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Highlights
e P-starved Chlorella vulgaris cells re-fed with P; transiently accumulated polyphosphate
e Polyphosphate accumulation is co-determined by P; uptake and cell division rates

e P starvation reduces photosynthesis but exerts a modest effect on polar lipid
composition

e Vacuolar PolyP granules display highly-ordered ultrastructural organization

e P-starvation and luxury uptake stages show distinct gene expression patterns



Abstract Phosphorus (P) is central to storing and transfer of energy and information in
living cell including that of microalgae. Microalgae mostly dwell in low-P environments, so they
are naturally equipped to take up and store P whenever it becomes available through a
complex phenomenon known as ‘luxury P uptake.” Knowing its mechanisms is a key to
understanding of nutrient-driven rearrangements in natural microbial communities, control of
industrial algal cultivation, and sustainable usage of P by its recycling from wastewater into
biofertilizers. Here, we report on recent insights in luxury P uptake and polyphosphate
formation originating from physiological, ultrastructural, and transcriptomic evidence. Special
attention is paid to differential effects of P starvation and subsequent re-feeding on growth, P
uptake, photosynthesis, changes in lipid and polyphosphate content and composition. The
cultures pre-starved of P responded to feeding by inorganic phosphate by uptake that occurred
in multiple phases and by formation of polyphosphate granules. P starvation impacted
profoundly photochemistry but exerted only a moderate effect on cell lipid composition. The
extent of polyphosphate accumulation was inversely related with the rates of cell division and P
uptake resulting in a transient polyphosphate accumulation before the resumption of cell
division. Electron microscopy studies revealed ordered organization of vacuolar deposits of
polyphosphate indicative of possible involvement of an enzyme (complex) in their synthesis. A
candidate gene was revealed encoding such an enzyme (a VTC-like protein) featuring an
expression pattern corresponding to that of polyphosphate accumulation. Implications of the
findings for efficient biocapture of phosphorus and generation of polyphosphate-enriched
biomass suitable for conversion into biofertilizer are discussed.

Key words:  Chlorella, luxury uptake, phosphorus starvation, lipids, polyphosphate,
transcriptomics, photochemistry

Abbreviations: APF — acid purple phosphatase; Chl — chlorophyll; DDW — double-distilled
water; DMSO — dimethyl sulfoxide; DW — dry weight; EDX — energy-dispersive X-ray; EPBR —
Enhanced Phosphorus Bioremoval; FA — fatty acid(s); FAME—fatty acid methyl esters; GC-FID —
gas chromatography with flame ionization detection; LD — lipid droplets; NMR — nuclear
magnetic resonance; NPQ — non-photochemical quenching; P — phosphorus; Pi— inorganic
phosphate; PHB — polyhydroxybutyrate; PolyP — inorganic polyphosphate; RTPCR — real-time
polymerase chain reaction; TAG — triacylglycerol(s); TEM — transmission electron microscopy;
TFA — total FA; TLC — thin-layer chromatography.



Introduction

Phosphorus (P) is a major nutrient central to functioning of the cell including the processes of
energy and information storage and exchange. At the same time, P availability is limited and/or
volatile in most of aquatic and terrestrial habitats [1-3]. Under such conditions, the ability to
efficiently take up and store P against future shortage constitutes a key competitive advantage
for microorganisms including microalgae. In the course of their evolution they acquired a set of
sophisticated mechanisms collectively termed “luxury uptake” of nutrients, especially P [1, 2].
Luxury uptake of P in microalgae manifests itself particularly by taking up more P than is
necessary to support their next cell cycle [4].

At the same time, P in form of inorganic orthophosphate, P; cannot be stored in the cell
in large amounts because of the risk of displacing metabolic reaction equilibria. This is indirectly
confirmed by inhibitory effect of high concentrations of P; on the growth of microalgal culture
with obviously limited P storing capacity [5]. Likely, this is the reason of storing the bulk of P
reserves in the cells, including the surplus P acquired during luxury uptake, in form of inorganic
polyphosphate (PolyP). PolyP forms peculiar inclusions that were discovered in all types of cells
including microalgal cells. The ubiquity of PolyP might be related with its hypothetical role in
primordial template biosynthesis processes which are closely related with origin of life [6, 7].
Arguably, the main function of PolyP in the cell is P depot, although diverse roles are ascribed
to these molecules such as storage of energy and facilitating of accumulation of physiologically
important metal ions by counter-balancing their positive charges [8, 9].

Luxury nutrient uptake by microalgae, especially that of P, comes into spotlight
increasingly often due to its high significance in nature and in human activities. The patterns of
luxury uptake of P is an important determinant of population dynamics and productivity of
phytoplankton and harmful algae blooms [10]. The kinetics and extent of luxury P uptake are
central to rational design of wastewater biotreatment facilities based on cultivation of
microalgae [11]. Another important reason is connected to the problem of sustainable
consumption of P. Thus, increasing mining of rock phosphate (mainly for P fertilizers) and
notoriously low (< 20%) efficiency of the mined P usage increases the anthropogenic P pollution
of the environment, in addition to the threat of global P shortage [12, 13]. Sophisticated
technologies were developed for P biocapture from waste streams e.g a widespread technique
based on heterotroph bacteria—Enhanced Phosphorus Bioremoval, EPBR [14]. Alternative
approaches for removal of P from wastewater with microalgae emerged featuring distinct
advantages such as simultaneous removal of different nitrogen species, destruction of organic
pollutants, suppression of pathogenic microflora, capture of the greenhouse gas CO, and NOx
as well as co-generation of P-enriched biomass suitable for conversion into slow-release P
biofertilizer [15, 16].

A promising avenue for utilization of algal biomass enriched in P is its application as P
biofertilizer [16]. Algal biomass was proposed as a vehicle to recover and recycle nutrients from
manure and manure treatment effluents [15, 17]. The release of bioavailable P from inorganic
forms via biomineralization [18] and mobilization of PolyP from the biomass has previously
been reported. It is crucial that the release of P is slow enough for efficient absorption by crop
plants reducing the probability of P wasting by washout typical of conventional mineral P
fertilizers [19].

Even such a short consideration obviates the pivotal role of luxury P uptake in many
nutrient-driven processes in natural ecosystems as well as in microalgae-based technologies for
the nutrient recovery and recycling. At the same time reports on luxury P uptake are
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surprisingly scarce whereas a wealth of literature exists on the mechanisms and regulation of P
uptake under P-limiting conditions (for reviews, see e.g. [1, 2, 20]). Most of the previous reports
on luxury P uptake described the phenomenology and biochemistry of P uptake and PolyP
formation and consumption by different microalgae under diverse conditions, although the
mechanistic understanding was and, in many aspects, is so far limited. In many cases, the
published data were hardly comparable to each other since the growth conditions and the
cultures were different (see e.g. [2, 9] and references therein).

Here, we report of recent advances in understanding of luxury P uptake phenomenon
and underlying mechanisms. Emphasis in this work is on rapid changes taking place during
transition from P starvation to ample P conditions, which are of special relevance to natural
habitats with volatile P availability. Findings of this work are also important for the informed
choice of P supply rate and the conditioning of microalgal culture necessary for the
development of viable processes for generation of P-enriched microalgal biomass.

Methods

Microalgal strains and cultivation conditions

Since many seminal works in the field of P uptake and storage have been carried with Chlorella
[5, 21-24], we employed the microalgal strains Chlorella vulgaris CCALA 256, Parachlorella
kessleri CCALA 251 (obtained from the Culture Collection of Autotrophic Organisms, Institute of
Botany—CCALA, Czech Acad. Sci., Tfebon) and C. vulgaris IPPAS C-1 (K.A. Timiryazev Institute of
Plant Physiology—IPPAS, Russian Acad. Sci.) as the model systems in this work.

The pre-cultures grown in 0.75 L flasks in 0.3 L of BG-11 medium [25] at 40 umol PAR
photons - m™ - s and the atmospheric CO; level were kept at the exponential phase by daily
dilution with the medium. At the beginning of each experiment, cells were harvested by
centrifugation (1200 x g for 5 min), washed twice in fresh BG-11 medium, and resuspended in
the same medium. For batch-cultivation experiments, the cultures were started at an initial
chlorophyll (Chl) concentration and biomass content of 25 mg - L™t and 0.4 g - L™, respectively.

In the lab-scale experiments the cells were grown in 1.5 L glass columns (6.6 cm internal
diameter) in a temperature-controlled water bath at 27 °C and constant bubbling with air or
2.5% CO; : 80% air mixture prepared and delivered at a rate of 300 mL - min~* (STP) using a PC-
controlled gas mixer UFPGS-4 (Sovlab, Novosibirsk, Russia). Air passed through 0.22 pm
bacterial filter (Merck-Millipore, Billerica, MA, USA) and pure (99.999%) CO; from cylinders
were used. A continuous illumination of 480 umol PAR photons - m™ - s by a white light-
emitting diode source as measured with a LiCor 850 quantum sensor (LiCor, Lincoln NE, USA) in
the center of an empty column was used. Culture pH was measured with a bench-top pH-meter
(Hanna Instruments, Ann Arbor Ml, USA).

In the experiments with cultivation in a V-bag bioreactor (NOVAgreen®), the cultures
were initiated at 25 mg L™ of chlorophyll (Chl) in 5 L of Tamiya medium [26] inside a
greenhouse. The cultures were grown under combined illumination comprised by natural solar
illumination and continuous illumination by fluorescent tubes (Sylvania T8 GroLux F18W/GRO,
Belgium) at 250 pmol PAR quanta m™ s™! as measured at a bag surface with a LiCor 850
qguantum sensor (LiCor, USA). The cultures were sparged with CO3 : air (1 : 25, v/v) mixture at a
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rate of 5 L min~L. The culture growth was monitored via cell number, which was calculated
using a haemocytometer or a Z2 Coulter counter (Beckman-Coulter, USA), and Chl content (see
below).

To obtain the cultures with depleted internal P reserves, the cells were pelleted by
centrifugation (5 min, 3000 g), washed with the corresponding P-free BG-11 or Tamiya medium,
re-suspended in the same medium and incubated under the conditions described above in the
P-free medium. The onset of P starvation was detected by a decline in the cell division rate. The
cultures showing no significant increase in cell number for at least three consecutive days
under our experimental conditions were considered as P-depleted and used for the further
experiments.

Monitoring of growth and biomass accumulation

Growth of the cultures was monitored by measuring cell density of algal suspension using a
Multisizer 3 particle analyzer (Beckman-Coulter, USA). Average growth rate, u, was calculated
as i = [log(Ny) —log(N1)]/(t, — t;) where N1and N- are suspension cell densities at times t1
and t,, respectively.

