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e Phosphorus (P) is one of the limiting macronutrients for algal growth in marine environ-
ments. Microalgae have developed adaptation mechanisms to P limitation that involve
remodelling of internal phosphate resources and accumulation of lipids.

e Here, we used in silico analyses to identify the P-stress regulator PtPSR (Phaeodactylum
tricornutum phosphorus starvation response) in the diatom P. tricornutum. ptpsr mutant lines
were generated using gene editing and characterised by various molecular, genetics and bio-
chemical tools.

e PtPSR belongs to a clade of Myb transcription factors that are conserved in stramenopiles
and distantly related to plant P-stress regulators. PtPSR bound specifically to a conserved cis-
regulatory element found in the regulatory region of P-stress-induced genes. ptpsr knockout
mutants showed reduction in cell growth under P limitation. P-stress responses were impaired
in ptpsr mutants compared with wild-type, including reduced induction of P-stress response
genes, near to complete loss of alkaline phosphatase activity and reduced phospholipid degra-
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Introduction

Phosphorus (P) is one of the most important macronutrients for
algae and is a limiting factor of marine primary production in
some parts of the world’s oceans (Sarthou er 4/, 2005; Elser
et al., 2007). It can be found in its inorganic form (P;, orthophos-
phate) or in dissolved organic phosphorus (DOP) (Van Mooy
et al., 2009). Recent studies have revealed underlying common
molecular mechanisms of stramenopiles to deal with P stress that
can be divided into global and specific P-stress responses
(Dyhrman ez al., 2012; Cruz de Carvalho ez al., 2016; Canavate
et al., 2017; Mihlroth er al., 2017; Alipanah er al., 2018). In
microalgae, specific P-stress responses involve P transportation, P
scavenging and degradation of alternative P sources such as DOP
(Dyhrman, 2016). Global P-stress responses include cell division
arrest, reduction of the RNA pool and redirection of main carbon
fluxes towards carbon storage molecules such as chrysolaminarin
or triacylglycerol (TAG, Miihlroth e al, 2013; Brembu et al.,
2017). Even though a few molecular P-stress mechanisms are
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e We conclude that PtPSR is a key transcription factor influencing P scavenging, phospholipid
remodelling and cell growth in adaptation to P stress in diatoms.

known, key transcriptional regulators have not been identified in
stramenopiles.
studies in the diatoms

Phaeodactylum tricornutum and Thalassiosira pseudonana, as well

Transcriptome and  lipidome
as the eustigmatophyte Nannochloropsis oceanica, have provided
detailed insights of gene regulation patterns during P limitation
(Dyhrman et al., 2012; Cruz de Carvalho e al., 2016; Muhlroth
et al., 2017; Alipanah ez al., 2018). P acquisition is activated by
transcriptional induction of genes encoding high and low affinity
P; transporters, phosphodiesterases and phosphatases (Donald
et al., 1997; Shimogawara ez al., 1999). Phosphodiesters such as
phospholipids (PLs) and nucleic acids are degraded by extracellu-
lar and intracellular glycerophosphoryl diester phosphodiesterases
(GDPDs) and nucleotidases, which are poorly studied in stra-
menopiles (Dyhrman ez al, 2012; Baldwin, 2013). A recent
study in N. oceanica showed that expression of cellular and extra-
cellular GDPDs was induced as part of an early P-stress response,
suggesting that degradation of membrane-bound PLs was likely
part of the P-stress-inducible PL-recycling scheme (Mihlroth
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et al., 2017). This PL-recycling scheme includes degradation of
PLs, reduction of PL biosynthesis and synthesis of P-free lipid
classes (Martin ez al.,, 2011; Canavate ez al., 2017). Phosphatases
involved in P acquisition include phosphomonoesterases (PMEs)
and alkaline phosphatases (APs) degrading phosphomonoesters,
enabling the cell to obtain orthophosphate by degrading intracel-
lular and extracellular DOP sources (Flynn er al, 1986;
Theodorou ez al., 1991; Mihlroth ez al., 2017; Alipanah ez al.,
2018). The P-stress-inducible APs are the most commonly
encountered phosphatases and are found in a wide range of phy-
toplankton. AP activity measurements are therefore used as a
biomarker for P limitation in the marine environment and single
cultures (Dyhrman ez al, 2012; Lin et al, 2012; Feng et al.,
2015; Canavate et al., 2017). Several putative APs identified in
diatoms have either bacterial origin or are similar to the charac-
terised low P-inducible APs of the green alga Chlamydomonas
reinhardtii (Dyhrman et al., 2012; Alipanah ez al., 2018). APs in
C. reinhardtii are either membrane bound, which allows AP
detection in intact concentrated cells or extracellular, allowing
AP activity measurements in the filtrate (Quisel ez 4/, 1996; Xu,
20006; Li ez al., 2012; Dyhrman, 2016).

Long-term P-stress-induced processes classically involve tran-
scription factors (TFs) that are often lineage-specific and key
players in gene expression. However, apart from iz silico studies,
lictle information is known regarding nutrient stress-induced TFs
in stramenopiles (Rayko ez 4., 2010; Matthijs et al., 2016, 2017;
Thiriec-Rupert ez al., 2016). The myeloblastosis (Myb) family of
TFs is widespread in eukaryotic organisms and is a large, func-
tionally diverse family (Dubos ez al, 2010; Rayko et al., 2010).
The Myb-related TFs PHOSPHORUS STARVATION
RESPONSE 1 (PSR1) and PHOSPHATE STARVATION
RESPONSE! (PHR1) were found to act as important regulators
of P-stress responses in C. reinhardtii and Arabidopsis thaliana,
respectively (Wykoff ez al., 1999; Rubio ez al., 2001). PSR1 and
PHRI control the expression of P transporters, enzymes involved
in DOP degradation and P scavenging, and P starvation-specific
secreted polypeptides under low P; conditions (Dubos ez al,
2010). Myb TFs are divided into several classes depending on the
adjacent repeats of the Myb DNA-binding domain (Dubos ez 4/,
2010; Chiou & Lin, 2011). Phylogenetic analysis showed that
PHRI and PSRI share the same Myb DNA-binding domain
with a SHLQKYR mortif located at its C-terminal part (Wykoff
et al., 1999; Rubio et al., 2001; Thiriet-Rupert ez al., 2016). In
addition to the Myb DNA-binding domain, PHRI and PSRI
also share similarities in a C-terminal, predicted coiled-coil (CC)
domain, which is a glutamine-rich sequence potentially involved
in protein—protein interactions (Dubos ez al, 2010; Chiou &
Lin, 2011). Under low P;, PSR1 and PHRI1 form homodimers,
probably through their CC domain, that bind an imperfect palin-
dromic DNA sequence termed the PHRI-binding sequence
(P1BS) present in the promoters of P; starvation-responsive genes
(Wykoff et al., 1999; Rubio et al., 2001).

The marine pennate diatom P. #ricornutum has become a
model species for molecular studies in diatoms, due to its well
characterised genome and development of advanced molecular
engineering techniques (Falciatore e al, 1999; Bowler ez al.,
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2008; Karas er al, 2015; Nymark ez al., 2016). The recently
established CRISPR/Cas9 gene editing system in P. tricornutum
opens up possibilities for efficient reverse-genetic pipelines to
identify key players in metabolic pathways and transcriptional
regulation (Nymark ez @/, 2016; Sharma ez al., 2018). In the pre-
sent study, we used available transcriptome data to identify the P-
stress-induced Myb-related TF PtPSR (2. tricornutum phospho-
rus starvation response). ptpsr mutants generated by gene editing
were subjected to chemical, biochemical, physiological and tran-
scriptional analyses to investigate its role as a regulator of P limi-
tation responses.

