms likely in vascular plants, DYRKP is part of a regulatory-cas

Yeast and mammalian DYRKs contain a conserved Yxade controlling the accumulation of reserve compounds,
motif in the so-called activation loop (subdomain VIII), & key feature for the survival of photoautotrophic eukary
which is autophosphorylated at the second tyrosine thusotes in uctuating conditions of nutrient availability.
providing full activity of DYRK kinases [3132]. e

autophosphorylation was described as a one-o event,DYRKP as a target for improving carbon storage

which is mediated by an intramolecular mechanism and ain microalgae and plant crops

transitory intermediate structure [3334]. e YxY motif  Increasing the accumulation of reserve compounds is a
is not conserved in the DYRKP group, the rst tyrosine major issue for domestication of microalgae [1-4]. While
being replaced by a cysteine in plants and a serine in (@reat improvements of oil or starch content have been
reinhardtii (Additional le 1: Figure S2A). However, for obtained in crop plants by means of classical breeding
all DYRKs analyzed so far, only the second tyrosine ofechniques, successful biotechnological improvements of
the YxY motif is phosphorylated and essential for the microalgae are still scarce. Regulators of the algal oil-con
kinase activity [35]. Moreover, recent phosphoproteome tent such as NRR1 [16] may represent potential targets
studies have shown the existence of phospho-tyrosindor biotechnological improvements. It has been recently
peptides in the activation loops oArabidopsis AtYakl suggested that CHT7, a repressor of cellular quiescence
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could provide a target to increase biomass and oil pro di erent strains were diluted to reach a similar cellular
ductivity in algae [45]. Moreover, it has been hypeth concentration before starvation experiments.
esized that vascular plants may increase the carbon ow Photobioreactor experiments were performed using
into starch and other storage compounds by avoidingfour photobioreactors operated as turbidostats as
feedback inhibition of photosynthesis, for instance by thedescribed previously [46]. Cells were grown photeau
manipulation of signaling pathways mediated by SnRKtotrophically on a minimal medium by bubbling air
protein kinases [13]. Such an e ect was clearly observedupplemented with 2 % CQunder a light intensity of
here in the std1 mutant, inhibition of the DYRKP kinase 125 umol photons n? s!. e pH was maintained at
increases the storage of reserve compounds and the sink.2 by addition of 0.2 M KOH. Atg, the dilution medium
strength, thus limiting feedback inhibition of photosyn was replaced by a nitrogen deprived minimal medium.
thesis (Fig.6). e discovery of DYRKP thus opens new Ammonium concentration was determined in the culture
perspectives for bioengineering of microalgae. supernatant at di erent time points by using an ion selec
tive electrode (Orion 9512HPBNWP, ermo Scienti c).
Conclusions
Despite a strong interest for microalgal biofuels, little is Genetic characterization and complementation of the std1
known concerning regulatory mechanisms controlling mutant
cellular accumulation of storage compounds. By iselat To check the integration frequency of the inserted DNA,
ing a Chlamydomonas kinase mutant hyper-accumulat Southern blot analysis was performed with wild-type
ing starch and oil in response to nitrogen starvation, weand std1 mutant cells. Genomic DNA was prepared
show here that accumulation of reserve compounds is aas described previously [47], and 4, 6 or 8 pg genomic
highly regulated process. e newly discovered DYRKP DNA restricted with Notl were separated in an 0.8 %
kinase is proposed to down-regulate reserve accumulaagarose gel, blotted on a nylon membrane and hybrid
tion in the wild-type by integrating nutrient and energy ized with a digoxygenin-labeled probe complementary to
signals, such a regulation being suppressed in the mutanfpart of the AphVIIl gene of the inserted resistance cas
Future work will aim at identifying molecular targets of sette. A PCR DIG Probe Synthesis Kit (Roche) was uti
the kinase as well as the full signaling pathway involvedized for probe labeling using primers AphORF_For and
in this regulatory mechanism. e DYRKP kinase there Aph_Tail3. e hybridization with the resulting 400 bp-
fore represents a valuable target for the biotechnologicalPCR fragment was performed overnight at 50 °C using
improvement of microalgae and other crops to enhanceDIG Easy Hyb bu er (Roche). Anti-Digoxigenin-AP and

their energy density for the production of biofuel. CSPD as substrate (Roche) were applied to detect sig
nals using G:BOX Chemin XL (Syngene). e integration

Methods site of the paromomycin resistance cassette was identi

Strains and growth conditions ed by genome walking (GenomeWalker Kit, Clontech).