Cell dry weight (DW) accumulation was determined gravimetrically based on cell dry weight
(DW) measurements; Chl volumetric content was determined spectrophotometrically [27].
Briefly, an aliquot of the cell suspension was sampled from the PBR and the cells were
harvested by centrifugation for 5 min at 3000 g. The cell pellet was washed with distilled water
and used for DW determination. In routine measurements total Chl were extracted by heating
the cell pellet for 5 min at 70 °C with 5 mL of with dimethyl sulfoxide (DMSO) per ca. 3.5 mg
DW. The pigment concentrations were determined in the DMSO extracts with an Agilent Cary
300 spectrophotometer (Walnut Creek, CA, USA) using equations reported in [28].

All experiments were carried out in three biological replications, with two analytical
replications for each of them. In figures, average values together with standard deviations are
presented unless stated otherwise. The significance of differences was tested using ANOVA
from the analysis toolpack of the Excel (Microsoft, USA) spreadsheet software.

Electron microscopy

The microalgae samples for transmission electron microscopy (TEM) were fixed in 2% (w/v)
glutaraldehyde solution in 0.1 M sodium cacodylate buffer at room temperature for 0.5 h and
then post-fixed for 4 h in 1% (w/v) OsO4 in the same buffer. The samples, after dehydration
through graded ethanol series including anhydrous ethanol saturated with uranylacetate, were
embedded in araldite. Ultrathin sections were made with an LKB-8800 (LKB, Sweden)
ultratome, stained with lead citrate according to Reynolds [29] and examined under JEM-1011
(JEOL, Tokyo, Japan) microscope.

The samples for nanoscale elemental analysis in TEM using energy-dispersive X-ray
(EDX) spectroscopy were fixed, dehydrated and embedded in araldite as described above
excepting the staining with uranylacetate and lead citrate. Semi-thin sections were made with a
LKB-8800 (LKB, Sweden) ultratome and examined under JEM-2100 (JEOL, Japan) microscope
equipped with a LaBs gun at the accelerating voltage 200 kV. Point (30 nm?) EDX spectra were
recorded using JEOL bright-field STEM module and X-Max X-ray detector system with ultrathin
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window capable analyze light elements starting from boron (Oxford instruments, UK). The
energy range of recorded spectra was 0-10 keV with a resolution of 10 eV per channel. This
range includes biogenic elements (C, N, O, P, Ca, Mg, S, K, Na, Cl) peaks. Spectra were processed
with INCA software (Oxford Instruments, UK) and presented in the range of 0.15-4 keV. At least
10 cells of every specimen were analyzed. Spectra were recorded from different parts of
electron-dense inclusions (at least 35 measurements for every point) and from other
(sub)compartments of microalgae cell (thylakoid membranes, pyrenoid, plastoglobuli, starch
granules in chloroplast, mitochondrion, cytoplasmic oil bodies and nucleus).

Assay of phosphorus species in the medium and in the cells

The residual P; and nitrate contents in the medium were checked daily with standard cuvette
tests LCK 380 and LCK 350 (Hach Lange, Germany). The assessments of nitrate, orthophosphate
and sulfate ion concentrations were also done using Thermo Dionex ICS 1600 HPLC (Sunnyvale,
CA, USA) with a conductivity detector and lonPac AS12A (5um; 2 x 250 mm) anionic analytical
column with AG12A guard column (5um; 2 x 50 mm). The column temperature was maintained
at 30 °C. The ions were eluted isocratically with 2.7 mM sodium carbonate/0.3 mM sodium
bicarbonate buffer (flow rate of 0.3 mL min™).

Total P in the lyophilized biomass samples were measured by ICP-MS (Element-2,
Thermo Finnigan) at the Laboratory of Experimental Geochemistry of the Geological Faculty,
Moscow State University [30]. Biomass samples were dissolved in 65% nitric acid (Suprapur®)
and diluted by ultrapure EasyRure® deionized water. Indium was used as internal standard. The
uncertainty of P concentration measurements ranged from 2% to 5% of the corresponding
average depending on the sample mass.

To obtain information on P species, including polyphosphate, presence and distribution
in the cell as well as its chemical surrounding, we employed in vivo 3'P NMR spectroscopy [31-
33]. 3P NMR spectra of dense (about 10° cells mL™) suspensions of the algae were recorded at
121.5 MHz at 25° C on an AMX300 wide-bore spectrometer (Bruker, Germany) equipped with a
20-mm 3P probe. One-hour spectra were obtained by the accumulation of 7200 FID’sin 1 h
blocks with an accumulation time of 0.3 sec, a recycle time of 0.2 sec and by using a flip angle of
45°. The samples were prepared directly after harvest of the algal suspension by centrifugation
and re-suspension in the P-free medium. 20 ml of the dense suspensions was transferred into
the 20 mm NMR tube and directly measured after preparation. Methylene diphosphonic acid
(0.2 M, pH 8.9), contained in an in situ capillary axially attached to the NMR tube, was used as a
chemical shift marker having a chemical shift of 16.92 ppm relative to the chemical shift of 85%
H,PO4 which is set at 0 ppm as general standard in 3'P NMR to scale the resonances of P-
containing compounds [34]. Under these condition the g-ATP resonance in the spectra has a
chemical shift value of —4.8 ppm [35] or —4.9 ppm [36] and NADH has a resonance position at —
10.6 ppm. Both values are used in this paper as internal reference to calibrate the algal spectra.

Chlorophyll fluorescence measurements

The rapid Chl fluorescence transient (OJIP) and NPQ levels were recorded in a quartz cell (2 mm
path length) with a Fluorpen FP100s PAM-fluorimeter (PSI, Drasov, Czech Republic) after 15 min
dark adaptation according to the manufacturer’s protocol. The chlorophyll fluorescence was



excited by a light-emitting diode (A = 455 + 5 nm) and detected in the range of 697-750 nm ([37,
38], see also Table S1).

Quantification of PolyP by Raman microscopy

For fast in situ quantification of PolyP within intact algal cells, a confocal Raman microscopy was
used according to [39]. Briefly, a pellet of algal cells harvested by centrifugation was re-
suspended in 1% w/v solution of low-gelling agarose (T = 39 °C), immediately spread as a single-
cell layer between a quartz slide and coverslip and sealed with a CoverGrip sealant (Biotium,
USA). The agarose immobilization was used to prevent movements of the cells during Raman
mapping.

Two-dimensional Raman maps were acquired by a confocal Raman microscope WITec
alpha300 RSA (WITec, Germany), laser excitation 532 nm (20 mW power at the focal plane) and
an oil-immersion objective UPlanFLN 100x, NA 1.30 (Olympus, Japan). The spectral resolution of
all Raman measurements was ca 6 cm™. The scanning step was 220 nm in both directions. Using
an integration time of 0.1 s per cell voxel, Raman map of a typical Chlorella cell was acquired
within ca 150 s. To remove the strong autofluorescence of chlorophyll, a wide-area, low-power
photobleaching of the entire cell by a defocused 532-nm laser beam was applied prior to the
mapping, according to [40]. Typically, 30-50 cells were measured for each specimen.

PolyP content in the cell was quantified as an integral Raman intensity of the prominent
PolyP Raman band located at around 1160 cm™. Details of the data treatment and PolyP
guantification were described recently in [39].

Lipidomic analysis

Total lipids were extracted from the microalgal cells as previously described [41]. Briefly, 100
mg of freeze-dried cells were heated at 75 °C in the presence of 500 uL DMSO for 10 min under
continuous stirring; 5 mL methanol was then added, and extraction continued for 1 h at 4 °C
under continuous mixing. DDW (5 mL) was added, followed by 10 mL of a hexane:diethyl ether
mixture (1:2, v/v). Upon phase separation, the upper phase was collected, and the pH level of
the bottom phase was adjusted to 3—4 by adding a few drops of 1 M HCl to facilitate extraction
of acidic lipids. Extraction was repeated twice using a hexane:diethyl ether (1:1, v/v) mixture.
All lipid fractions were collected and evaporated in a rotor vapor, transferred to a glass vial and
stored under argon atmosphere in a small volume of chloroform. This method recovers over
85% of total fatty acids (TFA) compared to the direct transmethylation of dry biomass from L.
incisa cells, which is impermeable to chloroform : methanol mixtures. All procedures were
carried out in the presence of argon gas and under dimmed light to prevent oxidation of
unsaturated lipids.

Total lipids were fractionated into neutral and polar lipids on silica cartridges (Bond
Elute, Agilent, USA). Polar and neutral lipid classes were resolved by TLC as previously described
[41]. To visualize the lipid spots, TLC plates were briefly sprayed with 8-anilino-1-naphthalene-
sulfonic acid (0.05 % w/v in methanol) (Sigma, St. Louis, MO, USA) and observed under UV light.
Individual lipid spots were scraped off the TLC plate, and the FA content and composition were
determined as their methyl esters by GC-FID.

Fatty acid methyl esters (FAME) were obtained by direct transmethylation of freeze-
dried biomass and isolated lipids in dry methanol containing 2% (v/v) H,SO4 at 80 °C for 1.5 h
under argon atmosphere with continuous stirring. Heptadecanoic acid (C17:0) (Fluka, Buchs,
7



Switzerland) was added as an internal standard. The FAME were quantified on a Trace GC Ultra
(Thermo, Milan, Italy) equipped with a flame ionization detector (FID) and programmed
temperature vaporizing injector as previously described [27].

Studies of gene expression

In this work, we used sequencing of the whole transcriptome for discovery and selection of the
genes potentially relevant to the phenomena observed during luxury uptake of P by the
microalgal cells. The presence and the differential expression levels of these genes were further
verified by RTPCR. Detailed description of the methods used in this part of the work could be
found in Online Supplementary, brief description thereof is presented below.

For the transcriptome sequencing total RNA from the C. vulgaris IPPAS C-1 cells was
isolated with RNeasy Kit (Qiagen, Germany) according to the manufacturer's protocol. For the
real-time PCR, total RNA was isolated from the cells with RNeasy Plus Mini Kit (Qiagen,
Germany) according to the protocol of the manufacturer (see also Supplementary Methods).

Prior to cDNA library construction, polyA-mRNA fraction was selected using oligo-dT
magnetic beads (Illumina, San-Diego, CA, USA) and processed using NextFlex Rapid Directional
RNA-Seq Kit (Bioo Scientific, Austin, TX, USA). cDNA libraries were quantified using Qubit 1.0
fluorometer (Invitrogen, Carlsbad, CA, USA) and quantitative PCR, diluted to 10 pM and
sequenced using HiSeq2000 instrument from both ends of the fragment (read length = 100 nt)
with TruSeq v.3 sequencing chemistry (Illumina, San-Diego, CA, USA). Raw data were processed
with CASAVA v. 1.8.2. Assembly was performed using CLC genomics Workbench with following
parameters: word size = 64, bubble size = 50, minimum contig length = 300.

The contigs were annotated by Blast2GO (www.blast2go.com) v3.0 InterPro [42] scan
with Nr and Pfam annotation [43] in Gene Ontology (GO) database (http://geneontology.org/),
and at Kyoto Encyclopedia of Genes and Genomes Pathway database (KEGG,
http://www.genome.jp/kegg/) Automatic Annotation Server. Homologous sequences were
searched against NCBI GeneBank (nucleotide collection nr/nt database) using BLAST
(http://blast.ncbi.nlm.nih.gov/) [44]. Sequence data analysis, including multiple alignments, was
conducted in Geneious v11 (www.biomatters.com).