Materials and Methods

Growth conditions

Axenic P. tricornutum wild-type cells (PtWT) (Bohlin clone Ptl
8.6, CCMP632) were grown in liquid culture as described previ-
ously under constant light (100 pmol photons m™>s™"), at 20°C
with shaking (150 rpm) (Nymark ez 4/, 2009). Before experi-
ments, the cells (PtWT and mutants) were acclimatised by culdi-
vation in continuous light under shaking (150 rpm) for 2-3 wk;
cells were diluted 10-fold every second day to maintain exponen-
tial growth. The experimental cultures were inoculated to
e 1 x 10° cells mI ™ in either /2 medium (36.38 uM PO, +P
cells) or f/2 medium with reduced P concentration (0.6 uM
PO4>~, —P cells). The mutant lines (prpsr 1_3.4, pipsr 1_3.10,
pipsr 2_2.2, prpsr 2_2.3) and PtWT were grown in four biologi-
cal replicates under both —P and +P conditions. For validation
of the AP activity experiment, RNA samples at 48 h were taken
to confirm reproducibility of the experimental setup under P lim-
itation (data not shown). For cell counts, a NovoCyte flow
cytometer (ACEA Biosciences, San Diego, CA, USA) was used
with light excitation at 488 nm, a forward angle light scatter
(ESC, 0 £ 13), and the fluorescence filter FL3 with absorption at
670 nm as a threshold. Cultures were regularly tested for axenity
by plating on agar plates with f/2 medium and 1gl™" peptone
followed by incubation for 3-5d at room temperature. Axenic
growth was confirmed throughout the experiments.

Vector construction and sgRNA design

The CRISPR/Cas9 vector pKsdiaCas9_sgRNA (Addgene ID:
74923, Watertown, MA, USA) and pPtPuc3_Cas9_sgRNA
(Addgene ID: 109219) were used to produce InDels in
Phatr2_47256 encoding PtPSR in P. tricornutum (Nymark et al.,
2016; Sharma et al, 2018). The CRISPR/Cas9 vector,
pKsdiaCas9_sgRNA, is delivered via biolistic method and plas-
mid is integrated into the host genomic DNA, while
pPtPuc3_Cas9_sgRNA is delivered via a bacterial conjugation
method and remains as an episome inside the cells (Nymark
et al., 2016; Sharma et al., 2018; Slattery et al., 2018). A custom-
made Perl script that search for unique PAM sites with low
homology to other genomic loci that might produce off-target
effect was used to design single guide RNA (sgRNA) adapters for
targeting two regions in PtPSR gene. PtPSRPAM 1 (target site 1)
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was located 5" of the Myb DNA-binding domain so that out-of-
frame InDels would produce a nonfunctional protein lacking the
Myb domain, and PtPSRPAM 2 (target site 2) targeted the con-
served domain 2. The adapter sequences (followed by PAM
sequence: 5'-NGG-3') were selected as described in Nymark
et al. (2016) by using an in-house program based on a Perl script.
The adapters targeting PtPSR  were ligated into the
pKSdiaCas9_sgRNA and pPtPuc3_Cas9_sgRNA plasmids as
described previously by Nymark er al (2016, 2017). PtPSR
PAMI1 lines were generated using pKS_diaCas9_sgRNA plas-
mids (Nymark ez al, 2016) and PtPSR PAM2 lines using
pPtPuc3_diaCas9_sgRNA with transformation via biolistic bom-
bardment and bacterial conjugation, respectively (Sharma ez al.,

2018).

Transformation

Phaeodactylum tricornutum cells were transformed as described
previously (Falciatore ez al., 1999; Nymark ez al., 2017). For deliv-
ery by conjugation to P. tricornutum, cells were transformed using
Escherichia coli (DH10P) as previously described (Sharma ez al.,
2018; Slattery ez al., 2018). E. coli cells with conjugative pT-MOB
plasmid and pPtPuc3_diaCas9_sgRNA plasmid were grown at
37C to ODggg 0.8-1.0, harvested by centrifugation (10 min,
3000 g and resuspended in 500 pl SOC media (Karas er al,
2015). Phaeodactylum tricornutum cells were grown for 4d on
50% f/2-Si agar plates and then scraped off, resuspended and
adjusted to 5 x 10° cells ml~". For the conjugation, 200 ul each
of P. tricornutum and E. coli cells were mixed and plated on 50%
seawater (SW) £/2 with 5% LB agar plates and incubated in dark-
ness at 30°C for 90 min. Plates were transferred to constant light
(100 pmol photons m 25 1) at 20°C. After 2d, P. tricornutum
cells were transferred to selection plates. Colonies were selected
from selection plates after 2wk and transferred to f/2 liquid
medium containing 50 pig ml~" zeocin or on new selection plates.

Screening primary ptpsr mutant colonies and isolation of
ptpsr mutant lines

Phaeodactylum tricornutum mutations at PAM1 and PAM2 sites
were identified by high-resolution melting (HRM) analysis fol-
lowed by Sanger sequencing of PCR amplicons using primers
from Supporting Information Table S1, as described by Nymark
et al. (2016, 2017). Pure mutant lines were obtained as previ-
ously described (Nymark ez /., 2016; Sharma ez al., 2018). Pri-
mary mutant colonies were diluted (c. 200 cells ml™"), and
250 pl of cells were transferred to selection plates (50% SW /2,
100 pg ml™! zeocin, 1% (w/v) agar). Mutants grown on selection
plates were picked and checked for target mutations as described
above. Clean biallelic clones were identified by HRM and the
PCR product was cloned into the pCR4-TOPO TA vector
(Invitrogen). At least six PCR clones from each colony were
sequenced to get an overview of the different InDels present
within a colony. Allelic InDels and mutations were verified using
single nucleotide polymorphisms (SNPs) observed in the gene
(Sharma ez al., 2018).
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Alkaline phosphatase assay

Phaeodactylum tricornutum cells were harvested for cellular AP
activity (cAP) measurements by centrifugation (15 min, 4000 g
and 1 min, 16 000 g). The supernatant was removed and replaced
by fresh obtain a cell concentration of
7 x 10° cells ml ™! 0.5 ml concentrated cell suspension was added
to 0.5ml TrissHCl-pNPP soludon (100 mM Tris-HCl and
10 mM p-nitrophenyl phosphate (pNPP) were suspended in sterile
seawater and adjusted to pH 9.5). After 2 h incubation in dimmed
light at room temperature, presence of pNP (p-nitrophenol) was
measured by absorption at 405 nm. As a blank, 0.5 ml concen-
trated cell suspension was added to 0.5 ml Tris-HCl-pNPP solu-
tion immediately before measuring. A dilution series of pNP
standard was measured at 405 nm and together with the cell count
used to determine the AP activity (mM conversion of pNP per 10°

seawater  to

cells). External AP activity (eAP) was measured using the super-
natant of centrifuged cell samples and measured as described above.

Phosphorus determination

Samples for dissolved P; were collected as supernatant after cen-
trifugation of algal cells and stored at —20°C until analysis. Pi
determination was done according to the standard colorimetric
method by the reaction of phosphomolybdic acid at 880 nm with
the Analytical Flow Solution IV analyser (Hansen & Koroleff,
1999). For cellular P, defined volumes of the cell cultures (10—
50 ml) were filtered on a ¢. 1-um Whatman GF/C filter and
stored at —20°C undil analysis following Norwegian standard
NS6878 (2004).

RNA isolation and quantitative real-time PCR

Depending on cell density, 100-250 ml of four biological repli-
cates of each mutant line were quickly harvested through vacuum
filtration on 0.65-pwm Durapore membrane filters (DVPP; Merck
Millipore, Darmstadt, Germany) at time points 2, 24 or 48 h.
Cells were washed from filters using 1 ml of the same growth
medium and then centrifuged at 16 000 g for 1 min at 4°C. The
supernatant was discarded, and the pellet was flash frozen in liquid
nitrogen and stored at —80°C. Total RNA was isolated using the
Spectrum Plant Total RNA Extraction Kit (Sigma-Aldrich) and
quantified using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Wilmington, NC, USA). Reverse transcription of total
RNA was performed from 1000 ng RNA using the QuantiTect
Reverse Transcription Kit (Qiagen) and oligo(T) and random
primers. Four biological replicates from each line, time point and
treatment were used to perform quantitative real-time PCR (qRT-
PCR) on a LightCycler 480 using the LightCycler 480 SYBR
green I master kit (Roche Applied Science, Indianapolis, IN,
USA). The standard method included a preincubation for 5 min
at 95°C, followed by 50 cycles of amplification consisting of 10's
at 95°C, 10s at 58°C and 15 s at 72°C. Both genes of interests
(GOIs) and housekeeping genes used for qRT-PCR were chosen
based on the microarray data from previous P limitation experi-
ments in P. tricornutum and 1. pseudonana (Table S2) (Dyhrman
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et al., 2012; Alipanah ez al., 2018). LINREG PCR 11.1 software was
used to determine primer efficiency, and QBASEPLUS software for
identifying the Ct value (Ramakers ¢z 2/, 2003; Ruijter et al,
2009). Means of the individual biological samples (7= 4) were cal-
culated and used to determine the ratio and the respective log,
value, using the QBASEPLUS software (Biogazelle, www.qbaseplus.c
om) and one-way ANOVA analysis. For p#psr mutants, regulation
of selected genes at each time point was calculated using PeWT as
reference under the same conditions.

