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Summary

With less than 8000 genes and a minimalist celldeganization, the green picoalga
Ostreococcus tauri is one of the simplest photosynthetic eukary@etauri contains many
plant-specific genes but exhibits a much lower gesgundancy. The haploid genome is
extremely dense with few repeated sequences aral transposons. Thanks to the
implementation of  genetic transformation and vetor for inducible
overexpression/knockdown this picoeukaryotic alga bmerged in recent years as a new
model organism for functional genomics analyses syglems biology. Here we report the
development of an efficient gene targeting tech@jquhich we use to knock out thérate
reductase andferritin genes and to knock-in a luciferase reporter imé&o the ferritin native
protein. Furthermore, we show that the frequencinsértion by homologous recombination
was greatly enhanced when the transgene was ddsigneeplace an existing genomic
insertion. We propose that a natural mechanismdoasehomologous recombination may

operate to remove foreign DNA sequences from thhege.

Abbreviations:

HR: Homologous recombination; RI, random insertidR; Nitrate reductase



INTRODUCTION

Over the past twenty years the extensive developroérgenetic transformation
technologies in model organisms has revealed diftemechanisms of transgene integration.
Gene targeting by homologous recombination (HRhésmethod of choice either to delete a
gene or to introduce a selected mutation or a éutsy to a protein. In bacteria and in a few
eukaryotic model organisms such as the yeamicharomyces cerevisiae, HR occurs
preferentially over random integration of homologosequences, however for most
eukaryotes, transgene integration occurs almostigi¥ely in a random fashion.

Random insertion of transgenes and targeted insebly homologous recombination
are based on distinct mechanisms of DNA repair.d@an insertion is based on non-
homologous end joining (NHEJ) repair of doubletstidreaks (DSBs) in DNA (Heyer et al.,
2010). Targeted insertion is mediated by the Radgbmbinase, which catalyzes DNA
strand exchange between damaged DNA and intactologous DNA sequences (Shinohara
et al., 1992). This mechanism is conserved betvseateria and eukaryotes (Heyer et al.,
2010). The Spoll protein mediates an additionalhax@sm of homologous recombination
specific to eukaryotes, which allows formation ofossovers between homologous
chromosomes pairs at meiosis to ensure their psgmgegation (Keeney et al., 1997). This is
of crucial importance to allow exchanges of DNAvibetn homologous chromosomes and the
shuffling of genetic information.

Gene targeting by homologous recombination remgiifisult in most photosynthetic
eukaryotes, with the exception of mosses (SchaeférZryd, 1997). Most attempts to knock
out genes by HR in algae and in higher plants wlesegned to disrupt theitrate reductase
gene NR). This strategy greatly simplified the identificat of homologous recombination
events, as knock-out mutants grew on ammoniumailgif to grow in the presence of nitrate.
Gene knock out by HR in algae was first reported y2ars ago in the Chlorophyta
Chlamydomonas, but gene targeting by HR remains very difficuit this model organism
(Sodeinde and Kindle, 1993; Zorin et al., 2009)cdmtrast, efficient gene targeting has been
reported for two unicellular algae: the thermopghiacidophil red algaCyanidioschizon
merolae and the Heterokontophytdannochloropsis sp. (Minoda et al., 2004; Kilian et al.,
2011).



Ostreococcus tauri (Prasinophyceae) has recently emerged as new enanodel
organism. This tiny unicellular alga has a minirsiairganization that allows approaches such
as whole cell imaging by electron cryotomographgrf&t al., 2011). Its haploid genome is
compact and gene-dense, with very little gene rddnoy (Derelle et al., 2006). Functional
genetic analyses in this organism are facilitatgdan efficient genetic transformation
protocol. This enabled for example the study of notgpes caused by constitutive or
inducible overexpression or knockdown of gene esgiom, or the monitoring of gene activity
by in vivo imaging of luciferase reporter constructs (Coreled al., 2009; Moulager et al.,
2010; Djouani-Tahri et al.,, 2011b). These tools evased in our research to analyze the
genetic circuits and light signaling pathways te ttircadian clock (Monnier et al., 2010;
Djouani-Tahri et al., 2011a; Heijde et al., 201€&WRy et al., 2012), and to demonstrate the
presence of a novel type of non-transcriptionatadian clock shared with human red blood
cells (O'Neill et al., 2011).

However, antisense silencing of gene expressiomegrdifficult in O. tauri. In our
experience, phenotypes were not always correlatedetluced transcript levels. RNA-
interference (RNAI) approaches are unlikely to lbecgssful becaus®. tauri lacks key
components of the RNA-induced-silencing complexhsas Dicer and Argonaute. However,
homologues of Rad51 and Spoll were identifiedigyalganism, suggesting the presence of
HR mechanisms involved in DSB break repair and sigi¢Derelle et al., 2006). This
suggested that targeted gene disruption by HR nhiglsichievable.