e C. reinhardtii wild-type strain CC124 (mt nitl nit2) = Genomic DNA of the strain std1l was digested with Fsp
was used for mutant generation as described previoushand processed according to the manufacturer’s instruc
[19]. e mutant strain std1l was isolated from a mutant tions. e gene-specic primers GSP1 and GSP2 allowed
library generated by transformation of the strain CC124 the determination of the genomic sequence downstream
with the Kpnl-linearized plasmid (pSL-X) harboring the of the inserted ApiVIlIl cassette. Amplication was
paromomycin-resistance cassette Aghl [ 19]. e starch achieved using the Advantage GC Genomic LA Polymer
content of mutant strains was assayed using colorationase (Clontech). A ~1900 bp fragment from the ~4800 bp
with iodine vapor following 5 days of nitrogen starvation pSL-X was found inserted into the stdl genome. For
to trigger starch accumulation and 48 h in the dark on acomplementation of the std1l mutant, the genomic DNA
nitrogen replete medium of starch to induce starch break encoding DYRKP gene was ampli ed using the primers
down [19]. Cells were grown in asks either mixotrophi XbaG4forHyg and XbaG4RevHyg and DyNAzymeEXT
cally (Tris—acetate—phosphate or TAP medium) [23] or DNA Polymerase (Finnzymes Oy). e amplied PCR
photoautotrophically (MOPS-bu ered minimal medium product (6913 bp) was restricted by Xband cloned into
[23] supplemented with 2 % CQOn the air), under contin  the Xbal-digested vector pSL-Hyg (derived from pSL18
uous illumination (100 pmol photons m?s  or ~35 pmol  [48]), which is under control of the psaD promoter and
photons m 2 s ! for low-light experiment) at 25 °C. Pre carries a resistance cassette for hygromycin [49].-Fol
cultures were grown to a density of 2to 41C° cells ml' ! lowing autolysin treatment, std1 cells were transformed
before starvation experiments. Due to palmelloid forma with Kpnl-linearized pSL-Hyg-STD1 by agitation with
tion in std1, total cellular volume was measured using aglass beads [50]. Transformed cells were selected on
Multisizer 3 Coulter counter (Beckman Coulter) and the TAP plates containing 10 pg mi hygromycin B and



Schulz-Ra eltet al. Biotechnol Biofuels (2016) 9:55 Page 9 of 12

complemented lines were screened by applying the samér RT-PCR, and the ampli ed product was restriction

protocol used for mutant isolation [19]. digested by Barhll and Hindlll, which was then cloned
into the BanHI-Hind IlI-restricted pQE-30 vector (Qia
Phylogenetic analysis gen). Radioactive signals were detected using BAS-IP