Phylogenetic analysis of Myb DNA-binding domain

Protein alignments were generated using MEGA 7.0.26 (Kumar
et al., 2016). A number of substitution matrices were evaluated
(MEGA 7.0.26) and the best one selected. Maximum likelihood
(ML) trees were created with MEGA 7.0.26 using the LG model as
the amino acid substitution model, with gamma-distributed muta-
tion rates among amino acid sites and complete deletion of gaps
and missing data. MEGA 7.0.26 was also used to create boot-
strapped neighbour-joining (N-J) (Saitou & Nei, 1987) trees using
the Jones—Taylor—Thornton (JTT) model as the amino acid sub-
stitution model. In total, 1000 nonparametric bootstrap inferences
were executed both for ML and N-J trees. The trees were refined
using Affinity Designer (Serif (Europe) Ltd, Nottingham, UK).

PtPSR recognition motif screen

The Multiple EM for Motif Elicitation (MEME) web server was
used for identifying potential transcription factor binding sites in
promoters from 84 selected genes, using the 0-order model to
normalise for biased distribution of bases (Bailey et /., 20006).
The promoters were selected from genes that showed a specific

and robust induction under P-limited conditions, that is the
GEO dataset GSE66063 (Alipanah et al., 2018).

Electrophoresis mobility shift assay

Full-length P¢tPSR was cloned into pBADM-20(+) (Addgene) to
generate a fusion protein with an N-terminal His-tag. The
recombinant protein was expressed in E. coli BL21-CodonPlus
(DE3)-RIPL (Stratagene, La Jolla, CA, USA), purified on
HisTrap column (GE Healthcare, Pittsburgh, PA, USA) and
treated with Tobacco Etch Virus (TEV) protease to cleave off the
tag. For the Electrophoresis Mobility Shift Assay (EMSA), three
51 bp DNA oligos (Integrated DNA Technologies, Leuven, Bel-
gium) were used: one containing three PtPSR binding motifs and
labelled with IRDye700 (‘probe’), a similar unlabelled one
(‘competitor’) and one unlabelled where the PtPSR binding
motifs were mutated (‘mutated competitor’). Double-stranded
probes, DNA-binding reactions and EMSA were performed as
described by Nakata & Ohme-Takagi (2014) using the Odyssey
Infrared EMSA Kit (Li-Cor Biosciences, Lincoln, NE, USA).

SDS-PAGE

Tris-glycine SDS-PAGE mini gels were run using Precision Plus
Protein Dual Color Standards (Bio-Rad) as the molecular weight
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marker and stained with SimplyBlue SafeStain (Life Technolo-
gies).

Lipid contents and composition

Lipid contents and class was determined as described in
Miihlroth ez al. (2017). Algae cultures were harvested by centrifu-
gation (15180 g 10 min) and subsequent filtration. The filter
was resuspended in 0.5ml seawater, centrifuged (20000 g
1 min) and the pellets were stored at —80°C. Lipids were
extracted and quantified by mass spectrometric analysis according
to Jouhet ez al. (2017).

Results

Identification and characterisation of PtPSR and
phylogenetic analysis of the Myb DNA-binding domain

Myb TFs in plants and green algae are known components of a
central regulatory system controlling transcriptional responses to
P limitation (Jyoti ez al, 2019). When we investigated the tran-
scriptional response to P limitation in genes encoding TFs of the
diatom P. tricornutum, using a publicly available dataset (Ali-
panah ¢ al., 2018), the most responsive TF at 48 and 72 h after
P deprivation was a transcript encoding a Myb-like TF annotated
as PtMyblR_SHAQKYF5 (Phatr2_47256), here re-named
PtPSR. PtPSR transcript induction was more than four times
stronger compared with other Myb-like genes (Fig. 1a). We also
analysed a transcriptome dataset of P limitation in the eustig-
matophyte V. oceanica (Muhlroth et al., 2017). Two N. oceanica
transcripts encoding Myb-like TFs closely related to P:PSR
(No_10770 and No_8993 in the genome assembly by Vieler
er al. (2012)) displayed a similar early induction under P limita-
tion, suggesting that the role of this TF is conserved among stra-
menopiles (Fig. S1). Nannochloropsis spp. harbour 35 Myb and
Myb-related TF genes (15 R2R3 Myb, 8 RIR2R3 Myb and 12
Myb related); three of these are related to PtPSR (Hu er 4/,
2014). PPSR belongs to a family of nine Myb-like TFs in
P. tricornutum that is characterised by a single Myb DNA-bind-
ing domain-containing a SHAQKYF-like motif (Rayko et al,
2010). SHAQKYF-like Mybs in diatoms can be further divided
into three classes. Class I SHAQKYF-like Mybs are related to
Arabidopsis ARR and PHRI-like proteins, class II are weakly
related to Arabidopsis CCA1 and LHY proteins while class 11
are diatom-specific (Fig. S2; Rayko ez al, 2010). PtPSR
(PetMyb1R_SHAQKYEF5) belongs to class I together with
PetMyb1R_SHAQKYF8 (Phatr2_50328), which showed lower
induction than PtPSR at 72h under P limitation (Fig. 1la).
PtPSR encodes a 575 amino acids (AA) long protein with four
conserved domains (CDs) of unknown function and the Myb
DNA-binding domain at 219 to 275 AA (Fig. 1b). A putative
nuclear localisation signal (NLS, GGKSSRSSKVRRKGK, amino
acid residues 198-212) predicted by LocaLizer 1.0 (Sperschnei-
der et al., 2017) is present upstream of the Myb DNA-binding
domain. The CD2 domain is conserved in diatoms and contains
a predicted helical structure. The CD3 domain showed similarity
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Fig. 1 The Myb transcription factor PtPSR is strongly induced at the transcript level by P limitation. (a) Transcriptional responses of all Phaeodactylum
tricornutum Myb TFs significantly regulated (*, P<0.01) by P depletion after 48 and 72 h. The ratios were log, transformed. Raw data from Alipanah et al.
(2018). Myb nomenclature is taken from Rayko et al. (2010). (b) Domain organisation of PtPSR. CD, conserved domain; NLS, nuclear localisation signal.
(c) Unrooted maximum likelihood (ML) tree based on a protein alignment of PtPSR and related class | SHAQKYF TFs. The overall topologies for ML and
Neighbour-Joining (NJ) trees are the same. Black circles indicate nodes supported by ML and NJ bootstrap values (1000x sampling, >60%). (d) 100%
conserved PtPSR recognition motif (expect value (e) = 4.8 x 10~°") based on the promotor sequence of 84 P-stress-inducible genes (Supporting

Information Fig. S1) analysed with MEME (Bailey et al., 2006).

in several diatoms and was identified as a putative CC domain
using both COILS and Parcoil2 CC prediction programs (Lupas
et al., 1991; McDonnell et al., 2006). Similar CC domains are
found in Myb-CC TFs in plants including PHR1 in Arabidopsis.
However, no clear function could be identified for the CDs. A
phylogenetic analysis of the Myb domain indicated that Sub-
group I SHAQKYF-like Mybs are distributed throughout stra-
menopiles (Fig. 1¢).