In this paper, we describe a method for efficieahsgene insertion by HR This was
used to knock out two different genesrate reductase (NR) andferritin, and in a knock-in
experiment to insert a luciferase reporter genieame at thderritin locus. Interestingly the
frequency of transgene insertion by HR varied betwke and 100% depending on whether the
construct was designed to replace wild-type DNAuseges or to replace an existing
transgene insertion. We propose that HR may noynaglérate inOstreococcus to eliminate
foreign DNA sequences from the genome.



RESULTS

Knock-out of the NR gene by homologous recombination

O. tauri is normally able to grow on Artificial Seawater (ASW) contaigieither
nitrate or ammonium as the sole source of nitrogetrate-ASW and ammonium-ASW
respectively). However loss of nitrate reductasefion inNR knock-out (NR<®) lines should
result in the loss of ability to grow on nitrate-AS This provided us with a simple and
efficient method to identify homologous recombinatevents.

O. tauri is haploid and\R is encoded by a single gene located on Chromoddme
We designed a disruption cassette containing abébip of sequence homologous to iie
locus. This was interrupted by tik&@anMx selection marker, which confer resistance to the
antibiotic G418. The Kan-Mx marker was insertedhaitin sense or in antisense orientation
relative to theNR sequence to produce tk@nMx-s and KanMx-as constructs (Figure 1a).
This was used to determine whether the orientatfdhe KanMx gene relative to thER gene
affected the frequency of insertion by HR. Thesestructs were introduced into wild-type
(WT) cells using the standard electroporation prot@gCorellou et al., 2009). Transformants
were selected on semi-solid ammonium-ASW agaraseplcontaining 1mg/ml G418. G418-
resistant transformants were then tested for #igiity to grow in nitrate-ASW. Clones that
grew under these conditions identified putative blmgous recombination events (Figure
1b).

One G418-resistatanMx-s transformant out of 107, and 8 G418-resistéanMx-as
transformants out of 425 grew nitrate-ASW. PCR analyses were carried out tafiom the
mechanism of transgene insertion in these put&tRdines (Figure 2, Table 1). The primers
F1 and R1 were used to test for the presence aftactNR locus. A 0.6 kbp fragment was
amplified from WT cells. The same fragment was afigol from all of the KanMx-as
transformants that grew in nitrate-ASW, confirmitigat they were the product of random
(RI) in the genome. In contrast this fragment wasamplified from lines that failed to grow
in nitrate-ASW, showing that thidR gene had been disrupted by insertion of the temsg
This was confirmed by the amplification of a 3 kppoduct in all HR lines using a
combination of primers F2 in the selection gene RAdn theNR sequence.

Southern blot analyses were carried out to cheelnthmber and pattern of transgene
insertions in the HR lines. Genomic DNA was digdsteith Kpnl, which cleaved the
insertion cassette immediately upstream of WanMx resistance gene (Figure 2a).
Hybridization of aNR specific probe (P1) revealed a single band ar@hkbp in WT and RI



cells, corresponding to the intabR locus (Figure 2b). In contrast, a 6.5 kbp band wa
detected in HR lines, indicating the presence @ #dditionalKpnl site resulting from
insertion of theKanMx gene at thé\R locus. No additional band was detected indicattag

no additional insertions had occurred in the HRdin A similar, 6.5 kbp band was detected in
HR lines using a probe specific to tKanMx transgene (P2) whereas a 15 kbp band was
observed in the single RI line tested, correspantbra random insertion of the transgene.

Similar experiments were performed in the linesultesy from the KanMx-s
transformation (Figure S1). PCR products were akthiat the expected size for HR, i.e. 3.2
kbp and 2.2 kbp using (F3, R2) and (F1, R1) pricmiples respectively. Hybridization of
genomic DNA digested witliKpnl to the NR P1 probe revealed a band at a size (4.9 kbp)
consistent with HR of th&KanMx-s construct at th&lR locus (Figure S1).

In summary, the molecular characterization of HRrgs at the\R locus indicated
that HR occurred at frequency around 1-2%, regasdief orientation of the antibiotic
resistance cassette (Table 1). No additional ilsetbok place through a random process in
any of the HR lines analysed. The first generaibanMx-as andKanMx-s HR lines were
denoted HRKanMx-as and HR1KanMx-s, respectively. The nomenclature used to describe

these lines and the lineages of subsequent HRdirresummarized in Figure 1c.