Synthesis of the single-strand cDNA for real-time PCR (RT-PCR) was performed using
QuantiTect Reverse Transcription Kit (Qiagen, Germany) according to the manufacturer's
protocol. Primers were designed using the RealTime PCR Tool (Integrated DNA Technologies, Inc.,
https://eu.idtdna.com/scitools/Applications/RealTimePCR/) with the default parameters for the
contigs putatively associated with the genes involved in the P; transport, metabolism of
polyphosphates, and the gene of endogenous control (see Table S2 and Figs. S3-S7).

Real-time PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen,
Germany) according to the manufacturer's recommendations, the QuantStudio 7 Flex Real-time
PCR System (Thermo Fisher Scientific, USA) and the Applied Biosystems QuantStudio™ Real-time
PCR Software Version 1.3 (Thermo Fisher Scientific, USA). All measurements were carried out
with two biological and two analytical replicas. The expression of the target genes at different
stages after re-feeding was calculated relatively to that recorded in the P-starved cells. The
obtained data were processed using the Thermo Fisher Cloud Data Analysis software (Thermo
Fisher Scientific, USA) with the default parameters.
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Results and Discussion

Manifestations of P shortage and replenishment in culture growth and photosynthetic
activity

As mentioned in the introduction, inconsistence of the data on luxury uptake of P in microalgae
stems particularly from the using of microalgal cells which were not really P-starved. In other
words, P reserves in these cell did not really drop to the minimum cell P quota (for a more
detailed discussion on nutrient cell quotas, see [45]). Therefore, it become evident that the
development of standardized experimental approach working across algal strains and
cultivation systems is essential for the obtaining of consistent, reproducible, and comparable
results.

We decided to employ microalgal cells with their cell P quota exhausted as much as
possible (i.e. to a minimum cell P quota) under our experimental conditions and designated
them as “P-starved” cells. Towards this end, the pre-cultures grown in the P-replete media
were deprived of P and incubated under otherwise non-limiting conditions. For this kind of
experiments, choice of a reliable marker of the onset of P starvation (exhaustion of the cell P
quota) is important. It turned to be a non-trivial task since P shortage, as any important
nutrient starvation, triggers multi-faceted responses including changes in cell lipid and pigment
composition [46].

Eventually, cessation of cell division was chosen as the reliable manifestation of P
starvation. After preliminary experiments, it became clear that depending on the specific
experimental conditions employed, it takes a considerable time (normally, from five to ten
days) to obtain the culture with cell P quota exhausted as completely as possible. The P
deprivation of the cultures under our conditions was accompanied by a decline in Chl, increase
of the Car/Chl ratio which was in line with the manifestations of P shortage recorded in other
works (see [1] and references therein). Spectacular manifestations of the onset of P starvation
were the decline in primary photochemistry quantum yield (Qy) and strong buildup of non-
photochemical quenching of Chl fluorescence, NPQ (Fig. 1).

Microalgal cells grown in the absence of P limitation possess reserves of P, mostly in
form of PolyP, sufficient to support several cell generations upon P deprivation [1, 2]. Indeed, a
vigorous cell division continued for three days, after a one-day lag, upon the transfer of the
cells to the P-free medium. Only by the fourth day of P starvation (in the bubble columns, see
Methods) or several days later (in the Novagreen V-bags) the rate of cell division slowed down
and resumed after P replenishment (Fig. 1A). Generally, the faster was cell division during the P
deprivation of the culture, the sooner was observed the onset of P-starvation. This observation
is in agreement with previous results that cell P reserves can be sufficient for a certain number
of cell divisions (normally, 4-8 in Chlorella), but the time of the onset of P starvation also
depends on other conditions (light and nitrogen availability, temperature, etc.). In addition, one
should note that at this stage it is essential to determine the maximum time of P deprivation to
obtain cells with depleted P reserves but still capable of fast recovery upon replenishment of P.

The cultures which did not show an increase in cell density for three days under our
experimental conditions were accepted as “P-starved” initial cultures for the purpose of our
experiments. Using the cultures conditioned in this way allowed obtaining reproducible results
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in the subsequent experiments on luxury P uptake (re-feeding of the P-starved cells) described
below regardless of the specific cultivation system and/or strain used in this work.

After establishing a standard protocol for obtaining of P-starved cells, we focused on
luxury uptake of this nutrient after re-feeding of the P-starved cells with inorganic P
(orthophosphate, P;). The cell division resumed within one day after P replenishment (Fig. 1A).
The cells also re-accumulated Chl after P re-feeding resulting in a decline of Car/Chl ratio (not
shown). The rate of the recovery of the pigment composition after P re-feeding was
commensurate to that of cell division recovery.

The primary photochemistry of the microalgal cells was more sensitive to P availability
than photosynthetic pigment composition or cell division rate. Thus, a drop of the Qy and
corresponding increase in NPQ occurred before the decline in Chl and cell division slowdown
(Fig. 1B). Accordingly, Qy and NPQ recovered after P re-feeding faster than the piment
composition and cell division rate (Fig. 1A).

The depletion of the phosphometabolite pool and PolyP in the cell was confirmed by in
vivo 3'P-NMR spectroscopy (Fig. 2). The peak attributable to inorganic phosphate (P)) still
present in the spectra of the cells of all three organisms, its amplitude was the highest in
C. vulgaris CCALA 256. At the same time, the partitioning of the intracellular P; between major
cellular compartments (cytoplasm, chloroplast and vacuole) cannot be determined from the
NMR spectra of the P-depleted algal cell, which contained a single symmetrical P; resonance.
This also indicated that the pH of these compartments was nearly the same [31], suggesting
that a low degree of membrane energization under the P starvation conditions. Only in the cells
of C. vulgaris IPPAS C-1 a noticeable level of sugar-phosphates was revealed in addition to P;
probably indicative of relatively more active metabolism in this alga even under P starvation
conditions. At the same time, all the spectra lacked the signatures of energy-rich molecules e.g.
ADP and ATP, spectral details attributable to polyphosphate were also absent suggesting the
overall metabolic quiescence of the P-starving cells.

Luxury P uptake induces specific rearrangements of the cell lipidome

One of the major depots of P in the microalgal cells is constituted by phospholipids—important
components of cell membrane lipids. On the one hand, P starvation and recovery from it induce
considerable rearrangements of the cell membranous structures and lipid reserves (Fig. 3; [47,
48]). On the other hand, nutrient deprivation is often employed in microalgal biotechnology for
induction of lipid accumulation in the cells. As was revealed by TEM, P shortage induces
accumulation of lipid droplets, LD (Fig. 3) and a reduction of chloroplast together with its
membrane apparatus (thylakoid system). After re-feeding of the cells, the LD disappear, and
the chloroplast is recovered together with its thylakoid membranes. These processes occurred
along with the re-start of cell division.

The changes in lipid content and composition documented during P starvation and after
P re-feeding in our experiments reflected the acclimation to P shortage and, afterwards, to
ample P availability (Fig. 4). The most spectacular changes were recorded in the abundance of
neutral reserve lipid, TAG (Fig. 3). It corresponded to the observed dynamics of the LD
formation which increased in the P-starving cells and declined after their re-feeding with P;.
Such dynamics of TAG is characteristic of nutrient limitation of microalgal cells and their
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recovery from it [49]. During this process, TAG, as well as starch, accommodates photofixed
carbon which cannot be consumed by anabolic reactions under the stress thereby alleviating
the risk of photooxidative damage to the cell [49, 50].

The onset of P starvation was manifested by characteristic changes in cell glycolipids
represented by the two major classes: non-bilayer-forming monogalactosyldiacylglycerols,
MGDG and bilayer-forming digalactosyldiacylglycerols, DGDG. These lipids enriched with
polyunsaturated FA are the major constituents of the chloroplast thylakoids membranes [51].
Their ratio plays an important role in the adjustment of thylakoid membrane biophysical
properties under stress, so an increase in the ratio of DGDG/MGDG is a generic pattern of
stress acclimation of photosynthetic cells [52, 53]. P starvation under our experimental
conditions also lead to a decline in DGDG/MGDG ratio (Fig. 4).

We also recorded peculiar rearrangements in the lipidome of P-sarving cells typical of
stress, such as an increase in sulfolipids (sulfoquinovosildiacylglycerol, SQDG). At the same
time, we did not observe a relatively widespread manifestation of P shortage—increase in
betain lipids (represented in the studied species by diacylglyceryltrimethylhomoserine, DGTS;
Fig. 4).

The P-containing lipid classes did not show a consistent pattern of changes in our
experiments. Thus, we did not observe a sizeable decline of the phospholipid classes during P
starvation although there was a sizeable increase in phosphatydilcholine (PC) proportion after
re-feeding of the P-starved cells (Fig. 4). The apparent lack of the P starvation response in P-
lipids of the studied microalgae at first glance might seem counter-intuitive. At the same time,
it is in line with vast diversity of lipidome-related response to P-limitation documented in
microalgae, some of them might be not so straightforward [47, 48]. A plausible explanation of
relative stability of P-lipid content under the P shortage conditions might involve their essential
role in maintaining of the cell membrane homeostasis so these lipids were retained even under
harsh P deficiency. Interestingly, DGTS often serving as the substitute of P-lipids in P-starving
cells, did not show a considerable increase in our experiments (Fig. 4) suggesting a different
mechanism of cell membrane stabilization under P shortage conditions. Clearly, further
research is needed to reveal a generic pattern of lipidome response in microalgae on the
background of volatile P availability.

Relationship between cell division and P; uptake rates after re-feeding of P-starved cells

Survey of the available literature (see e.g. [1, 2] and references therein) suggested that
microalgal cultures with different P nutrition prehistory differ dramatically in terms of their P;
uptake potential. At the same time, consistent data on P uptake kinetics are hard to come by in
the literature, although remarkable exceptions exist [22]. Here, we tried to systematically study
the Pj uptake and formation of PolyP in the P-starved cultures of standardized Chlorella cultures
with cell P quota exhausted to the minimum (see above).

The P-starved cells re-fed with P; exhibited a polyphasic kinetics of P; uptake (Fig. 5). Two
phases were clearly distinguished: the first, fast phase of P; uptake took place within first 1-2 h
from the moment of re-feeding and the second phase, which was characterized by slower P;
uptake. In the studied microalgae, this phase started 2—4 h later and roughly corresponded to
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the period of the exponential cell division in the re-fed culture (Fig. 5). It is also possible to
distinguish the third phase (slow-down of P; uptake along with slow-down of cell division for the
reasons other than P deficiency, e.g. self-shading).

During the first (fast) phase the cells of all studied microalgae took up P; at a high (69
ng d! cell™?) rate. However, cell division did not resume at this stage hence no correlation
between P; uptake and cell division rate was recorded (Fig. 5) but the influx of P; into the cell
correlated with its external concentration (Fig. S1). This P; uptake pattern resembled that
described in microalgae as ‘overshoot’ or overcompensation [2] exhibited by P-limited cells
transferred to a P-replete environment [22].