In order to identify genes exhibiting a P limitation-specific
transcript response, we collected publicly available transcriptome
datasets for response to silicon limitation (Sapriel ez al., 2009),
cadmium exposure (Brembu ez 4/, 2011), N limitation (Alipanah
et al., 2015) and P limitation (Alipanah er al, 2018). The pro-
moter regions of the 84 genes strongest induced by 72 h of P
stress in the dataset from Alipanah ez /. (2018), but little affected
or not in the other datasets (Fig. S3) were analysed for motifs
using the MEME web server (Bailey ez 4/, 2006). Our analysis
revealed a highly conserved motif containing 8-bp sequence 5'-

New Phytologist (2020) 225: 2380-2395
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YGAATCTH-3' (Fig. 1d) within 81 of these genes, with up to
six copies of the motif in the promoter region of a single gene,
such as the alkaline phosphatase APl Phatr2_49678 (Fig. 2).
This enriched motif was similar to the recognition motifs of Ara-
bidopsis P-stress-inducible Myb TFs, HYPERSENSITIVITY
TO LOW PHOSPHATE-ELICITED PRIMARY ROOT
SHORTENING]1 (HRSI, Atlgl13300, P-value: 1.1 x ¢ °%) and
its homologues HRS1 HOMOLOG2 (HHO2, Atlg68670, -
value: 4.7 xe®) and HRS1T HOMOLOG6 (HHOG,
At1g49560, P-value: 2.6 x e %% (Fig. S4), suggesting that this
could be the recognition motif for PtPSR, which itself has four of
these conserved motifs in its promoter. Transcription factor
binding sites are known to be conserved through evolution in
both plants and animals (Nitta ez 2/, 2015).

We performed an EMSA analysis to verify the binding of
recombinant PtPSR to the predicted recognition motif using
IRDye-labelled DNA probes containing three GAATCT motifs
(Fig. S5a). PtPSR binds specifically to the GAATCT sequences,

© 2019 The Authors
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Proteins with unknown function

Phatr2_47200 Unknown hypothetical protein (O)
Phatr2_36162 Unknown protein (OO)
Phatr2_44607 Unknown serine-rich protein (O)
Phatr2_15749 Leucine-rich repeat protein (OO0)
Phatr2_45021 Unknown protein (OO)
Phatr2_50572 Unknown protein (-)
Phatr2_42685 G8 domain protein (O)
Phatr2_34132 DUF3291 domain protein (O)
Phatr2_44440 Unknown hypothetical protein (O)
Phatr2_49872 Unknown protein (OO)
Phatr2_35545 Unknown protein (O)
Phatr2_34549 Unknown protein (O)

Carbon metabolism

Phatr2_49314 20G-Fe(ll) oxygenase family protein (OO)

Phatr2_48834 Lipopolysaccharide-modifying enzyme (OO)

Phatr2_40644 Alginate lyase-like protein (O)

Phatr2_44546 Aldo/keto reductase family protein (O)

Phatr2_30519 Pyruvate carboxylase (PYC1) (O)

Phatr2_45684 Ferredoxin-domain protein (O)

Phatr2_51970 NADP-dependent malic enzyme (-)

Phatr2_37509 Cytochrome c6-like protein (O)

Phatr2_54105 Glyoxalase-like domain protein (OO)

Phatr2_9124 Sedoheptulose bisphosphatase (OO)

Phatr1_43024 D-lactate dehydrogenase, 2-hydroxyacid dehydrogenase (OO)
Phatr2_23598 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH_3) (OO)

sk Phatr2_47256
Phatr2_46684
Phatr2_36322
Phatr2_32914
Phatr2_1864
Phatr2_1103
Phatr2_21006
Phatr2_37257
Phatr2_47434
Phatr2_15802
Phatr2_54873

P scavenging / DOP degradation
Phatr2_43694 5-prime nucleotidase, UshA-domain protein (OO0OO)
Phatr2_12577 Serine/threonine phosphatase 2C family protein (OOO0O0)
Phatr1_57830 Metallophosphatase domain protein (OO)
Phatr2_42561 Histidine phosphatase (=)
Phatr2_33251 Phosphatase-related (O)

sk Phatr2_45757 Alkaline phosphatase D domain protein (PME) (O000)
Phatr2_47869 Phosphatase-related (atyPhoA) (OOOOO0)
Phatr2_49678 Alkaline phosphatase (AP1) (OOO00O)

sk Phatr2_39432 PhoD-like phosphatase (OO0)
Phatr2_47612 Alkaline phosphatase, phytase-like (OOOO0O0)
Phatr2_2761 Purple acid phosphatase (O0O0)

PtMyb1R_SHAQKYF5/PtPSR (O000)
PPIP5K (00)

Protein kinase (OOO)

CAMK family protein kinase (O)
Calcium-dependent protein kinase (OOO)
Calcium-dependent protein kinase (OOO)
Calcium-dependent protein kinase (OO)
Myb-like DNA-binding domain protein (OO)
SPX-domain protein (OO00)

Ribosomal protein S6 kinase alpha-like protein (OO)
Metacaspase (O)

Phospholipid biosynthesis/degradation

*k Phatr2_52110 Ethanolamine-phosphate phospholyase (O)

sk Phatr2_32057 Glycerophosphoryl diester phosphodiesterase (OO00)

sk Phatr2_49693 COG4222/phytase-like (O00)
Phatr2_44900 Glycerophosphoryl diester phosphodiesterase (OO0O00O0)
Phatr2_47390 PI ethanolamine phosphate transferase 3 (O)
Phatr2_40163 CTP-phosphoethanolamine cytidylyltransferase (OO)
Phatr2_48445 Phosphatidylinositol-specific phospholipase C related (O)
Phatr2_42871 Phospholipid methyltransferase (OO0O0O0)

<+—PtPSR

Betaine lipid synthesis
Phatr2_45902 TLC domain protein (OO)

Phatr2_44224 TLC domain protein (OO0Q)
Phatr2_48246 Methyltransferase domain protein (OOOO)
Phatr2_42872 Betaine lipid synthase (OOOO)

Phatr2_49589 Armadillo repeat-containing protein (OO)
Phatr2_36425 Unknown protein (OOOO)

Phatr2_31810 Unknown small protein (OO)

Phatr2_36381 Unknown conserved protein (O)
Phatr2_42816 Unknown protein (OO)

Unknown protein (OOO00O0)

Unknown protein (O0)

Unknown protein (OOO00O0)

Kelch-repeat and malectin-domain protein (O)
Medium chain dehydrogenases/reductase (OO)
Prolyl 4-hydroxylase related protein (O)

Phatr2_46796
Phatr2_48016
Phatr2_47760
Phatr2_48253
Phatr2_49717
Phatr2_44920

Other transporters

Phatr2_46385 Bestrophin-type plasma membrane protein (OOO0O0)
Phatr2_48511 Chromate transporter (OOO)

Phatr2_1946 Amino acid permease (OO)

Phatr2_45789 Membrane transport protein (OO)

Phatr2_48518 Zinc/iron permease (O0)

Phatr2_676  P1B, P type ATPase (O0)

Phatr2_43314 VIT family protein (O)

P transporters

sk Phatr2_40433 Sodium phosphate cotransporter (OO)

sk Phatr2_47667 Sodium phosphate cotransporter (OOO)
Phatr2_47239 Sodium phosphate cotransporter (O00)
Phatr2_39515 Phosphate:H+ symporter (OO)
Phatr1_47538 Sodium/potassium/calcium exchanger (OO)
Phatr2_23830 Phosphate transporter family protein (O)
Phatr2_15281 Vacuolar transporter chaperone (O00)
Phatr2_19586 Vacuolar phosphate transporter (OOO)

Fig. 2 Strongly P stress-inducible genes contain PtPSR recognition motifs. Eighty-one of the 84 strongest upregulated genes under P stress contained
putative PtPSR recognition motifs in promotor region in Phaeodactylum tricornutum. Transcriptome data were derived from microarray data (Sapriel et al.,

2009; Brembu et al., 2011; Alipanah et al., 2015; Alipanah et al., 2018). (O), nu

mber of PtPSR recognition motif within the promotor region of the gene;

(—), genes without PtPSR recognition motif; green asterisks, genes validated by qRT-PCR.

as signal was lost from the PtPSR/DNA complex when the unla-
belled competitor DNA probe was added but not when an unla-
belled DNA probe with mutated motifs was added (Fig. S5b).
Also, the unrelated protein A. thaliana NSP1 (Kong ez al., 2012),
expressed and purified under similar conditions as P¢PSR, did
not bind the probes. For some reason, PtPSR bound to the probe
did not migrate into the native gel, while migration of PtPSR was
not prevented on SDS-PAGE (Fig. S5¢).