Complementation of the NR mutation by HR occurs at very high frequency

In order to confirm that the lack of growth on atg-ASW was due to the disruption
of theNR gene, we tested whether replacement of the dedugipy of the\NR gene inHR1
lines with the wild-type sequence restored a wyigetphenotype. OndR1KanMx-s line and
oneHR1KanMx-as line were transformed with a 4.2 kblpt fragment comprising the fuNR
gene (see Figure 1). Transformants that had aedjairwild-type copy of thBIR gene were
selected on nitrate-ASW medium. These transformadenoted HR2NitKanMx-s
/HR2NitKanMx-as depending on the parental HRdanMx-s or KanMx-as lines) were
expected to arise either from replacement by Hihefdisrupted copy of theR gene, or by
random insertion of th&lit fragment elsewhere in the genome. The latter sweshould
result in retention of th&anMx cassette at th&IR locus and therefore resistance to the
antibiotic G418. Surprisingly none of théiR2NitKkanMx-s and HR2NitKanMx-as
transformants (n=54 and 219, respectively) grewhi presence of G418 (Table 2). This

suggested that the nativeR locus had been restored in all of these transfotsnaby



homologous recombination. This was confirmed by R@R southern blot analyses as above
(Figure 3)

HR frequency is increased at loci containing foreig DNA

The very high frequency of homologous recombimatio the complementation
experiment contrasted with that of the originalngfarmation experiments (100% as
compared to 1-2%). We first hypothesized that thguency of HR might be affected by the
different types of selection used in these expeanimeln order to test this hypothesis, we
generatedHR1Nat lines that contained Mdatl insertion at théNR locus (see Figure S2). The
KanMx and Natl selection cassettes share thistone H4 promoter andTef terminator
sequences (0.4 and 0.25 kbp long respectively). tNéeefore transformed thpH4:Natl
construct into theHR1KanMx-s line in order to target the selection cassettguifeé S2a).
Four out of 122 transformants showed a phenotypedsd from HR, i.e. resistance to
CloNat and sensitivity to G418 (Table 2). TheseendesignatetHR1Nat (Figure 1c). PCR
analysis using?H4 and Tef specific primers confirmed that th€anMx marker had been
replaced byNatl in these lines. We were also able to replaceNdtteselection cassette with
KanMx in a subsequent experiment (Figure S2b). Transttbom of aHR1Nat line using the
KanMx-s construct to replace thblatl resistance gene iRHR1Nat line resulted in 39
transformants out of 60 becoming sensitive to CtoNable2). The loss of thidatl marker
in these lines suggested that they were the proofubbmologous recombination, and this
was confirmed in PCR analyses (Figure S2). Theugaqy of HR in this experiment was
comparable to that to those obtained using Mt construct in the complementation
experiment above (approximately 65%). As the adgois of the KanMx-s and theNit
sequences are selected for using different meaianithis showed that the efficiency of HR
was unrelated to the selection mechanism. Howehkierfrequency of HR was much greater
when transforming th&anMx-s construct intoH1RNat than in wild-type cells (65% as
compared to 1-2 %). This suggested that the frequehHR was linked to the recipient line
rather than to the specific construct used in thesformation experiment. We hypothesized
that the interruption of th&lR locus by a foreign sequence may increase theafatéR,
whether to restore the native DNA sequence or ptace one foreign DNA insertion with
another. According to this hypothesis, HR frequeschould return to very low levels upon
removal of the foreign DNA sequencelhus, when HR2Nit cells (produced by
complementation of théiR1 NR knock-out lines) were transformed using tkanMx-s

construct, all of 192 transformants were the prodfcrandom insertion rather than HR



(Figure S3, Table 2). These results indicate tHatftéquencies are low whether targeting the

native or the restoredR gene, and are high when targeting a disrupliedocus.

Importance of the length of homologous sequences

Homologous recombination occurred at frequencawying between 65 and 100%
when targeting the disruptédR locus using theNit and KanMx-s constructs, which both
contain 2.5 kbp of flanking sequences homologousRolIn contrast the HR frequency was
much lower (4%) using thpH4:Natl construct which only comprises 0.25 and 0.5 kbp of
sequence homologous to tKanMx cassette (Table 2). This raises the hypothesisthigat
length of homologous sequence may be a criticaarpater in the HR efficiency. This
possibility was explored by systematically testig effect of the length of homologous
sequences on the efficiency of gene targetifiRLNat cells were transformed withkeanMX-
s construct that containedR flanking sequences of various lengths (0.5-2.5)kpbe HR
frequency with the full-length construct was appnoately 65% and decreased to 26% and
5% when using 1 and 0.5 kbp-long homologous sease(i€igure 4). This result indicates
that a length of homologous sequence greater tharkl® is required for optimal gene

targeting by HR.