The vigorous uptake of P; at this phase resulting in a temporary rise of P content,
calculated on elemental P, in the biomass up to 5-6% of DW (Fig. 6). This is not far from 10%
DW achieved in a heterotroph bacterium Acinetobacter [54] used in the enhanced biological
phosphorus removal (EBPR) processes [14]. A rough calculation of a global potential of such
non-optimized P-uptake capacity of algae leads to an estimate that approximately 7 000 km? of
algae production area (less than, e.g. area of Cyprus) would be required to sequester 7 Mt of
phosphorus that is world-wide annually lost from animal manure [13]. This calculation assumes
a realistic growth rate of algae (30-40 g DW - m~2- day™%; [55] and 7% P in dry weight observed
during the period of peak P; uptake under our experimental conditions. With P uptake by algae
that would be enhanced by an optimization, the required area would be further
correspondingly decreased.

Although the intracellular P content in the actively dividing cells was modest (< 2% DW)
in comparison with that detected during the overshoot following the P refeeding, its metabolic
turnover is immense [56]. In this case a considerable part of P; entering the cell is converted to
nucleoside phosphates and sugar phosphates and is consumed for biosynthesis of nucleic acids,
mainly DNA and ribosomal RNA which are the most abundant of the nucleic acid molecules in
the cell [56], and phospholipids. Obviously, this was the case under our experimental
conditions: judging from the 3P NMR data, the exponentially growing cells featured diverse
pools of phosphometabolites such as nucleoside phosphates and sugar phosphates (Fig. 2). In
particular, P; and sugar-phosphate levels were likely higher than in the Pi-depleted cells except
C. vulgaris CCALA 256. Relatively low amount of polyphosphate was discovered in the
exponential culture cells of C. vulgaris CCALA 256 and P. kessleri CCALA 251. The spectrum of C.
vulgaris IPPAS C-1 lacked a detectable signal of polyphosphate but showed on the contrary the
three resonances of ATP (Fig. 2). The lack of the NMR spectral signature of P storage
(sub)compartments such as vacuolar P; pool or PolyP in the case of C. vulgaris IPPAS C-1 can be
explained by its high growth rate of which was the fastest among the studied microalgae.
Therefore, most of the absorbed P; was likely involved in the cell metabolism so there hardly
can be excess P routed to storage compartments. This suggestion was indirectly confirmed by
the relatively high pH of the Pi-containing compartments as could be deduced from the NMR
spectra and the presence of all three ATP resonances [31, 36].

One should also remember that even the rapidly dividing cells, as well as those at
terminal stages of P starvation, still can retain some PolyP, likely belonging to low-mobile (acid-
insoluble) fraction [23, 57]. This PolyP fraction is hardly distinguishable on 3!P NMR spectra, but
it is clearly visible on TEM images (see e.g. Fig. 3c). One can speculate that this fraction of PolyP
characterized likely by a low availability for the cell metabolism contributes, together with the
essential nucleic acids, P-lipids and other organic P fractions, to the minimum or subsistence P
quota of the microalgal cell.

12



Notably, uptake of P; from the medium at a very high rate was observed only for a
limited time (normally, 60 min in our experiments). Within one day after replenishment of P;in
the medium, all the studied microalgae resumed exponential growth. After the first 24 h of
cultivation in the P-replete medium, the P; uptake rate declined approximately by an order of
magnitude in comparison with the “peak” uptake rate; it exhibited a close (r? > 0.8) relationship
with the culture growth rate throughout the rest of the observation period (Fig. 5). These
relationships followed a similar pattern: P; uptake rate was proportional to u values below 0.2
(characteristic of the initial period of the culture recovery from P starvation; observed 1-1.5 d
after re-feeding) and the onset of stationary phase (days 5-9 after re-feeding, see Fig. 2). In the
range of higher p values (0.2—0.9) typical of the mid-exponential phase (days 1.5—4 after re-
feeding) the relationship ‘u vs. P; uptake rate’ tended to saturate (Fig. 5).

After three days of cultivation in the P-replete medium, the growth rate of the cultures
started to slow down manifesting the onset of stationary phase, a simultaneous decline in the
rate of P; uptake from the medium took place during this period. After the 6™ day of the
cultivation under the P-replete condition, the cultures reached the early stationary phase; only
a marginal decline in P; was recorded during the last six days of the experiment (Fig. 5).

Notably, a different pattern of subcellular P pools was revealed by the 3'P NMR spectra
of the cells from the stationary-phase cultures in comparison to that documented in the
exponential cultures grown in the P-replete medium (Fig. 2c). Thus, the peak attributable to
PolyP was much more pronounced in the 3!P NMR spectra of all these cells; the highest
amplitude of this peak was detected in C. vulgaris CCALA 256 and the lowest in C. vulgaris IPPAS
C-1.

In the cells of the cultures at early stationary phase, distinguishable P; pools were
revealed in the chloroplast and cytoplasm (featuring the same pH value) of C. vulgaris CCALA
256 (2.21 ppm, pH = 6.8) and P. kessleri CCALA 251 (2.25 ppm, pH = 6.9) whereas a smaller pool
was associated with the vacuole (1.59 ppm, pH 6.4 in both cases). The 3P NMR spectrum of
C. vulgaris IPPAS C-1 showed only a trace vacuolar P; (1.59 ppm, pH 6.4) next to the main P;
resonance at 2.37 ppm (pH 6.9). The levels of sugar-phosphates were similar in all studied
microalgae. As the cells from the exponential-phase culture, the cells of stationary-phase
culture of C. vulgaris IPPAS C-1 possessed a relatively high level of P-metabolites involved in
energy exchange e.g. ATP/ADP (with an ATP/ADP ratio > 1) suggesting a more vigorous
metabolism. This finding, as well as the lowest level of mobile polyphosphate and vacuolar P;,
are in good agreement with the highest growth rate of C. vulgaris IPPAS C-1. The highest
amount of mobile PolyP and vacuolar P; was found in C. vulgaris CCALA 256, the strain which
demonstrated the lowest growth rate. Accordingly, this strain had a lower ATP/ADP ratio
indicative of low overall metabolic activity. The levels of P-metabolites and PolyP in P. kessleri
CCALA 251 were close to that found in C. vulgaris CCALA 256 as well as the ATP/ADP ratio > 1.

As a result of steady uptake of P; at a moderately high rate (Fig. 5), the biomass content
of P was as high as 2 % of cell DW (Fig. 6) whereas a typical gravimetric share of P in dry weight
of natural phytoplankton at ca. 0.9 %, corresponding to <1% estimate of [58]. The P biomass
content recorded in the present work roughly corresponded to the current estimations for the
microalgae gown in P-rich environment. Thus, values as high as 1.8 % DW were found in the
microalgal cells fed by swine manure [59]; levels up to 4% were reported for the cultures frown
in wastewater [60].

Overall, the kinetics of P; absorption and the levels of intracellular P accumulation in our
experiments are evident of operation of the ‘luxury uptake” mechanism originally described in
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[61]. An important feature of luxury P uptake is that it takes place even in P-sufficient culture
i.e. without a prior exposure of the cells to P starvation [62]. The luxury P uptake has probably
evolved as an adaptation of microalgae to volatile P availability or as a competitive strategy
aimed at starving the competitor [63].

Relationship of the PolyP formation, P; uptake, and cell division kinetics

It is commonly accepted that PolyP is normally accumulated in microalgal cell when P is ample
in the medium; the PolyP reserves are metabolized during periods of P shortage [22, 39, 64].
There are several fractions of PolyP differing in their function in the cell, stability, and
dependence on light energy for their synthesis [23]. Indeed, under our experimental conditions
the P-starved cells which ceased to divide contained no PolyP detectable by NMR (Fig. 2)
although small P-containing inclusions were found on TEM images (see above).

The transient very high P content (> 4-5% DW, Fig. 6) recorded in these cells after their
re-feeding with P; drew our attention to possible involvement of PolyP in storing at least part of
the P taken up in large excess shortly after their re-feeding. Most of the techniques mentioned
above turned to be unsuitable for this task due to insufficient time resolution: thus, acquisition
of a reliable NMR spectrum requires least several hours. In principle, it was possible to use an
enzymatic PolyP assay, but this procedure is laborious and expensive. Eventually, we accepted a
recently developed approach based on confocal Raman microscopy calibrated vs. analytical
PolyP assay yielding data on PolyP distribution with subcellular resolution (for detailed
description, see [39]).

Using Raman microscopy as a rapid method of PolyP screening in individual cells, we
followed the kinetics of the PolyP content after re-feeding, along with the culture growth (Fig.
7). The PolyP content in the cells increased and peaked approximately within 4-10 h after re-
feeding of the P-starved culture with P;. This transient peak of PolyP roughly corresponded to
the fast phase of P; uptake from the medium and the period when the cells exhibited the
highest percentage of P in their DW. Notably, the extent of PolyP accumulation depended on
the concentration of the external P; added during re-feeding S2. The PolyP level in the cell
declined rapidly when the cell division resumed after recovery from P starvation (Fig. 7).
Interestingly, a similar transient rise of PolyP can be seen in Fig. 3 in the paper by Aitchison and
Butt [22] suggesting a transient storing of P; until the end of the lag phase and culture recovery.
Even more pronounced transient peak of PolyP was observed in Parachlorella kessleri NIES-
2152 [46]. Collectively, the findings mentioned above suggest that PolyP content is peaking
when the maximum Pi influx coincides with a slow cell division rate.

The cell PolyP content in the exponentially growing culture remained low. It started to
increase again when cell division slowed down reaching early stationary phase on the
background of ample P;in the medium (Fig. 2). At the same time, it was not as high as during
the lag phase recorded shortly upon re-feeding (Fig. 6). Generally, the upward trend of PolyP is
in line with that recorded in stationary cultures of Chlorella in P-sufficient media [1, 22].

Taking into account the dynamics of cell PolyP content, culture growth and P; uptake,
one can generalize that the rate of PolyP formation in the microalgal cells is directly related
with the P; influx in the cell and inversely related with cell division rate. In turn, the P; influx
depends on the external P; concentration and the extent of the cell acclimation to P deficiency.
In particular, the acclimation to scarce P conditions manifests itself as the expression of high-

14



affinity P; transporters, which will be elaborated on below, see also [20]. The enhanced
biosynthesis of PolyP upon slowdown of cell division can be explained in terms of channeling of
the P; absorbed in excess during luxury uptake and did not consumed in biosynthesis of cell
structural components to storage in form of PolyP, the most abundant P reserve in microalgal
cell [65].

Polyphosphates in microalgal cell possess a peculiar ultrastructural organization

Taking into account possible presence of different PolyP fractions (mobile or acid-soluble and
acid-insoluble, the latter is not readily visible in the NMR spectra) combination of
ultrastructural studies (analytical TEM) and 3P NMR spectroscopy is expected to provide a
more comprehensive picture of PolyP within microalgal cell. To obtain a further insight into
subcellular distribution of polyP, we employed an analytical electron microscopy technique
known as energy dispersive X-ray analysis (EDX) which has been applied previously to analyze P
in the electron-dense inclusions in the cells of chlorophytes [66, 67].