Generation of ptpsr mutants

ptpsr mutant cell lines were generated using CRISPR/Cas9-based
gene editing. Two sgRNAs were designed targeting the N-termi-
nus between the CD1 and Myb domains (PAM1) and the CD2
domain (PAM2), respectively (Fig. 3a). Among the transfor-
mants obtained, two mutants for each target site were further
analysed. Both of the PAM1 mutants, ptpst I_3.4 and ptpsr
1_3.10, carried large deletions in allele 1 and rearrangements in
allele 2, resulting in a complete loss of the Myb DNA-binding
domain (Figs 3a,b, S6). None of the PAM1 lines harboured
wild-type alleles. A 504 bp deletion and 2 bp insertion in pepsr
1_3.4 introduced a premature stop codon due to out-of-frame
InDels. A 537 bp in-frame deletion of ptpsr 1_3.10 resulted in
deletion of the Myb domain while all other CDs remained intact
(Fig. 3¢c). To test for off-target effects, loci showing the highest
probability for off-target by CRISPR/Cas9 (4bp mismatch
against sgRNA) were sequenced (Table S3). The sequencing data

© 2019 The Authors
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showed no mutation at the predicted off-target regions (one for
each sgRNA) tested in P. tricornutum (data not shown). In the
PAM2 mutant pepsr 2_2.3, editing of both alleles of PtPSR
resulted in the loss of CDs except CD1 and the Myb DNA-bind-
ing domain, due to a 14 bp deletion in allele 1 and a 1 bp inser-
tion in allele 2. pspsr 2 2.2 had a 14 bp deletion in allele 1
resulting in an out-of-frame mutation. However, allele 2 of pzpsr
2_2.2 contained a point mutation in CD2, leading to an
exchange of a 100% conserved leucine to phenylalanine (L373F).
In conclusion, the PtPSR PAM2 mutants had an active and prob-
ably functional Myb DNA-binding domain, but lacked CD3
and CD4, whereas the PtPSR PAM1 mutants exhibited an inac-
tive Myb DNA-binding domain.

Effect of P limitation on ptpsr mutants

pipsr mutants and PeWT were cultivated under P-deplete (—P)
and replete (+P) conditions. Cell growth and cellular P were
monitored to observe the effect of mutations in the PtPSR gene.
AP activity and the dynamic regulation of P-stress response genes
were analysed.

P household and P transport in ptpsr mutants Cell growth and
specific growth rate (1) presented in Fig. 4(a) and 4(b), respec-
tively, showed no significant difference between pzpsr mutants
and PeWT under +P conditions. After 48 h of —P cultivation, all
mutant lines showed reduced p compared with PcWT; however,

New Phytologist (2020) 225: 2380-2395
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A
MYB DNA binding domain Conserved domain 1 Conserved domain 2
Conserved domain 3 Conserved domain 4 Nuclear localization signal
Variable region I MYB PAM 1 I MYB PAM 2 A Point mutation = === Indel Out of frame
(b) PAM1 20 bp target site 1
PtWT PtPSR: 5° GC--TACCCTCTACACATCGGCAGCAACACGGAATC//CATGCAGACGTCACCAGCGAACGGATCAAGAGTCATTTACAA 37
PtPSR 1_3.10 Al:  GC--TAC--------mmmommmmmmmmeem oo J/mm e e TTACAA -537 bp
PtPSR 1_3.10 A2: @ ---cmmmmm oo //CATGCAGACGTCACCAGCGAACGGATCAAGAGTCATTTACAA rearrangement
PtPSR 1_3.4 Al: GCGC----mmmmmmmmmm oo // - -CATGCAGACGTCACCAGCGAACGGATCAAGAGTCATTTACAA +2 bp,-504 bp
PtPSR 1_3.4 A2:  ~---------mmmmm-emo——-ooooo- ACGGAA//CATGCAGACGTCACCAGCGAACGGATCAAGAGTCATTTACAA rearrangement
20 bp target site 2 PAM?2
PtWT PtPSR: 5~ AGAAAAAGAGAAAAATTCTCCGTTGGGGACGTCCATGAGTTATC-TCATGGGCCTTTTTTTCTCGTTGCGGCAACAACTG 3~
PtPSR 2_2.3 Al:  AGAAAAAGAGAAAAATTCTCCGTTGGGGACGTCCATGC------=--------- CTTTTTTTCTCGTTGCGGCAACAACTG -14 bp
PtPSR 2_2.3 A2: AGAAAAAGAGAAAAATTCTCCGTTGGGGACGTCCATGAGTTATCCTCATGGGCCTTTTTTTCTCGTTGCGGCAACAACTG +1 bp
PtPSR 2_2.2 Al: AGAAAAAGAGAAAAATTCTCCGTTGGGGACGTCCATGC - - === ====== ===~ CTTTTTTTCTCGTTGCGGCAACAACTG -14 bp
PtPSR 2_2.2 A2:  AGAAAAAGAGAAAAATTCTCCGTTGGGGACGTCCATGAGTTATT-TCATGGGCCTTTTTTTCTCGTTGCGGCAACAACTG C>T
(0

1500 bp Jr

500 bp - w—

L  PWT 134 1310 PWT 222 223

Fig. 3 Alignment of Phaeodactylum tricornutum wild-type (PtWT) and ptpsr mutant lines. (a) Representation of putative conserved domains in the PtPSR
protein in comparison to designed mutants. The block size of the conserved domain does not represent the actual size of conserved domains. PAM sites
and results of mutants are indicated for the specific mutants. (b) Partial gene sequence alignment of PtWT PtPSR compared with the PtPSR mutants (ptpsr
1_3.4, ptpsr 1_3.10, ptpsr 2_2.2, ptpsr 2_2.3). The 20-bp target sites 1 and 2 are indicated in red and green, respectively, with their corresponding PAM
sequence in blue. PAM site 1 (CCT) refer to the reverse strand. The size of each deletion/insertion and the name of the allele are indicated at the right and
left, respectively. Rearrangements in allele 2 of the PtPSR PAMT mutant lines were identified by high throughput sequencing (*). For a more detailed
presentation of the rearrangements see Supporting Information Fig. S6. (c) PCR-amplified DNA fragments of the target sites.
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p was significantly reduced only in ptpsr 1_3.4 and I1_3.10
(Fig. 4b). Cellular P (cP) was reduced in all mutant lines except
ptpsr 2_2.2 after 48 h in +P conditions (Fig. 4c). This trend was
strengthened by —P cultivation; all mutant lines (except pzpsr
1_3.10) showed significantly reduced cP after 24 and 48h
(Fig. 4c). The cP content of ptpsr 1_3.4 under —P conditions
was 1/7 of PtWT cells at 48 h. Dissolved P (dP) in the medium
showed variation between PtWT and mutants under +P and —P
conditions, but no clear pattern was observed (Fig. 4d).