Role of chromatin structure

There is evidence that chromatin packing regul&@sologous recombination at
immunoglobulin loci inDrosophila (Cummings et al., 2007). Furthermore, histone yhcet
transferase activity was required for homologousmebination in Hela cells, suggesting a
role for chromatin structure in this process (Kotgt al., 2011). We therefore hypothesized
that the dramatic increase in recombination fregigsnupon insertion of thi€anMx cassette
in HR1 lines may be due to remodeling of the ladalomatin. This effect would then be
reversed upon removal of theanMx cassette, leading to lower recombination rates in
complemented, HR2 lines. We tested for changesuaglensome density at thiéR locus by
guantifying thein vivo binding of Histone H3 in chromatin immunoprecifita (ChIP)
experiments. In addition we tested for changesistone H3 modifications that either open
up the chromatin (H3 acetyl K9) or that result imare compact structure (H3 trimethyl K4).
Three different regions were assayed surroundirg itfsertion site, including th&R
promoter (Region 1), the 3’end of thiR coding region (Region 2), and Region3 which falls

out of the homologous sequence used in KamMx-s construct. No consistent reversible



change was observed across any region that wogldostuour hypothesis that one of the
specific histone modification tested could regulhte frequency of HR (Figure 5). It remains
possible that other types of histone modificatiomdiich were tested as part of these
experiments, take place during homologous recontibmaAlternatively DNA methylation

may be involved.

Knocking-out and tagging of the nativeferritin gene

Experiments so far had focused on thie locus, which was especially attractive
because of the ease with which knock-out mutantsbeaidentified. To determine whether
the use of HR-mediated gene targeting could bergéned to other loci ir©. tauri, we tested
its application to théerritin gene which does not have a selectable phenotype.

In O. tauri the ferritin is encoded by a single gene thabécated on Chr2 (Figure 6). A
similar approach as described fdR was used to disrupt tHerritin gene. WT cells were
transformed with the gene interrupted by ieaMx selection marker. 96 transformants were
obtained after selection on G418 medium. These walsequently screened by PCR to
identify lines resulting from HR events (Figure 6&) HR lines (denotedHRFe) were
identified by the production of a PCR band at (b9 kising aKanMx specific primer (FFt)
and a reverse primer located in tRerritin sequence (RFo). In addition, the 0.9 kbp band
amplified from WT cells usingerritin internal primers (FFe and RFe) was replaced bynd ba
a 2.5 kbp indicating that tH€anMx sequence had inserted into the endogefeusin locus.
The frequency of recombination (2%) was in the eangserved when targeting the WR
gene.

Gene targeting by HR is useful to generate genekoats, but also to knock-in
sequences such as epitope tags downstream of rproteling sequences. Translational
reporter fusions to the firefly luciferase reporgene have been extensively used to monitor
circadian changes in gene expressio®#reococcus (Corellou et al., 2009; Moulager et al.,
2010; Djouani-Tahri et al., 2011b). We designechadk-in construct to insert the luciferase
sequence downstream of, and in frame with, theitifercoding region. The construct
comprised thduciferase-KanMx flanked upstream by thierritin coding region (lacking a
stop codon) and on the other side by downstreamesegs of thérritin gene (Figure 6b). A
1.2 kbp product indicative of HR was amplified frdli out of 42 transformants using the
KanMx specific primer FH4 and the external primer REY%g. These 1MHRFlu lines also
failed to yield a product at 0.27 kbp using fegitin-specific primers FFo and RFo, which



was detected in Wt and random insertion lines (féigtb). Western blot analysis using an
anti-luciferase antibody revealed a protein bandhkaut 85 kda in botRIFlu and HRFLu
lines (Figure 6b), which confirmed the productiohaoFerritin-luc fusion protein. These
results indicate that HR can be used to generateonly knock-out but also knock-in

recombinants iOstreococcus tauri.

DISCUSSION

Efficient gene targeting by homologous recombinatio in Ostreococcus tauri

The ability to target DNA constructs to specificnm@logous regions of the genome
provides a tool for functional genomics analysgttis available only in few eukaryotic model
systems and even fewer photosynthetic organisms.

Here, we report the successful targeting of niiteate reductase (NR) locus in O.
tauri, in more than 10 independent experiments. We durtlemonstrate the knock-out of a
non-selectable genéerritin, at a similar frequency. Knock-out lines were atdxained for
the blue light photoreceptor LOV-HK and will be cefed elsewhere (Djouani-Tahri, EB and
Bouget FY, personal communication). Southern expents indicated that no illegitimate
integration occurred in HR lines, suggesting th@hblogous recombination which occurs by
double strand break repair and random insertionicfwloccurs by non-homologous end
joining) are mutually exclusive i©. tauri. The results of Southern and PCR analyses
supported the hypothesis that gene knock out mesuitlusively from double crossing-over
events. In contrast to previous reports in the nRigscomitrella Patens (Kamisugi et al.,
2006), we observed no concatenation of transgem@sgdhomologous recombination. Taken
together our results suggest that HR will be théhok of choice for targeted gene disruption
of for the knock-in of transgenes @streococcus.

HR was observed at frequencies varying between dl 1&9% depending on the
construct and the recipient stain. The length ohblogy was a key factor to determine the
efficiency of gene targeting, but the mechanisnrarisgene selection had no effect. The GC
content of the transgene was not important, as shmwthe similar rates of recombination of
the KanMx andNat1 sequences (40% and 60% GC, respect)ueith the Wt gene.