The cells of the studied microalgae sampled at stationary growth phase contained
numerous electron-dense inclusions in their vacuoles (Fig. 8a); these inclusions were scarce the
P-starving or exponentially growing cells (Fig. 8d). Analysis of the point EDX spectra taken from
the inclusions showed that the elemental compositions of these structures were dominated by
P and oxygen, divalent metals (Mg and Ca) were also present but monovalent metal ions such
as K, were missing (Fig. 8¢, f, i), most likely because of chemical fixation used for the sample
preparation for EDX. Since the P-containing inclusions were highly osmiophylic, the peaks of P
partially overlapped with those of Os (Fig. 8c, i). Nevertheless, the resolution of the EDX
measurements was sufficient for reliable determination of P in the samples. The characteristic
EDX peak of P was also detected in nuclei (not shown) but its amplitude was considerably lower
than in the spectra from the P-containing inclusions. The point EDX spectra from other
structures (sub)compartments of the microalgal cell (thylakoid membranes, pyrenoid,
plastoglobuli, starch granules in chloroplast, cytoplasmic oil bodies) lacked the peak
attributable to P (not shown).

Collectively, the 3'P NMR- and EDX-based evidence suggests that the electron-dense
inclusions observed in the cells of stationary phase cultures are indeed PolyP granules [68]. A
closer look at the P-containing inclusions identified as PolyP granules in the cells of C. vulgaris
C-1 w C. vulgaris 256 on the conventional and analytical TEM micrographs revealed the regions
with highly ordered structure. The latter were most pronounced in C. vulgaris 256 cells sampled
at the stationary growth phase after re-feeding with P; (Fig. 9). The structured PolyP granules
were frequently in close contact with tonoplast membrane from the inside.

In certain regions of the PolyP grain cross-sections electron-dense filaments were
revealed interleaved with low electron density spacers, both 4.90 + 0.12 nm wide (Fig. 9a). These
structures resembled a multi-wire cable pattern documented in our previous work [69]. At higher
magnifications (Fig. 9b), the filaments were apparent as electron-dense granules forming chains
or zigzag patterns. These granules were assembled in packs interspersed with low electron-
density matter and interconnected with 1.64 £ 0.07 nm wide bridge-like structures of moderate
electron density. On the cross-cut of PolyP granules these structures formed cellular clusters
resembling a cross-cut multiwire cable (Figs. 9b, 10). In the “cross-cut” pattern, the electron-
dense particles were 5.07 £ 0.31 nm in size interconnected with several bridge-like structures,
each of them was 1.31 £ 0.07 nm wide. One can interpret these TEM micrographs as images of
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longitudinally- and cross-cut sections of long packs of electron-dense grain chains embedded in
an electron-transparent matter, twisted within the vacuole lumen (Fig. 10). Interestingly, a
similar ultrastructural pattern was demonstrated revealed in the vacuolar PolyP granules of
another chlorophytes (Table S4). In view of the aforementioned findings, we assumed that
processes of the PolyP chains biosynthesis and their transportation into the vacuolar lumen are
coupled in the cells of the studied microalgae. Mechanistically, these processes might be similar
to those taking place in acidocalcisomes of yeast cells with the participation of a large membrane-
bound complex historically named VTC (vacuolar transporter chaperone) but representing
essentially a multienzyme machine for PolyP biosynthesis [70-73].

The group of Ota [46] who studied P-containing inclusions in the chorophyte Parachlorella
kessleri NIES-2152 showed that the organic matter forming the bridge-like sealing caps
incorporated into these inclusions is nether sugar nor lipid. It is also known that the PolyP chains
can form complexes with poly-(R)-3-hydroxybutirate (PHB) [74]. Such complexes were revealed
in the membranes of many organisms (seep. 46 in [9]) although the fine structure of these
complexes remains unelucidated). In view of these findings, the bridge-like PolyP chain-sealing
structures within the PolyP vacuolar inclusions are most likely constituted PHB. The
ultrastructural organization of the P-rich vacuolar inclusions in the studied microalgae we
hypothesized that that many PolyP chains are synthesized simultaneously by multienzyme VTC-
like complexes producing PolyP and PHB grouped together to form raft-like structures in the
tonoplast (Fig. 10).

Generally, presence of an ordered ultrastructural organization in a cell structure often
suggests participation of complex molecular machine in its biogenesis. One of the examples can
be the carotenoid crystals with ordered structure [75]. In an analogy with this, we hypothesize
that the formation of PolyP granules, at least in the microalgal cell vacuole, is not a stochastic
process carried e.g. by a relatively simple enzyme freely floating in the vacuolar lumen. On the
contrary, a more complex molecular machine associated with the vacuolar membrane
(tonoplast) is expected to be involved in the process of PolyP biosynthesis and the formation of
P-containing inclusions in the vacuoles. With this in mind, we focused on the analysis of
C. vulgaris transcriptome in search of possible candidate genes encoding parts of this molecular
machines. We also looked for other genes potentially involved in the implementation of the
observed kinetics of P; uptake and PolyP accumulation in this alga.

Insights into molecular mechanisms potentially involved in luxury P uptake and storage

As a further stage of the work, we screened the transcriptome of Chlorella vulgaris IPPAS C-1 for
the genes differentially expressed under the experimental conditions used in this work (P-
starvation with subsequent P re-feeding). We expected to discover genes involved in P; transport
into the cell and/or storing it in form of PolyP. In view of the kinetics of P; uptake and PolyP
accumulation revealed in this work, we choose more frequent sampling during first several hours
including also characteristic stages of the culture development such as logarithmic and early
exponential. The annotated transcriptome was than searched by relevant keywords. The search
results were filtered for the significance level (FDR < 0.05) and minimum differential expression
threshold (log2FC > 2). As a result, a subset of transcripts of the genes with contrasting expression
patterns (table S3) was selected including one encoding VTC-like protein (GenBank ID
MK334249), one H*/P; symporter (GenBank ID MK334251) and Na*/P; symporter (GenBank ID
MK334252) as well as a purple acid phosphatase (GenBank ID MK334253) (table S3). These genes
were used as targets for subsequent RTPCR analysis of differential expression level.
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Induction and repression of polyphosphate polymerases

During the analysis of the C. vulgaris IPPAS C1 transcriptome we found the homologs of subunits
of VTC (GenBank ID: MK334249, Fig. S8), the polyphosphate polymerase assembling the PolyP
chains. The auto-translated amino-acid sequence of the annotated transcript MK334249
possessed a high identity with Vtcl, Vtc2 and Vtcd proteins of green microalgae and fungi
including yeast (Figs. 11, S4). Due to the high identity level, it was not possible to assign the
transcript sequence to Vtcl, Vtc2 or Vtc4 with confidence. Still, all these proteins belong to the
Poly-P synthesizing VTC complex [70] so its expression level can be a proxy of VTC activity under
our experimental conditions. To verify the differential expression of the putative VTC component,
we employed RT-PCR using the target region of the transcript which displayed 84% identity to
Vtcl protein of a closely related species C. variabilis.

To test the possible involvement of this gene in metabolism of PolyP during P starvation
and re-feeding under our experimental conditions we compared the expression level of the other
selected candidate genes during P-starvation and subsequent re-feeding of the C. vulgaris IPPAS
C1 culture. Following the accepted practices [76], we selected a gene encoding a putative plant
and algal ubiquitinase E3 homolog (GenBank ID: MK334250, 98% identity with ubiquitinase E3 of
C. sorokiniana) as the reference basing on a high and stable expression level of its expression
under our experimental conditions.

The results of RTPCR essentially confirmed the preliminary assessment carried out with
RNASeq. Both approaches showed that the changes in the kinetics of P; uptake rate and PolyP
accumulation recorded in our experiments were accompanied by distinct changes in the
expression level of the genes putatively involved in P; uptake and PolyP metabolism. Thus,
within 120 min after re-feeding of P-starving cells with Pi the expression of the gene encoding
the VTC-like protein (transcript MK334249) and the Na*/Pi-symporter (transcript MK334251)
increased 3.8 and 3.3 times respectively. On the contrary, the expression levels of the H*/P;
symporter (GenBank ID MK334252) and purple acid phosphatase (transcript GenBank ID
MK334253) declined 10.5 and 20 times respectively (Fig. 12).

At the exponential phase (3 d after re-feeding), the expression level of the gene encoding
the VTC-like protein returned to the level of the P-starving cells but at the stationary phase (7-9
d after re-feeding) increased again (47 times as compared to that of the starving cells). The
expression pattern of the gene encoding the VTC-like protein was largely in agreement with the
observed kinetics of PolyP in the cells documented by NMR (Fig. 2) and other independent
methods (Figs. 7). In particular, the transient VTC up-regulation roughly corresponded to the
transient peak of PolyP formation in the cell, particularly in vacuoles; the second rise of the
expression of the gene putatively encoding this protein also corresponded to the increase in
PolyP at the stationary growth phase (Fig. 12).

These findings further support the involvement of the VTC-like protein in the biosynthesis
of the PolyP in green microalgae. At the same time, this mechanism of PolyP biosynthesis might
not be ubiquitous. Thus, the genome of a red microalga Cyanidioschyzon merolae apparently
lacks homologs of the Vtc4-type of PolyP polymerase [77] but contains a homolog of the
prokaryotic PolyP kinase gene ppkl [78]. Yagisawa, Kuroiwa, Fujiwara and Kuroiwa [77]
hypothesized that a PPK1, a PolyP-kinase, homolog is responsible for the formation of the PolyP
in C. merolae cells during first hours after re-feeding of P-starving cells. The authors of this work
also suggested an alternative, VTC-independent mechanism of PolyP biosynthesis. According to
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their hypothesis, the synthesis of PolyP begins in cytosol or in small vacuoles, then the small PolyP
granules are exported to larger vacuole(s) where they are accumulated and/or enlarged.
However, the latter mechanism is still questionable in view of the reported toxicity of short-chain
PolyP in yeast cells [70, 73]. On the other hand, the hypothetical transportation of nascent PolyP
into the vacuole can manifest a mechanism of coping with the potential toxicity of the short-
chain PolyP in microalgal cell.

To the best of our knowledge, this is the first work elucidating the differential expression
of VTC-like homologs as a function of P availability in green microalgae. At the same time, there
were reports on the modulation of VTC expression during P starvation of a coccolitophore
Emiliania huxleyi [79] and a diatom Thalassiosira pseudonana [80]. Interestingly, both of the
microalgal species showed a considerably higher expression of vtc genes in the cells grown in the
P-depleted medium than in those incubated in a P-replete medium. Unexpectedly, PolyP content
of T. pseudonana cells was higher during P shortage in the medium than during cultivation on a
P-replete medium [80]. The authors relate these phenomena, which might seem
counterintuitive, by the natural acclimation of the studied organisms to volatile P availability in
the marine aquatic habitats. Under such conditions, the ability to efficiently sequester P; and
store it as PolyP in the cell might be crucial for successful competition with other microorganisms
[81].