An expression analysis was performed on PtPSR in PtWT and
the mutant lines, using PCR primers that were not affected by
the mutations. PrPSR expression in PtWT was quickly induced
by —P conditions. After 2 h, PtPSR expression in PeWT was 10-
fold higher in —P compared with +P cultures (Fig. 5a). PtPSR
expression in the mutant lines in —P conditions was moderately
affected compared with PeWT —P conditions; however, at 48 h
PtPSR was downregulated in pzpsr 2_2.3 and pepsr 1_3.4 com-
pared with PeWT —P conditions (Fig. 5b). To further investigate
the transcriptional effect of PtPSR inactivation, we analysed sev-
eral genes belonging to the P-stress response-specific gene set that

a
( ) 25' == WT +P - WT -P
—4—2 22+P 4-2.22-P
~w—-2_23+P 2.23-P
204 —+1.34+P 34 -P
3.1

——1_3.10 +P

—1

10° cells ml

Hours

© 45,

pg P per cell

i I x &
£ Piss

-P24h -P48h

+P 24 h

+P 48 h
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carried the 100% conserved PtPSR core recognition motif
(GAATCT) in their promoters (Figs 2, S3). As shown in
Fig. 5(a), all genes displayed P limitation-induced expression in
PeWT at the three time points analysed.

Alkaline phosphatase enzyme activity and phosphomo-
noesterase gene expression The survey of P starvation-induced
genes containing GAATCT motifs included several phosphatases
and genes of lipid metabolism, all of which were upregulated in
—P conditions in wild-type (Fig. 5a). Four genes involved in
phosphomonoester degradation and AP activity were analysed:
API (Phatr2_49678), atypical PhoA (atyPhoA, Phatr2_47869)
(Li er al, 2018; Lin er al, 2015), phosphomonoesterase (PME,
Phatr2_45757) and PhoD (Phatr2_39432). These four genes
showed a strong gradual increase in their gene expression in
PtWT cells during cultivation under P limitation compared with
+P conditions (Figs 5a, S7a). By contrast, expression of these
genes in the mutant lines was generally downregulated in —P cul-
tures at all time points compared with PeWT (Fig. 5c—f). pepsr
1_3.4 showed the lowest AP activity and highest downregulation

(b)

o
3
+P 24 h +P 48 h _P24h _P48h
@ 59 1.0 1
257 0.8 1
S 20
= 0.6 1
o
§ 15 A
5 0.4 1
@ 10 I *
[} I = %
5 0.2 1 s
0_
+P24h  +P48h —P24h  -P48h

Fig. 4 Growth, cellular and dissolved phosphorus of Phaeodactylum tricornutum wild-type (PtWT) and ptpsr mutants in —P and +P conditions. (a) Time
analysis of cell count (cells ml~") of +P (closed symbols) and —P (open symbols) cell lines. (b) Specific growth rate u (d~"). (c) Cellular P (pg P per cell) in +P
and —P conditions. (d) Dissolved P (uM) after 24 and 48 h of cultivation under +P and —P conditions. Asterisks indicate significant difference (*, P<0.05)
compared with PtWT in the same conditions. Data are expressed as means 4 SD (n = 4).
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Fig. 5 Relative mRNA expression of P-stressed induced genes in Phaeodactylum tricornutum wild-type (PtWT) and ptpsr mutants under phosphate-
deplete conditions. (a) The histograms shows fold change (log, transformed) of PtWt after 2, 24 or 48 h of growth under phosphate-deplete conditions
compared with 2 h growth under phosphate-replete conditions. (b—m) All PtPSR mutants (ptpsr 1_3.4, ptpsr 1_3.10, ptpsr 2_2.2, ptpsr 2_2.3) compared
with PtWT cells at same time points all under phosphate-deplete conditions. Statistically significant upregulation (*) relates to the ptpsr mutants compared
with PtWT at the same time point and is based on ANOVA test. Each data point represents the mean value (n = 4) and error bars represent 95%
confidence intervals. AP1, alkaline phosphatase 1; atyPhoA, atypical PhoA; ENTPPL, phosphoethanolamine phospholyase; GDPD1/2,
glycerophosphoryldiester phosphodiesterases 1/2; PhoD, alkaline phosphatase D; PME, phosphomonoesterase.
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of genes related to phosphomonoester degradation compared
with P¢WT under P limitation. Therefore, the most significant
effects on the regulation of PME- and AP-encoding genes were
observed in mutants with an impaired Myb DNA-binding
domain and CC domain.

AP external (eAP) and cellular (cAP) enzyme activities were
detected in the mutant lines and correlated to the expression
levels of genes involved in phosphomonoester degradation. At +P
conditions eAP and cAP enzyme activities were very low in
PtWT and below detection limit in all mutants (Table 1). Under
P limitation, however, the AP activities in PtWT increased more
than 220 times, whereas pipsr 1_3.4, pipsr 1_3.10 and pipsr
2 2.3 showed no detectable activities and pepsr 2_2.2 signifi-
cantly lower activities (Table 1).

We also analysed two genes encoding a phytase (myo-inositol
hexaphosphate phosphohydrolase) (Phatr2_47612) and a phy-
tase-like (Phatr2_49693) protein, which could be involved in
phytate degradation and/or phosphate scavenging. The phytase
was induced at all time points in PeWT, but showed significantly
lower expression in mutants except for pepsr 2_2.2 (Fig. 5a,g).
The phytase-like gene expression was strongly induced after 24 h
in PeWT in P-deplete conditions (Fig. 5a). By contrast, expres-
sion of this gene in the p#psr mutants was significantly reduced
compared with PtWT at 24 and 48 h in P-deplete conditions
(Fig. 5h). Inorganic P is taken up by the cell via P transporters.
The low affinity Pi co-transporter (Phatr2_47667) was induced
under P stress at all time points in PtWT and significantly
reduced in pipsr mutants compared with PtWT except prpsr
2_2.2 (Fig. 5i). Expression of the low affinity P; co-transporter,
Na+/P transporter gene (Phatr2_40433, Fig. 5j) followed the

same trend but was less consistent.

Lipid class regulation in ptpsr mutants Two GDPDs (GDPD1
(Phatr2_44900) and GDPD2 (Phatr2_32057)) and one phos-
phoethanolamine phospholipase (ENTPPL, Phatr2_52110) are
coupled to PL degradation. In PtWT cells there was a gradual

Table 1 Alkaline phosphatase activity of ptpsr mutants and
Phaeodactylum tricornutum wild-type (PtWT).

PtPSR cell eAP activity (mM pNP per cAP activity (mM pNP per
lines and 108 cells) 108 cells)
conditions 48 h 48 h

+P PtWT 08+15 03+04
222 nd* nd*

223 nd* nd*
1.3.4 nd* nd*
7_3.10 nd* nd*

—P PtWT 2175+271 71.1+13.9
222 384+0* 2.5+ 0%
223 nd* nd*

1.3.4 nd* nd*
1.3.70 1.0+0* nd*

External and cellular alkaline phosphatase (eAP and cAP, respectively)
assay was taken after 48 h of cultivation under both conditions (mM pNP/
10° cells). nd, not detected; *Significantly differentially regulated

(P <0.05) compared with PtWT. '+’ represents SD.
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increase of expression for genes encoding PL-degrading enzymes
under both replete and deplete conditions compared with 2 h +P
conditions (Fig. 5a). ppsr mutant lines showed a downregulation
of these genes compared with PeWT under similar conditions
(Figs 5k—m, S7k—m).

Lipid class profiling showed that pzpsr I_3.4 and ptpsr 1_3.10
had significantly higher PL as well as total lipid content com-
pared with PtWT under both P-replete and P-deplete conditions
(Figs 6, S8). P limitation resulted in a complete loss of PLs in
PeWT, while the P-free lipid classes digalactosyldiacylglycerol
(DGDG), diacylglyceride (DAG) and TAG increased at 72 h. PL
levels in all pzpsr mutant lines except pipsr 2_2.2 were reduced 2—
3 times under P limitation compared with nonlimited conditions
but did not reach zero as in PeWT. P-free lipid classes in pzpsr
1 3.4, 1_3.10 and 2_2.3 mutants were comparatively higher
than PtWT in P-limited conditions at 72 h.