The identification of HR events could be made ewere effective by the use of a
counter-selection marker to select against randwsariion events. For example, the use of

chlorate facilitated the selection NR knock-out mutants i€hlamydomonas in spite of the
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very low frequencies of HR in this green microa{§@deinde and Kindle, 1993). However,
our attempts to use chlorate as a counter seleatianker inOstreococcus have failed, all
chlorate resistant clones being false positivesadntel to grow on nitrate.

A memory of recombination events at thenitrate reductase locus?

To our surprise, gene integration occurred exchlgiby HR when the nativélR
sequence was used to replace the disruNiedequence itHR1KanMx lines. Rates of HR
were also high (65%) when a construct containirjaaMx selection marker was used to
replacing theNatl sequence itHR1Nat lines. This constrasted with the much lower raties
HR when transforming Wt cells with tHeanMx disruption cassette. The restofdR locus
resulting from the complementation of tN& knock out by the Wt gene also displayed low
rates of HR.

We suggest that elevated rates of HR in HRR1KanMx and HR1Nat lines result
from the presence of insertions at the locus. This implies thaDstreococcus is somehow
able to discriminate between “self” and foreign DNAhether such a mechanism exists also
in other species remains an open question. Theaepi®cedent in budding yeast, however,
where insertion of the prokaryotic Tn3-beta lactaenanto the genome also resulted in a
hotspot for meiotic recombination (Stapleton ante®e1991). The genome Gftauri has
one of the highest gene densities known for a likeéeg eukaryote, and contains very few
repeated and transposon-like sequences (Derelid.,e2006). This suggests that efficient
mechanisms operate to remove foreign DNA from #@ogne. It is tempting to speculate that
one such mechanism may be based on homologous ewdan. This would require the
pairing of homologous DNA sequence®. tauri is haploid in culture, but pairing of
homologous chromosomes may occur during mating. ddmparisons of. tauri strains
support the existence of cryptic sex, although tl@mains to be demonstrated under
laboratory conditions (Grimsley et al., 2010). WHegthomologous recombination takes place
during sexual reproduction or not, the mechanisrwvbizh DNA is recognized as foreign and
marked as a recombination hotspot is unknown. Wthesized that this may be mediated
through changes in chromatin structure, becaugert@smodifications such as H3K4Me can
modulate the rate of recombination, and meiotishots are usually associated with an open
chromatin structure (Borde et al., 2009, Berchowitzl Hanlon, 2009). We did not observe
any obvious correlation between the abundance oftrid3ethyl K4, H3 acetyl K9 or the
nucleosome density at tHdR locus, and the rate of HR @streococcus, however other

chromatin modifications such as DNA methylation npdgy a role (Maloisel and Rossignol,
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1998). Our results indicate that recombination distties vary with chromosomal location,
which may reflect different states of the chromattior example, while the rate of HR to
replace the ferritin ORF with a selection markeswaly 1%, it was 25% for the KI construct
which was targeted 500 bp downstream. This suggists the recombination rate is

dependent of the locus and the chromatin stateshw¢an vary along chromosomes.

Conclusion

For most model organisms like the pla@rbbidopsis thaliana, large insertion collections of
mutants are used to compensate for the lack ofiefti gene targeting technologies. Our
results indicate that, i@. tauri, gene targeting by homologous recombination candeel to
knock-out specific genes, or to fuse a protein gigin epitope tag or a reporter gene. The
whole process of gene targeting, from transfornmatibthe transgene to the identification of
haploid knock-out lines by PCR, takes about threeks. In the future, this technology could
be used to introduce mutations at selected positioto the DNA. When combined with the
use of an inducible promoter (Djouani-Tahri et 2011b), this should facilitate the controlled
and inducible expression of recombinant proteinsnfispecific loci. These tools promise a
bright future toOstreococcus as a “green yeast” for functional genomics, systémlogy and

biotechnological developments.
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EXPERIMENTAL PROCEDURES

Algal culture, genetic transformation and biologica tests

O. tauri 0TTHO0595 strain was grown in flasks (Sarstedtyvbite 96 wells microplates
(Nunc, Perkin Elmer) under constant light at afiigitensity of 20 pmol quanta ¢hs®. Cells
were grown in standard Keller medium, which coredimatural seawater supplemented with
trace metals and vitamins unless otherwise stat€dll counting was performed by flow
cytometry using a Cell Lab Quanta™ SC MPL — (Beckn@oulter). Cells were fixed in
0.25% glutaraldehyde for 20 min before flow cytorpetnalysis.