Amino acid sequences were aligned using MAFFT ver MS2040 phosphorimager plates (Raytest; http://www.
sion 6 software [51]. e resulting alignment was then raytest.de), scanned with a Molecular Imager FX phos
manually re ned using SeaView version 4 [52]; regionsphorimager (Bio-Rad; http://www.biorad.com), and
displaying dubious homology were removed from fur imaged using the Quantity One-4.5.1 program (Bio-Rad).
ther analysis. A total of 313 amino acid positions were
retained for the phylogenetic analysis of DYRK proteins.Protein extraction and immunoblot analysis
Phylogenetic analyses were conducted using NeighTo detect DYRKP, soluble cell lysates were prepared as fol
bour-Joining (NJ), Maximum Likelihood (ML) and Par lows: 100 ml of C. reinhardtii cell culture in the exponen
simony (Pars) approaches in the Phylogenetic Inferencdial phase (eq.to 5 10° cells ml * or 0.8 mn? ml 1) were
Package Phylip (version 3.69) (Fitd; Additional le 1: harvested by centrifugation for 2 min at 178%md resus
Figures S8, S9) [53]. e PROTML program was used pended in 1 ml lysis bu er (20 mM HEPES—KOH pH 7.2,
for ML analysis and the sequence input order was fan 10 mM KCI, 1 mM MgC}, 154 mM NaCl, 0.1 protease
domized (20 jumbles). e SEQBOOT and CONSENSE inhibitor cocktail; Sigma P9599). Cells were sonicated on
programs were used for bootstrap value calculationsice for 90 s with an alternating cycle of 1 s pulse/1 s pause.
on 100 replications and consensus tree reconstruc Lysates were loaded onto sucrose cushions and centri
tions, respectively. To examine node con dence, NJ andfuged in a MLA-55 rotor (Beckman Coulter) for 30 min at
Pars analyses were done by using the NEIGHBOR anf51,300gand 4 °C. Soluble proteins were mixed with one
PROTPARS programs. Distance matrices used for thevolume of 2 sample buer[28]or2 LDS sample bu er
NJ analysis were created with the PROTDIST program.(Invitrogen) and heated for 5 min at 95 °C or 10 min at
e phylogenetic trees were drawn with MEGAS [54]. 70 °C prior to loading on an 8 % SDS—polyacrylamide gel.
Immunodetection of DYRKP (STD1) was performed using
RNA analyses and RT-PCR a puri ed antibody obtained by immunizing two rabbits
Total RNA was isolated as previously described [55]. Folagainst two synthetic peptides (DGMDDPGY SRKEVPNP-
RT-PCR reactions, 1 pg of DNasel-treated total RNA cys and PAVNHEDVELFRN-cys) conjugated to KLH (key
was utilized with the OneStep RT-PCR Kit (Qiagen). hole limpet hemocyanin) as the carrier protein (http:/
To obtain sequence information of the complete tran www.proteogenix-antibody.com/). DYRKP was detected
scribedDYRKP(STDJ) gene, three overlapping RT-PCRs by ECL (SuperSignal West Pico Chemiluminescent Sub
were performed using the primer pairs Std1UTR1 andstrate, ermo Scienti c). For immunodetection of other
Std1P3rev, Std1FW2 and G4rev14, and the primer paimproteins, cell pellets equivalent to 1.2 mhtotal cellular
ACG4_FW3 and ACG4_Revl. For comparison of tran volume were harvested from cell cultures and stored at
script levels in wild-type, mutant and complemented 80 °C until use. Cell pellets were resuspended in 70 pl of
strains, the Std1FW2-G4rev14 primer pair was used toa bu er containing 50 mM Tris pH 8, 10 mM EDTA and
amplify part of the DYRKPtranscript. Specic primers 2 % SDS, incubated for 30 min at RT, and centrifuged for
were designed for actin (locus name Crel13.g603700; pro2 min at 4 °C. Protein concentrations were quanti ed from
tein ID 515031) serving as a constitutively expressed-con2 pl samples by colorimetric measurements with biein
trol gene (Actin_FW and Actin_Rev). chonic acid (Pierce BCA Protein Assay kit, ermo Scien
For Northern blot analysis, RNA extraction was per tic). For immunoblot analysis, 10-12 ug of total protein
formed by collecting 15 ml of cell cultures at dierent extracts were separated on 10 % SDS—polyacrylamide gels,
time points on ice and centrifuging for 1 min at 1789g. transferred to BioTrace' NT nitrocellulose membrane
e 500 pl cell suspension was then transferred to a (Pall Life Sciences, http://www.pall.com) and decorated
1.5 ml-tube on ice and mixed with 500 pl of RNA lysis using antibodies raised against AtpB, COXllb, Cyt f, PsaC,
buer. RNA extraction, separation on formaldehyde PsbD (D2), and RbcL (all purchased from Agrisera).
agarose gels and northern blot probing were performed
as previously described [55]. Membranes were hybrid Oil content quanti cation
ized with DNA probes containing a fragment oBTD1 Chlamydomonas reinhardtii cells (eq. to 2 mirotal cek
or CBLP2 as a loading control. A 1.1-K®amHI-Hind Il lular volume) were harvested by centrifugation at 10009
fragment coding for the 3 -part of DYRKRSTD]) and for 2 min (at 4 °C). e cells were quenched in hot iso
the 1-kb cDNA of CBLP2 were used for hybridization. propanol for immediate lipid extractions. Total cellu
e ACG4_FW3 and ACG4_Revl primers were used lar lipids were extracted using a mixture of hexane and
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isopropanol [56]. Organic solvent phase-containing lipids Abbreviations
were collected and dried under a stream of nitrogen gasP'RK: dual-speci city tyrosiposphorylation-regulated kinase; DYRKP:

. plant-speci ¢ dual-speci city tyrosinphosphorylation-regulated kinase; MM:
then resuspended into 200 pl chloroform:methanol (2:1, minimal medium: PSIl: photosystem II; std1: starch degradation 1; TAP: tris—
vIv). Triacylglycerols (TAGs, i.e., oils) were rst separated acetate-phosphate medium.
from other lipid classes on a thin layer chromatograph Authors' contributions

and charred with 2 % CuSgpdissolved in 8 % kPO, in  MmsR, YLB, and GP designed the study. MSR, VC, PA, SC, EB, DB, and YLB per
water. TAG content was then calculated based on a denformed the experiments. MSR, VC, DD, YLB, and GP analyzed the data. MSR,

sitometry method, after comparison to a standard curve YLB, and GP prepared the manuscript. All authors read and approved the nal

K manuscript.
generated with a C17:0 TAG standard [6].
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