Discussion

PtPSR, a Myb-like TF playing an essential role in the conditional
adaptation of microalgae to P limitation, has been identified and
functionally characterised. Downstream genes containing the
PtPSR recognition motif include genes encoding proteins linked
to P scavenging/acquisition, PL remodelling, transport, carbon
metabolism and cellular regulation (Fig. 2). EMSA analyses veri-
fied specific binding of PtPSR to the recognition motif. pzpsr
knockout mutants with loss of the Myb DNA-binding domain
showed generally reduced expression of P-stress response genes,
low cP content, highly reduced AP activity and reduced growth
under P limitation (Table 2; Figs 4, 5). The helical CD2 domain,
mutated in pgpsr 2_2.2, is also important for the P-stress response
in P. tricornutum, as reflected in lower gene expression levels of
P-stress-inducible genes (Fig. 5).

PtPSR identification and characterisation

The Myb-related P-stress-inducible TFs PHR1 in A. thaliana
and PSR1 in C. reinbardtii contain within the Myb DNA-bind-
ing domain the conserved motif SHLQKYR, which is identical
to the motf found in PtPSR and its orthologues in other
diatoms. Myb proteins having the SHLQKYR motif are mem-
bers of the class | SHAQKYF Myb proteins and are common in
plants and algae. A. thaliana encodes more than 30 Mybs with
the SHLQKYR motif, many of them known to be involved in
regulating P starvation-induced genes. Phylogenetic studies here
and in Rayko ez /. (2010) showed a taxonomic distribution of
the TFs related to P-stress response in green algae (C. reinhardtii),
plants (A. thaliana) and stramenopiles that points to a common
lineage of green algae-like SHAQKYF-like TFs (Fig. 1c). Rayko
et al. (2010) showed through iz silico studies that PtPSR belongs
to the Myb-related proteins (MybR1) and is closely related to
T. pseudonana TpMyblR_SHAQKYF5 and P. tricornutum
PtMyb1R_SHAQKYF8 (Phatr2_50328). In transcription studies
of T. pseudonana and N. oceanica, the most significant upregu-
lated TFs under P limitation were 7pMybIR_SHAQKYF5 and
the PtPSR-related TF NannoCCMP1779_10770, respectively

New Phytologist (2020) 225: 2380-2395
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Fig. 6 Lipid class content of Phaeodactylum tricornutum wild-type (PtWT) and ptpsr mutants under +P and —P conditions at 72 h. Targeted lipid class
profiling is based on linear trap quadrupole (LTQ) identification and LC-MS/MS. (a) Phospholipids. (b) Nonphosphorus glycerolipids. DAG, diacylglyceride;
DGDG, digalactosyldiacylglycerol; DGTA, diacylglycerolhydroxymethyltrimethylalanine; MGDG, monogalactosyldiacylglycerol; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulfoquinovosy! diacylglycerols; TAG, triacylglycerides. An asterisk
denotes significant (P<0.05) P effect on lipid classes of ptpsr mutants compared with PtWT either in —P or +P conditions. The mean of four biological
replicates from the third independent experiment (qPCR data showed the same gene expression), when cells were grown until 72 h, & SE are shown.

(Dyhrman et al., 2012; Mihlroth ez al, 2017, Fig. S1). These
findings similar ~ regulation mechanism in
T. pseudonana and N. oceanica under P stress as we found in
P. tricornutum.

The MEME algorithm identified a highly enriched, con-
served 8-bp sequence (5'-YGAATCTH-3') present in the pro-
moters of almost all P-stress-induced genes analysed (Figs 1d,
2), with high similarity to the binding sites of Myb-related

indicate a

New Phytologist (2020) 225: 2380-2395
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TFs HRS1, HHO2 and HHOG6 in Arabidopsis (Fig. S4;
Rubio er al, 2001; Medici er al, 2015; Nagarajan er al,
2016). That the GAATCT modif is indeed a PtPSR recogni-
tion motif was confirmed by EMSA analyses (Fig. S5). Large-
scale studies confirm that TFs with related DNA-binding
domains tended to bind very similar DNA sequences, resulting

in analogous regulation in distantly related species (Weirauch
et al, 2014). Both HHO2 and HRSI were shown in
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Table 2 Characteristics of PtPSR mutants and Phaeodactylum tricornutum wild-type (PtWT) under P limitation.

Mutant line vs PtWT under P limitation PtPSR 1_3.4 PtPSR 1_3.10 PtPSR2_2.3 PtPSR2_2.2
Myb DNA-binding domain Inactive Inactive Intact Intact
Allele 1 : CD2-CD4 X a X X
Allele2: CD2-CD4 X X X Y (PMin CD2)
Specific growth rate (% of PtWT) 80% 74% 87% 87%
Cellular phosphorus (% of PtWT) 22% 22% 22% 110%
AP activity (% of PtWT) nd nd nd 4-17.5%
Gene expression related to AP activity (% of PtWT)  0.2-2% 0.1-2% 0.1-2% 4-13%
Gene expression related to phospholipid GDPDs 0.3-3%, GDPDs 0.3-1%, GDPDs 1-2%, GDPDs 1-13%,
degradation (% of PtWT) ENTPPL 2% ENTPPL 4% ENTPPL 1% ENTPPL 12%
Gene expression of low affinity P; transporter (% of ~ 11% 27% 9% 67%
PtWT)
Gene expression of high affinity Na*/P; transporter ~ 80% 106% 61% 200%

(% of PtWT)

Percentage of enzymatic activity or gene expression of the mutant lines compared with the PtWT under P limitation. AP, alkaline phosphatase; CD,
conserved domain; ENTPPL, phosphoethanolamine phospholyase; GDPD, glycerophosphoryldiester phosphodiesterase; nd, not detected; PM, point
mutation. Presence (v) or absence (X) of conserved domains (CD2-CD4) in the encoded proteins. Gene names in italics.

microarray analyses and functional studies to be involved in
the regulation of P; acquisition and signalling under P limita-
tion (Misson et al, 2005; Medici et al, 2015; Nagarajan
et al., 2016). The PtPSR promoter contains four PtPSR recog-
nition motifs; thus, PzPSR expression may be regulated via a
positive feedback loop. The reduced PtPSR gene expression
level observed in p#psr knockout mutants compared with
PtWT support this view. However, PtPSR expression after 2 h
of P limitation is more induced in the mutant lines compared
with PtWT, suggesting that other TFs are involved in the ini-
tial induction of PrPSR expression during P limitation.

PtPSR mutations and their trends

The roles of the CDs of PtPSR are currently unknown. PtPSR
CD1, CD2 and CD4 domains showed low similarities to CDs of
other Myb-related TFs. CD3 contained a putative CC motif that
was also seen in PHR1 and PSR1 and suggested to be involved in
protein—protein interactions (Rayko ez 4/, 2010).

The analyses of ppsr mutants indicate that PtPSR acts as a pos-
itive regulator of P-stress-inducible genes. Mutants defective in
the Myb DNA-binding domain (pzpsr 1_3.4 and prpsr 1_3.10)
were unable to induce these P-stress-regulated genes in a similar
way as in the PtWT. Mutants where the CD2 domain was
mutated (pzpsr 2_2.2 and pepsr 2_2.3, intact Myb DNA-binding
domain) showed the same responses, but had a slightly reduced
transcript induction for some target genes. The truncated PcPSR
1_3.4 and 1_3.10 protein, with loss of Myb DNA-binding
domain function, was likely unable to enter the nucleus due to
loss of the NLS and to bind to the promoter sequences, reducing
activation of P-stress-inducible genes (Figs 3, 4). ptpsr 1_3.4 had
a severe reduction of growth rate and cP content compared with
PeWT. All mutant lines, except pipsr 2_2.2, showed lower cP
content compared with PtWT under both —P and +P condi-
tions, indicating that PtPSR is central in regulating P acquisition
and scavenging both under normal and P-limited growth condi-
tions (Figs 2, 4). In the pzpsr I_3.10 mutant line, which lacks the
Myb DNA-binding domain but has intact CDs, most of the P-

© 2019 The Authors
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stress-inducible genes showed significant downregulation com-
pared with wild-type, particularly at 24 and 48 h. The pepsr
2_2.3 mutant line has an intact Myb DNA-binding domain and
CD1, but no CD2-4. Therefore, the PtPSR protein expressed in
ptpsr 2_2.3 can bind to P-stress-inducible genes but may not be
able to interact with other key regulatory proteins. Together these
findings indicate that other TFs, such as PtMyb1R_SHAQKYES,
which has a CD2 domain similar to PtPSR, may partially com-
pensate for the lack of PtPSR. The pzpsr 2_2.2 mutant line
underlined the importance of CD2, although its function is still
unknown. pzpsr2_2.2 contains one complete copy of PtPSR with
an L373F substitution in the CD2 domain and one copy with
deletion of CD2-4, which led to reduction of AP activities and
gene expression levels of P-stress response genes compared with
PtWT under P limitation (Table 2; Fig. 5). The observed pheno-
types of pepsr 2_2.2 indicated that the replacement of the con-
served Leu with a Phe in the CD2 domain render it partially
functional.