Genetic transformation was carried out by electrafpon as previously described
[11]. Stable transformant colonies were selectedeimi-solid medium at 0.2% w/v agarose
(low melting point agarose, Invitrogen) in Kellerelium supplemented with the appropriate
antibiotic G418 at 1 mg/ml (calbiochem), or Cloiaburseothricin) at 2 mg/ml (WERNER
BioAgents Germany). For thaitrate reductase targeting experiments a Keller-based
Artificial Sea Water (WERNER BioAgents Germany ASWgdium was used. This modified
Keller medium contained 24.55 g/l NaCl, 0.75 g/l IK@.07 g/l MgC} 6H,O, 1.47 g/l
CaCh2H,0, 6.04 g/l MgSQ@7H,0, 0.21 g/l NaHC@ 0.138 g/l NabHPO, and 0.75g/l NaN@
NR® were selected on this medium supplemented with340.5/1 NHCI. In NR
complementation experiments, Nap@Was the only source of nitrogen.

NR® transformants were identified by their ability mrow on ASW lacking
ammonium in microplates and confirmed by PCR tést® below). Disruption dflatl or
KanMx genes was identified by the inability to grow o418 at 1 mg/ml, or on Clonat at 2
mg/ml. These tests were carried out with individuahsformants grown in microplates.

Cloning strategy for gene targeting experiments

PCR Amplifications were performed dD. tauri genomic DNA using the Triple
Master polymerase mix (Eppendorf). Primer sequeaocegjiven in Table SBglll and Ncol
sites were added to the 5’ and 3’ends of the 1J0@rbitin PCR product to allow subsequent
cloning. A sub-cloning step was performed in theEMI-easy vector (Promega). The
pH4.:KanMx:: Tef selection cassette from the pOtluc vector wasdhiced into the coding
sequence diNR andferritin by blunt-end ligation inté\fel (AGC/GCT) orNrul (TCG/CGA)
sites, respectively. The same strategy was uséutrtmduce pH4::clonat::Tef selection gene

from the pOtox vector into th&R sequence. Thderritin-luc knock-in construct was
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generated by cloning the full-lengtlrritin gene into theBglll-Ncol sites of the pOT-Luc
vector, in frame withluciferase. A 1102 bp fragment corresponding to the 3’ endhaf
ferritin gene was then ligated into tBmal site of pOtluc. The resulting construct (5462bp)
comprised the full lengtferritin gene fused in frame witliciferase, upstream of th&anMx
selection gene. Prior to transformation, plasmiadsendigested with appropriate restriction

enzymes and purified onto “NucleoSpin® Gel and RG&an-up” kit (Macherey Nagel).

Molecular analysis of transformants

Ostreococcus Transformants were analyzed by PCR using transgeeeific primers
(See able S1) and/or by Southern blot analysis.o@n DNA was extracted using the
DNAeasy Plant Minikit (Qiagen). For DNA blots, 1 enbpgram DNA was digested with
appropriate enzymes, migrated in a 0.8% TAE agagese@nd transferred onto Hybond N+
membrane (Amersham) as previously described (@oredt al., 2009). DNA probes were
generated by PCR amplification using primers descriin Table S1, except for the P3 probe
corresponding to th&anMx sequence, which was excised from the pOtluc veasing
Hindlll and EcoRI. All probes were radiolabeled by random primitdybridization and

washing of the membranes were performed as prdyidescribed (Corellou et al., 2009).

Chromatin immunoprecipitation (ChIP)

Cultures were grown in constant light until latg4ohase. Cells were fixed by addition
of formaldehyde to the medium to a concentratiod%f (v/v). Glycine was added after 10
minutes to a 125 mM concentration. After 5 minutes|s were washed twice with ice-cold
PBS. Cell pellets were frozen in liquid nitrogeenhstored at -8C until extraction. In order
to extract chromatin, cells were resuspended ixti@aetion buffer (50 mM Tris-HCI pH 8, 10
mM EDTA, 1% SDS) containing a protease inhibitoclkdail (Roche) prior to sonicating
three times 10 seconds at 50-second intervals wsiBganson sonifier. The cell lysate was
centrifuged at 10,00 rpm for 10 minutes and theesugtant containing the chromatin was
frozen at -800C. For ChIP analyses, 20f chromatin were diluted to 2 ml using ChIP
dilution buffer (167 mM NacCl, 16.7 mM Tris-HCI pH&,2 mM EDTA, Triton X-100, 1 mM
PMSF and protease inhibitors). After preclearinghwprotein A Dynabeads (Invitrogen),
samples were incubated overnight at 4°C with eitimdi-H3 (1:200), anti H3-Acetyl K9 or
anti-H3 trimethyl K4 antibodies (Abcam). The immuoamplexes were isolated by
incubation with protein A Dynabeads for 2 h at 4T®e beads were washed as described
(Haring et al, 2007) with the addition of three raxhigh salt buffer washes. DNA to be
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analysed by gPCR was eluted from the beads in tbgepce of 10% Chelex according to
(Nelson et al, 2006). Real-time PCR was carriedooua LightCycler 1.5 (Roche Diagnostic)
with LightCycler DNA Master SYBR Green | (Roche Mollar Biochemicals) Putative
target loci in immunoprecipitated samples were d#iegl using specific primers (Table S1).
Results were analysed using the comparative drititca@shold AACT) method, quantified

relative to the original input chromatin sample @nelsented as percent of input DNA.