Difficulties with studies of the expression of genes encoding the enzymes involved in
PolyP biosynthesis are related to reversibility of the reactions catalyzed by them, this is also true
for vtc4 PolyP-polymerase (see p. 157 in [81]). On the one hand, it means that the up-regulation
of vtcd might evidence both PolyP accumulation and mobilization. On the other hand, the up-
regulation of vtc4 and similar enzymes and PolyP decline are not mutually exclusive events.
Importantly, in many works the cells are sampled in the beginning of the P-shortage induced
slow-down of cell division. Strictly speaking, these cells might not be really P-starved since the
culture growth did not stopped completely. In our experiments with P re-feeding we used the
cell with exhausted PolyP cell depot and down-regulated genes of the VTC-like proteins, so the
experiments described here do not likely suffer from this limitation.

Changeover of P; transporters after re-feeding of the P-starved cells

Since the metabolism of PolyP depends, among other factors, on the influx of P;into the cell [22],
genes of the putative extracellular phosphatase releasing P; from organic compounds and two
types of putative P; transporters were included into the analysis of differential gene expression
(Figs. S5 and S6). Specifically, we selected the putative transcript MK334251, which was highly
identical to a conservative domain of high-affinity Pi transporters and Na*/P-symporters of
microalgae (Fig. S5). Another target was MK334252, a putative transcript highly similar to H*/P;
symporters in microalgae (Fig. S6). The RTPCR primers were designed using a cv11978 region 91%
similar to a P; transporter and a MK334251 region 89% identical to a H*/P; symporter of C.
sorokiniana. In addition to this, MK334253, a putative transcript resembling a purple acid
phosphatase from microalgae (Fig. S7). Corresponding RTPCR primers were designed using a
MK334253 region 92% identical to a purple acid phosphatase from C. sorokiniana.

The very high rate of P; absorption observed during the first phase of P-starving
microalgal cells’ re-feeding (Fig. 5) is believed to result from the activity of high-affinity P;-
uptake system ensuring efficient pumping of P;into the cell when its concentration is low [1, 2,
20]. This is compatible with previous findings of the P; uptake peak in the cells in which cell
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division has been arrested [22] so the P; entering the cell is not spent e.g. for the synthesis of
new cell building blocks. The high-affinity P; uptake system is functioning under low-P
conditions and complete P starvation because the corresponding high-affinity P; transporter
proteins are expressed and present in the cell membrane under limiting P; levels. The high-
affinity P; transporters rapidly pump P;into the cell but are saturated quickly by the incoming P;.
After re-feeding of the P-starved cells, the high-affinity P; transporter expression is rapidly
down-regulated and replaced by low-affinity P; transporters which are normally expressed
when P;is ample in the medium [20].

In our experiments, the two studied genes of P; transporters were downregulated in the
in the P re-fed cells than in P-starved cells (Fig. 12). Such a behavior is typical of high-affinity Pi
transporters which are up-regulated during P shortage in the medium and down regulated when
P is ample [82-84]. Furthermore, the studied putative Na*/P; symporter of C. vulgaris IPPAS C-1
displayed a high identity to high-affinity Pi-transporters earlier annotated in C. variabilis,
Tetraselmis chuii and Ectocarpus siliculosus genomes (Fig. SS5).

Our results remind inverted gene expression patterns recorded e.g. in a model microalga
C. reinhardtii during P-starvation. Thus, P starvation induces down-regulation of the high-affinity
Pi transporters PTB2 [82-84] and PTA3 [84]. Different patterns of P; transporter gene expression
were recorded during the first several hours after P re-feeding of the P-starved cells. Thus, the
expression of the putative Na*/P; symporter is induced upon the re-feeding of the P-starved cells
whereas that of the putative H*/P; symporter was repressed (Fig. 12). Taking into account these
expression patterns, it is possible to assign the putative H*/P; symporter to high-affinity P;
transporters with a high specificity to P; but relatively low uptake rate [82-84].

After re-feeding the P-starving cells end up in the medium with ample P where the low-
affinity P; transporters are more efficient due to their higher uptake rate in comparison with high-
affinity P; transporters [85]. This hypothesis also helps to explain the rapid repression of the
putative H*/P; symporter (10.5 time decline within 2 h after re-feeding). On the contrary, the
putative Na*/P; symporter is likely a high-affinity P; transporter judging from its rapid up-
regulation upon re-feeding of the P-starved cells. Our data showed that a high level of the
expression of the high-affinity P; transporter can be retained for a certain time after P re-feeding
which is not typical for this type of P; transporters [84, 86]. It is therefore conceivable that the
putative Na*/P; symporter, a high-affinity transporter studied in our work, can contribute to the
rapid P; uptake observed shortly after re-feeding of the P-starved cells due to its relatively slow
down-regulation.

Other P acquisition mechanisms

The putative acid purple phosphatase (APF) was down-regulated under ample P conditions
(during exponential and stationary growth phases) in comparison with the P-starved cells (1.5
and 1.9 times lower, respectively), although the repression was most pronounced within first
hours after re-feeding (Fig. 12). This expression pattern is compatible with the known function of
APF in higher plants [87, 88]: these enzymes are excreted to release bioavailable P; from P-
containing organic matter. Re-feeding with the excess of P; removes the need to obtain P; from
the extracellular organics so the expression of the putative APF declines. During the exponential
and stationary growth phase the concentration of the available P; in the medium declines due to
uptake by the microalgal cells leading to a moderate up-regulation of the APF relatively to the
level recorded within first hours after re-feeding.
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Generally, the recorded expression pattern of the putative APF in C. vulgaris IPPAS C-1
resembles the mirrored trend of APF expression in P-starving organisms: it increases under P
starvation and declines under ample P conditions. Remarkably, these changes are very rapid in
in C. vulgaris IPPAS C-1: the expression of APF in this microalga declines 20 times within 2 h upon
their re-feeding.

Implications for biotechnology

Understanding the mechanisms and patterns of luxury P uptake and PolyP metabolism is crucial
for solving real-world P biosequestration problems. In particular, luxury nutrient, especially P
uptake, is central to operation of wastewater stabilization ponds and wastewater treatment
plants but currently these processes are limited to “a black box understanding of the bulk
population” [89].

Application of the microalgae biomass grown in wastewater to field crops as a
biofertilizer is a promising way of its utilization [16, 19]. In contrast to P-rich bacterial biomass
from EBPR process [90], P-rich algal biomass acts as a slow-release P fertilizer [91] due to a slow
decomposition of PolyP by the soil microbial phosphatases [19]. Accordingly, enrichment of the
algal biomass with PolyP is an important quality parameter of microalgal biomass-derived P
biofertilizer. Our findings showed that the highest PolyP content is achieved shortly after re-
feeding of P-starved microalgae with P;. At the same time, this is a transient PolyP buildup: soon
after resumption of cell division PolyP content started to decline, therefore timely harvesting
the PolyP-rich biomass is crucial for the biofertilizer applications.

Since the P-starved cells express the features of high-affinity P; uptake, they represent
the most suitable culture type for final treatment of wastewater (so called “polishing” stage).
Larger amounts of biomass but only moderately enriched with PolyP can be obtained by
harvesting stationary-phase cells grown in ample P-media. Rapidly dividing cells of
exponentially growing P-sufficient cultures displayed a moderate but sustained rate of P;
uptake. Biomass generated at this stage is rich in bioantioxidant pigments (carotenoids) and
proteins so it is potentially suitable as a feed additive.

Concluding remarks

In this work, we focused on luxury phosphorus uptake in microalgae, the process important
from both fundamental and practical standpoints but remaining vastly underexplored. We re-
approached this phenomenon using recently developed advanced techniques (analytical TEM,
scanning micro-Raman spectroscopy, transcriptome and PCR analysis) which were not available
at the time when the seminal works on the luxury P uptake were carried out. As a result, a
deeper mechanistic insight into luxury uptake and intracellular storing of P was gained.

A significant hassle for studies of P uptake in microalgae was constituted by disparate
experimental conditions yielding hardly comparable results. We employed a standardized
“feast—famine” protocol based on the using of pre-starved microalgal cells with exhausted cell P
quota. It turned to be a crucial step for obtaining reproducible results comparable across
diverse cultivation systems, different microalgal strains and even species.

Both luxury Pi uptake and its intracellular storage in form of PolyP exhibited a peculiar
kinetics which was related with cell division rate. The first, fast phase of exogenic P; uptake (< 4
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h upon re-feeding of the P-starved cells) is likely determined by high-affinity P; transporters.
Although these transporters saturate quickly, it is likely that they are ample in the membrane of
P-starving cell. Within this short period, a very high P content (> 6% DW) can be reached. This
finding is of direct relevance for biological removal of P from waste streams with microalgae
with subsequent utilization of the resulting biomass as environmental-friendly biofertilizer.

Since at that time cell division does not yet resume and the demand of P for the
anabolic process in the cell is low, the P taken up in a large excess is transiently stored in the
form of PolyP, mostly in the cell vacuole. Judging from ordered ultrastructural organization of
vacuolar PolyP granules and characteristic expression pattern of a gene encoding a VTC-like
protein, the rapid turnover of PolyP is most likely associated with operation of a VTC-like
multienzyme complex of tonoplast.

Soon after P; re-feeding, the high affinity P uptake system is replaced by the low-affinity
uptake system, the cell division resumes by that time. Exponential division of microalgal cells is
characterized by a much slower P; uptake at a rate related to actual cell division rate and a low
PolyP content. At this stage, the cell is expected to spend most of the acquired P for building
components of new cells, so there is little, if any, surplus P available for storage. Accordingly,
the VTC-like complex is down-regulated. It is up-regulated only at the onset of stationary phase
due to light limitation on the background of ample P;in the medium, when a second peak of
PolyP accumulation is detected.

Overall, the results of this work show that luxury uptake of P is a complex phenomenon
manifesting concerted operation of diverse mechanisms ensuring efficient uptake of Pj,
balancing the influx of P;against the current metabolic sink capacity, storing the surplus P; in
form of PolyP and its remobilization on demand. We believe that the key finding of this study
will help to better understand the nutrient availability-driven changes in microalgal
communities in natural ecosystems and artificial cultivation systems. They will also facilitate the
creation of engineered strains for biotechnological application for efficient usage of P in
agriculture and wastewater treatment. A deep mechanistic understanding of luxury P uptake is
at the basis of rational design of efficient bioprocesses for sustainable P usage so there is a
clear need of a systematic study of luxury P uptake in different algal strains under a wide range
of relevant environmental, biological and treatment conditions.
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Fig. 1. Growth and photosynthetic activity of the studied microalgae during re-feeding of pre-
starved culture with P;. (A) Growth of the P-starved cultures of Parachlorella kessleri CCALA 251,
C. vulgaris IPPAS C1, and C. vulgaris CCALA 256 after replenishment of P in the medium. (B)
Effects of P starvation and subsequent P re-feeding on non-photochemical quenching of
chlorophyll fluorescence in Chlorella vulgaris CCALA 256.
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Fig. 2. 3'P-NMR spectra of dense suspensions of (top to bottom) C. vulgaris CCALA 256, C. vulgaris IPPAS C1, and P. kessleri CCALA 251 recorded (A)
after eight days of P starvation, (B) after three days upon P, replenishment in the medium (exponential growth phase), and (C) at the early stationary
growth phase. Pi-chlor—the Pi pool in the chloroplast; Pi-vac—the P; pool in the vacuole; Pi-cyt—the P; pool in the cytoplasm; su-P—sugar-

phosphates; poly-P—polyphosphate (corresponding peak is marked by arrow).