P acquisition and scavenging in ptpsr mutants

Our findings showed rapid transcriptional induction of proteins
involved in P acquisition, such as P; transporters, during —P cul-
tivation. It was also seen that the complex regulation of P; trans-
porters is partly regulated by PtPSR. Reduced cP content in pzpsr
mutant lines indicated low P; supply, which supports a reduced
intracellular and extracellular P; transport. The reduced c¢P may
also explain the low cell division rate for some of the mutants
(Fig. 4a). The low affinity P; co-transporter (Phatr2_47667) was
induced by PtPSR under P stress. The postulated high affinity
Na'/P; co-transporter (Phatr2_40433), related to human
SLC34A1, showed variable differential regulation in the pzpsr
mutant lines when compared with PtWT (Fig. 5i—j). In addition
to PtPSR, other TFs are likely involved in regulation of P supply
to the cell. Posttranscriptional regulation might also have a role,
as shown for the low affinity Na'-dependent P; transporter
DsSPT1 in the green alga Dunaliella salina (Moseley et al., 2006;
Lietal,2012).
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We identified genes that were involved in AP activity regulated
by PtPSR as an immediate response to low P; concentration.
AP1, atyPhoA, PME and PhoD, encoding putative phosphomo-
noester degrading enzymes, showed strongly reduced transcript
induction under P limitation in pzpsr mutant lines (Fig. 5¢—f). In
line with these results, the pzpsr mutant lines displayed strongly
reduced or no AP activity compared with PeWT (Table 1).

AP activity is an essential survival mechanism under low P; in
several algae (Dyhrman, 2016). /n silico studies of AP abundance
showed a wide range of algal species containing several AP
sequences per genome with similarities to identified bacterial AP
forms (Lin ez al, 2012). Our results show that AP1, atyPhoA,
PME and PhoD are regulated by PtPSR and are potentally
involved in eAP and cAP activities to degrade DOP under P limi-
tation. From plants it is known that SPX domain-containing pro-
teins control a set of processes for Pi homeostasis by fine tuning
Pi transportation and Pi sensing (Secco er al, 2012; Wang,
2004). Whether the SPX proteins in diatoms have related func-
tions remains to be determined, but one gene encoding a SPX

protein (Phatr2 _47434) may be regulated by PtPSR (Fig. S3).

Phospholipid degradation in P. tricornutum ptpsr mutants

Phospholipid degradation and betaine and TAG lipid synthesis
are common P-stress responses in stramenopiles, and have been
observed in P. tricornutum (Abida et al, 2015; Canavate et al.,
2017). The lipid profile of PtWT at 72 h of P limitation showed
such common P-stress response as depletion of PL and increase in
TAG, DAG and DGDG compared with PtWT grown under
normal conditions (Fig. 6). However, the amount of DGTA,
SQDG and MGDG were almost similar in —P and +P condi-
tions, and could indicate that the lipid class remodelling was in its
early stage in our study. Previous studies in P. tricornutum have
shown a significant increase of P-free lipids classes such as SQDG
and DGTA after 7-10d of P limitation (Abida et a/, 2015;
Canavate er al., 2017). These lipid classes are important for PL
replacement and lipid droplet formation under nutrient stress
(Lupette et al., 2019). Our findings and previous studies have
shown that the dynamics of lipid class changes in P. zricornutum
under P stress are complex and have to be investigated in depth in
future studies.

Our lipid analysis showed a higher level of PLs in the ptpsr
1_3.4and I_3.10 mutants compared with PtWT under both P-
replete and P-deplete conditions, indicating reduced PL degrada-
tion. PLs are phosphodiesters and are degraded extracellularly and
intracellularly by GDPDs and lipases; not much information is
known about these enzymes in stramenopiles, but several putative
annotated lipases and GDPDs are transcriptionally induced
under P stress (Dyhrman er al, 2012; Yamaguchi er al., 2014;
Mihlroth ez al., 2017; Alipanah ez al., 2018). We have shown that
ENTPPL, GDPD2 and GDPDI are under the regulation of
PtPSR (Fig. 5k—m). Extracellular GDPD2 may hydrolyse glyc-
erolphosphodiesters into alcohols and sn-glycerol-3-phosphates
that are further degraded to inorganic P, while GDPD1 (with
could be involved in

unknown compartmentalisation)
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intracellular PL degradation producing precursors for lipid accu-
mulation. ENTPPL degrades the PL biosynthesis intermediate
phosphoethanolamine to acetaldehyde and release P;. Membrane-
bound PL degradation has been suggested to be a part of the P-
stress-inducible PL-recycling scheme and P-acquiring mechanism
in stramenopiles (Mihlroth er 4/, 2017; Alipanah er al., 2018).
Our findings support the hypothesis that PL degradation is a P-
stress-inducible pathway that, in part, is regulated by PtPSR.

Previous studies have proposed that the PL-recycling scheme
includes degradation of PLs, reduction of PL biosynthesis and
synthesis of P-free lipid classes (Martin ez al., 2011; Canavate
et al., 2017; Mihlroth et al, 2017). Whether PtPSR is involved
in the regulation of genes involved in TAG and betaine lipid
accumulation is still unclear. However, ptpsr 1_3.4, 1_3.10 and
2 2.3 showed significantly increased TAG, galactolipid and
DGTA content compared with PtWT, indicating either PtPSR
regulation of genes involved in the synthesis of betaine lipid,
TAG and galacrolipid classes or an indirect effect of reduced PL
degradation. Bioinformatic data showed that the betaine lipid
synthesis gene (Phatr2_42872) contains putative PtPSR recogni-
tion motifs (Fig. 2), supporting the idea that PtPSR may regulate
P-free lipid biosynthesis in later time points.

In summary, we have identified one of the master regulators of
specific P-stress responses in the diatom P. tricornutum, the Myb-
related TF PtPSR and its binding motif. Phylogenetic analysis
showed that PtPSR-like Mybs are evolutionarily conserved in
stramenopiles. Functional studies indicate a central role for
PtPSR in regulation of extra- and intracellular P acquisition,
scavenging and phospholipid remodelling during acclimation to
P-deplete conditions.
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Fig. S1 Transcriptional induction of two PtPSR-like Myb TFs

by P limitation in Nannochloropsis oceanica.

Fig. S2 Phylogenetic relationship of diatom SHAQKYF-like
motif-containing Mybs.

Fig. S3 Regulated genes under stress conditions containing iden-
tified PtPSR recognition sites in promoter region in Phacodacty-

lum tricornutum.

Fig. S4 Comparison of the PtPSR recognition motif to binding
sites of Arabidopsis P-stress inducible Myb-related TFs.

Fig. S5 EMSA analysis of PtPSR binding to the specific motif.

© 2019 The Authors
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

Fig. S6 A schematic description of the deletions and rearrange-
ments in ptpst PAM1 mutants deduced from RNA-seq data.

Fig. S7 Relative mRNA expression of P-stress induced genes in
PtWT and ptpsr mutants under phosphate-replete conditions.

Fig. S8 Total lipid content of PtWT and ptpsr mutants in +P
and —P conditions at 72 h.

Table S1 Primers for gDNA amplification of mutants and High-
resolution melting (HRM) primers.
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Table S2 Primer pairs used for gqRT-PCR.

Table S3 Off-target locus for PAM1 and PAM2. Mismatch bases
are underlined.
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