Western Blot analysis.

Cells were harvested by centrifugation in coniaattles (10 000g, 4°C, 10min), after
addition of pluronic (0.1%) to the medium. Pelletre frozen in liquid nitrogen and stored at
— 80°C until extraction. Cells were ground in lybisffer (100mM potassium phosphate pH
7.8, 1 mM EDTA, 1 mM DTT, 1% Triton® X-100, 10% glgrol) using a RNA Tissue lyser.
Protein concentration was determined by the Bradfvethod (Sigma) and the same amount
of protein was loaded in each well on a 10 %SDSgmlylamide denaturing gel 4X Laemmli
buffer. Western blot analysis was performed a®¥alhg: the gel was liquid-transferred onto
a Nylon membrane (PVDF, Amersham Life Science, Bug&mshire, UK). The membranes
were blocked in Tris Buffer Saline (TBS) containido milk powder antibody for one hour
and then incubated with an anti-luciferase antib{gbr74548, Santa Cruz Biotechnology,
Inc) at a 1/2 000 dilution The membranes were wash® 6 times in TBS containing 0.1%
Tween 20 and the bound antibody was detewtithl a goat anti mouse antibody (sc-2005).
Immunodetection was performed using the ECL+ retgédmersham Life Science).

Recombinant luciferase froPhotinus pyralis (Sc-32896) was used as a positive control.
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Transformants

Construct Selection Growth  No Growth HR lines Name of
(Recipient Wt) on NH," on NG confirmed by HR lines
(HR+RI) (%) PCR analyses
(Number of
tested lines)
KanMx-as G418 425 8* (~2%) 8 (20) HR1
KanMx-as
KanMx-s G418 107 1* (~1%) 1 (20) HR1
KanMx-s

Table 1. Effect of construct orientation on thegfrency of HR at th&lR locus.
* lines were all analyzed by PCR

Transformants
Construct Homology Recipient Selection NOs G418 CloNat PCR Name of
Length (kbp) strain growth growth growth HR lines HR lines
5 3 (%) (%) (%) (% HR/RI)
Nit 1.9 25 HR1 NO5 219 0 N/A 20 (20) HR2Nit
KanMx-s (100%) (100%) KanMx-s
Nit 1.9 25 HR1 NO5 54 0 N/A 54 (54) HR2Nit
KanMx-as (100%) (100%) KanMx-as
pH4Nat 0.5 0.25 HR1 CloNat N/A 122 4 4 (122) H1RNat
KanMx-s (3%) (3%)
KanMx-s 1.9 25 HR1Nat G418 N/A 60 21 39 (60) HR2
(35%) (65%) KanMx-s
KanMx-s 1.9 2.5 HRNit1 G418 0 192 N/A 0(192) HR3
(0%) (0%) KanMx-s

Table 2. Gene replacements atfelocus. All transformants were analyzed by PCR
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FIGURE LEGENDS

Figure 1: Strategy for the targeted disruption ofthe nitrate reductase (NR) gene inO.
tauri. (a) Physical map of th&lR locus and of the constructs used in the study. dlogous
sequences are highlighted in grey and selectioreggém black. ThepH4:Natl construct
shares promoter and terminator sequences witlpldeKanMx sequence oKanMx-as and
KanMx-s constructs.(b) Identification of a putativeNR knock-out line. TheKanMx-as
construct was electroporated in. tauri cells. Transformants resistant to G418 were
selected in ASW agarose medium containing,NFheir growth was further tested in liquid
ASW medium containing NOas the sole source of nitrogen. Most of the cla@ies grew on
NOs (red arrow). However, those that grew on AMut failed to grow on Nfidentified

putativeNR disruptants (green arrow).

Figure 2: Targeted disruption of the NR gene by homologous recombination using
antisense KanMx constructs. (a) Expected physical maps of homologous recombinants
(HR1KanMx-as) and random insertion lineRI(LKanMx-as). The WtNR locus is expected to
remain intact if insertion takes place at a randgemomic location.(b) Analysis of
HR1KanMx-as lines. Left: PCR analyses using either intelN® (F1,R1) or external and
KanMx (F2,R2) primers. Right: Southern Blot analysis. AWas digested witiKpnl and
hybridized to eitheNR or KanMx specific probes P1 and P2, respectively. All of tlanes
that failed to grow on nitrate had patterns of afigaltion and hybridization consistent with
NR disruption by homologous recombinatign) Summary of the\R targeting experiments,
showing the history of each of the lines. Lines kadrwith stars were used for chromatin

immunoprecipitation experiments in Figure 5.