28



Fig. 3. The ultrastructure of Chlorella vulgaris IPPAS C-1 cells from (a) the pre-culture grown in the P-
replete media, (b) the culture grown 17 d in the P-free medium, the culture grown after P replenishment
of P;in the medium (c) 5 d and 11 d (stationary-phase). Ch, chloroplast; LD, lipid droplet(s); P, vacuolar
PolyP granules, Py, pyrenoid; S, starch grain; V, vacuoles with granules. Scale bars: 1 um.
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Fig. 4. Composition of lipid classes in Chlorella vulgaris IPPAS C-1 cell from P-sufficient
precultures, P-starved cells as well as of the cells from the cultures exponentially growing and
reaching stationary phase after re-feeding. MGDG, Monogalactosyldiacylglycerols; DGDG,
digalactosyldiacylglycerols; SQDG, sulfoquinovosildiacylglycerol; PG, phosphatydilglycerol;
DGTS, diacylglycerylatrimethylhomoserine; PC, phosphatyldilcholine; PE,
phosphatydilethanolamine; PI, phoisphatydilinosytol.
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Fig. 6. Total P content of the C. vulgaris IPPAS C-1 cells before and after their re-feeding with P;
as a function of time after re-feeding and the culture growth phase (lag phase, 0—240 min;
logarithmic phase, 3 d; and stationary phase, 7 d).
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Fig. 7. Kinetics of the PolyP content detectable by Raman microscopy inside intact cells of
Chlorella vulgaris CCALA-256 (blue line, triangles) after replenishment of P; to 400 uM. The
moment of replenishment is indicated by a vertical dash line. The time evolution of intracellular
PolyP content is correlated with the P; concentration remaining in the medium (red line, circles)
and growth of the culture expressed as absorbance at 680 nm (green line).
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Fig. 8. Polyphosphate accumulation in the cells of (a-c) C. vulgaris CCALA 256, (d-f) C.
vulgaris IPPAS C1 and (g-i) P. kessleri CCALA 251. (a, d, g) TEM images of ultrathin
sections through the central region of the cell. (b, e, h) TEM image of semi-thin sections
of the cells with putative polyphosphate granules in the vacuoles. (c, f, i) The point (30
nm?) EDX spectra of the granules containing the characteristic peaks of P. Ch,
chloroplast; M, mitochondrion; N, nucleus; P, pyrenoid; Pg, plastoglobuli; S, starch grain;
V, vacuole. Scale bars: 0.5 um.
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Fig. 9. The ultrastructure of Chlorella vulgaris CCALA 256 cells with the vacuolar PolyP
granules from stationary-phase (9 d from P re-feeding) culture: (a) survey micrograph view of the
cells, (b) TEM image of the PolyP granule in the vacuole and (c) its enlarged fragment. Ch,
chloroplast; M, mitochondrion; P, PolyP granule, Py, pyrenoid; S, starch grain; V, vacuoles with
granules. In (c), the longitudinal-cut (asterisk) and (#) cross-cut regions of the “multi-wire cable”
chains of the electron-dense particles are shown (see also Fig. 10). Scale bars: 1 um (a) and 0.1
pum (b, c). (b) and (c) adapted from [69] with kind permission of Springer.
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Fig. 10. A hypothetical schematic representation of the coupled biosynthesis of the PolyP chains
and its transportation into the vacuole by the tonoplast-bound VTC-like enzyme complexes
leading to the formation of the P-rich inclusions displaying. The ends of the PolyP chain are likely
sealed with bridge-like structures composed by poly-(R)-3-hydroxybutirate (PHB). The “multiwire
cable” ultrastructural pattern arises likely from the simultaneous operation of many VTC-like
complexes organized as raft(s) floating in the tonoplast.
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Fig. 11. Phylogenetic relationships between VTC-like proteins from different organisms (note
the ubiquity of corresponding enzymes in species from very distant taxa) with diverse functions
in the cell. Closest homologs of VTC4-like protein are the yeast polyphosphate polymerases
from the same family. The similarly annotated protein in Chlamydomonas reinhardtii is similar
to a different enzyme family (also present in yeast).
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Fig. 12. Changes in the expression levels of the genes putatively involved in P; uptake and
metabolism of PolyP after re-feeding of P-starved cells of Chlorella vulgaris IPPAS C-1 relatively
to the level typical for P-starved cells and normalized to the expression of the ubiquitinligase E3.
Average values of two biological replications are shown, each with two technical replicas (n = 4)

+ SE.
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Supplementary material

Table S1. Selected JIP-test parameters used in this work [92].

Fo, Fm, Fm' Fluorescence intensity at the point O and at the point of the
maximum of OJIP (m) in dark-adapted state. Fm' represents Fm
in light-adapted state.

Q= Fm—-Fo Fv Maximum photochemical quantum yield of photosystem Il in
" Fm  Fm dark-adapted state; represents the potential for absorbed
photon energy transduction into electron transport.
F - - i ing.
NPQ= Fm'_1 Stern-Volmer non-photochemical quenching
m
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Table S2. The primers for rtPCR used in this work.

Name Sequence (5'-3') Putative protein (domain) encoded
Ref for TAGAGGATTCCGAGGACATCTG Ubiqutinligase E3

Ref_rev CAGGTGGAAGTGGTGGTTG

VTC for ATCATTCGCTTCCCGTACG Vacuolar transport chaperone, VTC
VTC_rev AGGAACTTGGAGAACTTGGG

Trans1_for AAGGCGCTGACGATGAAG Na*/Pi-symporter

Transl_rev AAGATGTCTGGGTCATTCACG

Trans2_for ACATCCTGCTTAACAACGGG H*/Pi-symporter

Trans2_rev CAGGAAGAGTAGGAAGAGCATG

Phosph_for TCCTATGCTGACCTCTACTACTC Purple acidic phosphatase
Phosph_rev TTCCCTGGCACAAAGACTG
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Supplementary Methods

RNA isolation

For the transcriptome sequencing total RNA from the C. vulgaris IPPAS C-1 cells was isolated
with RNeasy Kit (Qiagen, Germany) according to the manufacturer's protocol. Cells
resuspended in the lysis buffer (Buffer RLT) and homogenized in a TissuelLyser Il homogenizer
(Qiagen, Germany). After the extraction, RNA quality was checked using capillary
electrophoresis on Bioanalyser 2100 (Agilent, Santa-Clara, USA). The isolated RNA was stored at
—-70°C.

For the real-time PCR, total RNA was isolated from C vulgaris C-1 cells with RNeasy Plus Mini Kit
(Qiagen, Germany). The cells samples (approximately 1 x 107 cells) were precipitated by
centrifugation (3000 x g, 2 min), resuspended in 600 pl of the lysis buffer (Buffer RLT Plus) and
placed into 2 ml FastPrep® tubes to destroy the cells with the lysing matrix B (MP Biomedicals,
LLC, USA) in the Fastprep-24™ 5g homogenizer (MP Biomedicals, LLC, USA). The cell lysate was
clarified by centrifugation (8000 x g, 5 min) and transferred to the centrifuge column to remove
genomic DNA (gDNA Eliminator spin column) from the specified kit. The procedure of RNA
isolation was continued according to the protocol of the manufacturer. The obtained RNA
preparations were stored at —=70°C.

Transcriptome assembly and analysis

Prior to cDNA library construction, polyA-mRNA fraction was selected using oligo-dT magnetic
beads (lllumina, San-Diego, CA, USA) and processed using NextFlex Rapid Directional RNA-Seq
Kit (Bioo Scientific, Austin, TX, USA).

cDNA libraries were quantified using Qubit 1.0 fluorometer (Invitrogen, Carlsbad, CA,
USA) and quantitative PCR, diluted to 10 pM and sequenced using HiSeq2000 instrument from
both ends of the fragment (read length = 100 nt) with TruSeq v.3 sequencing chemistry
(Hlumina, San-Diego, CA, USA). Raw data were processed with CASAVA v. 1.8.2. Assembly was
performed using CLC genomics Workbench with following parameters: word size = 64, bubble
size = 50, minimum contig length = 300.

The contigs were annotated according to molecular function, biological process, and
cellular component by Blast2GO (www.blast2go.com) v3.0 InterPro [42] scan with Nr and Pfam
annotation [43] in Gene Ontology (GO) database (http://geneontology.org/), and at Kyoto
Encyclopedia of Genes and Genomes Pathway database (KEGG, http://www.genome.jp/kegg/)
Automatic Annotation Server.

To reveal protein structures evolutionary related to the putative sequences of the
selected proteins found at the previous step, the SWISS-MODEL template library (SMTL version
2015-09-09, PDB release 2015-09-04) [93] was searched with BLAST [44] and HHBIits [94].

Homologous sequences were searched against NCBI GeneBank (nucleotide collection
nr/nt database) using BLAST (http://blast.ncbi.nlm.nih.gov/) [44]. Sequence data analysis,
including multiple alignments, was conducted in Geneious v8.6 (www.biomatters.com) using
Tamura-Nei DNA evolution model [95] and MUSCLE algorithm [96] with default parameters.
Phylogenetic tree was constructed using Geneious Tree Builder and UPGMA algorithm [97] with
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default parameters. The accuracy of the tree topology was tested using bootstrap analysis [98]
with 100 replicates.

Real-time PCR

Synthesis of the single-strand cDNA for real-time PCR (RT-PCR) was performed using QuantiTect
Reverse Transcription Kit (Qiagen, Germany) according to the manufacturer's protocol.
Approximately 250 ng RNA was taken for each sample in the cDNA synthesis reaction.

Primers were designed using the RealTime PCR Tool (Integrated DNA Technologies, Inc.,
https://eu.idtdna.com/scitools/Applications/RealTimePCR/) with the default parameters for the
contigs putatively associated with the genes involved in the P; transport, metabolism of
polyphosphates, and the gene of endogenous control (see Table S2 and Figs. S3- S7). The RT-PCR
targets were selected after analysis of the de novo assembled transcriptome of C. vulgaris C-1
based on the annotation of the contigs in the assembly, and the alignment of sequences with
known genes of other microorganisms with the target function. All primers used in the work for
PCR in real time during amplification gave reaction efficiency 290% and led to the formation of a
product with a single peak on the melting curve.

The search for the nearest homologous sequences to the identified contigs was
performed in the database of nucleotide sequences of NCBI GeneBank using the BLAST software
[44]. Multiple sequence alignment and construction of phylogenetic trees was carried out in the
program Geneious v9.0 (Biomatters Ltd, New Zealand) using the built-in in the program Geneious
Alignment of the model with the default settings.

Real-time PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen,
Germany) according to the manufacturer's recommendations, the QuantStudio 7 Flex Real-time
PCR System (Thermo Fisher Scientific, USA) and the Applied Biosystems QuantStudio™ Real-time
PCR Software Version 1.3 (Thermo Fisher Scientific, USA).

Each reaction mixture (10 ul) contained 0.25 ul of each primer with a concentration of 10
pum (direct and reverse, the final concentration in the mixture of each 0.25 um); 5 ul of a buffer
with a fluorescent dye SYBR Green QuantiTect SYBR Green PCR Master Mix containing HS-Taq
DNA polymerase from this kit; 1 pl of cDNA obtained in the reaction of cDNA synthesis on the
RNA matrix and diluted 25 times (reaction with primers REF1, VTC, trans2) or 5 times (REF1,
trans5, phol, pho2); 3.5 pl of RNAse-free water.

Immediately prior to the reaction, the reaction mixture was pre-heated to activate HS-
Tag-DNA polymerase (95°C, 15 min). The reaction included 35 cycles, each cycle consisted of DNA
denaturation (94°C, 15 C), primer annealing (58°C, 30 C) and DNA chain synthesis (72°C, 30 C).
After the reaction, the melting curves of the amplification products were obtained. Controls
without the template and reverse transcriptase were included.

All measurements were carried out with two biological and two analytical replicas. The
expression of the target genes at different stages after re-feeding was calculated relatively to
that recorded in the P-starved cells. The obtained data were processed using the Thermo Fisher
Cloud Data Analysis software (Thermo Fisher Scientific, USA) with the default parameters at
which gene expression was calculated by the formula A = 2-(C=c) , Where A is the differential
gene expression level, Ct is the cycle number at which the fluorescence signal from the sample in
question crosses the baseline, C° is the cycle number at which the fluorescence signal from the
P-starved cell sample crosses the baseline.
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Fig S1. Dependence of the rate of P; uptake by the P-starved cells of C. vulgaris IPPAS C-1 on the
concentration of P; added during their P re-feeding.
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Fig S2. Relative content of PolyP detectable by Raman microscopy in algal cell as a function of P;
concentration (0—1000 uM) replenished to the medium. First cell of each sample was measured
100 min after the P; replenishment. In addition to the box-and-whiskers presentations of
quartiles, means and outliers are shown in red. Each sample consisted of ca 30 cells.
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Table S3. The occurrence of the characteristic “multi-wire cable” ultrastructural pattern of PolyP
in microalgal cells.

Growth Time after re- Subcellular
Organism

medium  feeding/growth phase localization
Chlorella vulgaris IPPAS C-1 BG-11 8 h/lag Vacuole*
Parachlorella kessleri CCALA 251 BG-11 7 d/stat Vacuole
Chlorella vulgaris CCALA 256 BG-11 7 d/stat Vacuole**
Lobosphaera incisa SAG 2468 BG-11m 3 d/exp Vacuole

BG-11-P 3 d/stat Vacuole*
Desmodesmus sp. IPPAS S-2014 BG-11 3 d/exp Vacuole*

*There were also some grains in cytosol in tight contact with vacuole and, scarcely, in the chloroplast
stroma.

**|n tight contact with nuclear envelope or between the nuclear membranes.
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Table S4. Differentially expressed genes involved in P; uptake and PolyP biosynthesis (FDR <
0.05) in Chlorella vulgaris IPPAS C-1 exposed to P starvation with subsequent re-feeding. Data
for the cell samples taken at 30, 60, 120, 180, 300 min after re-feeding as well as at logarithmic
and early stationary phase (3 d and 7 d after re-feeding, respectively) are shown. Data are
expressed as fold-changes relative to the P-starved cells; only significant data are shown (p <

0.05).
GenBank Transcript Functional Change of expression level, logFC
ID ID annotation 30 60° 120 180° 300 3d  7d
MK334249 cv11806 VTC2/VTC4-like 124 115 134 1.38
MK334251 cv17861 H*/P; symporter -253 -113 -0.39 0.18
Na*/P; symporter
MK334252 cv11978 (Pho4/PitA-like) 197 -135 -2.68 -3.17 -2.38
MK334253  cv12459 Purple acid 167 -1.08 -025 0.8
phosphatase
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GenBank/ a.a. % identity
Organism Designation
Phytozome ID numbers to Cvu
Chlorella vulgaris IPPAS C-1 Cvu MK334250 32-88 N/A
C. sorokiniana Cs PRW57997.1 168-224 98
Micractinium conductrix Mc PSC75162.1 147-203 81
C. variabilis Cva XP_005847649.1 2-56 86
Lupinus angustifolius La XP_019452145.1 136-191 63
Tarenaya hassleriana Th XP_010553953.1 167-222 65
Arabidopsis thaliana At BAB08646.1 166-221 65
Raphanus sativus Rs XP_018478334.1  160-213 63
Populus euphratica Pe XP_011020909.1 131-186 65
Brassica rapa Br XP_009139814.1 160-215 65

Fig. $S3. Multiple alignment of the amino acid sequences of the putative ubiquitin ligase E3 of

Chlorella vulgaris IPPAS C-1 and the same enzyme from microalgae and plants. The conservative

(interchangeable) a.a. are shaded with black (in all analyzed sequences), dark gray (n 80—-100%
of analyzed sequences), light-gray (in 60-80% of analyzed sequences) or white (less than in 60%

of the studied sequences). The fragment of the auto-translated fragment of the putative
transcript MK334250 from C. vulgaris IPPAS C-1 (a.a. 32-88) is shown which was used for
designing of the primers for rtPCR (see Table S2).
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GenBank/ a.a. % identity
Organism Designation
Phytozome ID numbers to Cvu
Chlorella vulgaris IPPAS C-1 Cvu MK334249 245-289 N/A
C. variabilis Cva XP_005849213.1  234-279 84
Micractinium conductrix Mc PSC69098.1 225-270 82
Monoraphidium neglectum Mn XP_013900046.1 585-631 61
Auxenochlorella protothecoides Ap XP_011396433.1 453-498 55
Raphidocelis subcapitata Rs GBF99690.1 991-1037 60
Saccharomyces cerevisiae Sc EDV12743.1 419-468 58
Tolypocladium capitatum Tc PNY20637.1 425-474 58
Podospora anserina Pa XP_001912897.1 475-524 58
Phialophora hyalina Ph RDL29963.1 442-491 56

Fig. S4. Multiple alignment of the amino acid sequences of the putative VTC-like protein of
Chlorella vulgaris IPPAS C-1 and proteins from the VTC family from microalgae and fungi. The
conservative (interchangeable) a.a. are shaded with black (in all analyzed sequences), dark gray
(n 80—-100% of analyzed sequences), light-gray (in 60-80% of analyzed sequences) or white (less
than in 60% of the studied sequences). The fragment of the auto-translated fragment of the
putative transcript MK334249 from C. vulgaris IPPAS C-1 (a.a. 245—-289) is shown which was used
for designing of the primers for rtPCR (see Table S2).
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GenBank/ a.a. % identity
Organism Designation
Phytozome ID numbers to Cvu
Chlorella vulgaris IPPAS C-1 Cvu MK334251 30-92 N/A
C. sorokiniana Cs PRW32920.1 28-191 91
Micractinium conductrix Mc PSC76970.1 136-199 86
C. variabilis Cva XP_005843014.1 51-114 78
Parachlorella kessleri Pk BAU71130.1 45-112 77
Tetraselmis chuii Tc AA047330.1 27-90 63
Volvox carteri Vc XP_002958976.1 4-67 61
Chlamydomonas reinhardtii Cr XP_001695776.1 29-93 60
Ectocarpus siliculosus Es CBJ33891.1 66-129 57

Fig. S5. Multiple alignment of the amino acid sequences of the putative Na*/P; symporter of
Chlorella vulgaris IPPAS C-1 and those of the P; transporters from microalgae. The conservative
(interchangeable) a.a. are shaded with black (in all analyzed sequences), dark gray (n 80-100%
of analyzed sequences), light-gray (in 60—80% of analyzed sequences) or white (less than in 60%
of the studied sequences). The fragment of the auto-translated fragment of the putative
transcript MK334251 from C. vulgaris IPPAS C-1 (a.a. 30-92) is shown which was used for
designing of the primers for rtPCR (see Table S2).
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GenBank/ a.a. % identity
Organism Designation
Phytozome ID numbers to Cvu
Chlorella vulgaris IPPAS C-1 Cvu MK334252 65-127 N/A
C. sorokiniana Cs PRW20802.1 384-447 57
Micractinium conductrix Mc PSC68539.1 147-203 81
Chlamydomonas reinhardtii Cr XP_001701833.1 316-379 56
Chlorella variabilis Cva XP_005843759.1  384-447 54
Volvox carteri Vc XP_002955497.1 323-386 54
Monoraphidium neglectum Mn XP_013905031.1  163-226 51

Fig. S6. Multiple alignment of the amino acid sequences of the putative H*/P; symporter of
Chlorella vulgaris IPPAS C-1 and H*/P; symporters of other microalgae. The conservative
(interchangeable) a.a. are shaded with black (in all analyzed sequences), dark gray (n 80—-100%
of analyzed sequences), light-gray (in 60—80% of analyzed sequences) or white (less than in 60%
of the studied sequences). The fragment of the auto-translated fragment of the putative
transcript MK334252 from C. vulgaris IPPAS C-1 (a.a. 65-127) is shown which was used for
designing of the primers for rtPCR (see Table S2).
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GenBank/ a.a. % identity
Organism Designation
Phytozome ID numbers to Cvu
Chlorella vulgaris IPPAS C-1 Cvu MK334253 261-323 N/A
C. sorokiniana Cs PRW60148.1 605-668 92
Micractinium conductrix Mc PSC73849.1 228-291 71
C. variabilis Cva XP_005845616.1 223-286 67

Fig. S7. Multiple alignment of the amino acid sequences of the putative purple acid
phosphatase of Chlorella vulgaris IPPAS C-1 and the same enzyme from other microalgae. The
conservative (interchangeable) a.a. are shaded with black (in all analyzed sequences), dark gray
(n 80—100% of analyzed sequences), light-gray (in 60—80% of analyzed sequences) or white (less
than in 60% of the studied sequences). The fragment of the auto-translated fragment of the
putative transcript MK334249 from C. vulgaris IPPAS C-1 (a.a. 261-323) is shown which was
used for designing of the primers for rtPCR (see Table S2).
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Fig. S8. Tentative functional annotation of the fragment of the transcript cv11806 encoding (a
fragment of) putative VTC-like polyphosphate polymerase in C. vulgaris IPPAS C-1.
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