Figure 3: High frequency transgene removal from tle NR locus by HRHR1KanMx-s or
-as cell lines were transformed using a MR sequence fragment and selected on nitrate-
ASW. (a) Expectedphysical maps of homologous recombinaiBZNit) and random
insertion lines RINit). HR between the Wt transgene and the disrupted liocthe parental
cell lines should lead to restoration of the Wiuec However, Rl of thBIR sequence should
introduce an additional copy of tiNR locus elsewhere in the genome (indicated by CKio?).
analysis of transformants. Left: PCR analysis usiegF1 and R1 primers. All transformants
that grew on nitrate gave 0.6 kbp PCR bands typtdie WINR locus. Right: Southern
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Blot analysis. Genomic DNA from transformants, frim HR1 recipient and from a Wt cell
line was digested witHlindlll and Pstl and hybridized to th&IR probe P3. The line marked

with a star was used for chromatin immunopreciitaexperiments in Figure 5.

Figure 4: Effect of the length of homologous sequers on the efficiency of gene
targeting. A cellline resistant to CloNaHR2Nat) was transformed using constructs
containing either 2.5, 1, or 0.5 kbp of sequenaadiogous td\R on either side of the
KanMx-s resistance cassette. The percentage of transgssréiom by HR is plotted on the X

axis.

Figure 5: Chromatin remodeling during successive hmologous recombination events.
(a) Diagram of theNR locus, indicating the regions testedb) Top row: changes in
nucleosome density were tested by ChIP using atitfbdo histone H3. Middle and bottom
rows: changes in chromatin opening and closing mérlstone H3 acetyl K9 and histone H3
trimethyl K4, respectively), also determined by BhEach bar represents averaged data from

three independent wild-type cultures or HR linesoEbars indicate standard deviations.

Figure 6: Targeted knock-out and knock-in of the liciferase reporter at theferritin

locus. (a)knock-out of theerritin gene. Wt cells were transformed usinigraitin sequence
fragment disrupted by th€anMx selection marker. Transformants were identified by
selection on G418. Homologous recombination wagitoad by the obtention of a 0.9 kbp
PCR product using the primers FFe and RFo, and®2dd &bp PCR product using the primers
FFe and RFe. RIFe indicatEsrritin random insertion lines artdRFe, homologous insertion
lines. (b) In frame knock-in of the luciferase reporter. A stact in which the luciferase
reporter gene was inserted in frame downstrearhedétritin ORF was electroporated into
O. tauri cells. Knock-in linesfRFIu) were identified by PCR using either a combinatén
selection marker FH4 and external primers RFi,soangitheferritin specific primers FFo and
RRFo.RIFlu indicates a random insertion of tfeeritin-luc construct. Bottom: Western Blot
analysis using an anti-lua-{uc) antibody detected a protein at 85 kd&lRFlu andRiFlu
lines.Luc indicates recombinant luciferase protein (65 kdapressed i®. tauri under

control of the High affinity phosphate transporter.
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SUPPLEMENTARY FIGURES LEGENDS

Figure S1: Targeted disruption of theNR gene by homologous recombination using
sense KanMx constructs. (a) Expected physical maps of homologous recombinants
(HR1KanMx-s) and random insertion line®RI(LKanMx-s). The WtNR locus is expected to
remain intact if insertion takes place at a randgemomic location.(b) Analysis of
HR1KanMx-as lines. Left: PCR analyses using either externdlkanMx (F3, R2) or internal
NR (F1, R1) primers. Right: Southern Blot analysidNA was digested withKpnl and
hybridized toNR specific probe P1.

Figure S2: Selection marker replacements by homafmus recombination (a) Generation
of a CloNat resistaritiR1Nat line by homologous recombination.HR1KanMx-s line was
transformed with theH4:Nat1 cassette which shares homology over the promater a
terminator regions of thikanMx cassette. Top row: Expected physical maps of hogool®
recombinantsHR1Nat) and random insertion lineRI(LNat). Bottom row: PCR analysis of
transformants using promoter Fp and terminatorpcisic primers. The foudR1Nat lines,
which became sensitive to G418 had patterns ofifiogblon consistent with homologous
replacement of thkanMx sequence biNatl. (b) Homologous replacement Natlby KanMx
sequence. A HR1Nat line generated in (a) was toamsfd with theKanMx-s construct. Top
row: expected physical maps of homologddBZKanMx-s) and random insertion lines
(RI2ZKanMx-s). Bottom row: PCR analysis of transformants usirappoter Fp and terminator
Rt specific primers. ThElR2ZKanMx-s lines, which became sensitive to CloNat had pagter
of amplifications consistent with homologous replaent of théNatl by KanMx sequence.

Figure S3: Targeting of theNR restored line. A HR2Nit (KanMx-s parental line) restored
line was targeted by th€anMx-s construct (see Figure 1). Transformants were sslaut
NH," -ASW containing G418. Top row: expected physiaps of homologous
recombinantsHR3KanMx-s) and random insertiorR(3KanMx-s) lines. Bottom row: PCR
analysis of transformants using (F1, RB specific primers. All transformants displayed

the 0.6 kbgNR Wt band consistent with a random insertion ofKlaeMx-s sequence.
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