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INTRODUCTION

Phosphorus (P) is an essential element playing 
an important role in all living organisms (Paytan & 
McLaughlin,  2007). Phosphorus in the form of phos-
phate (Pi) is incorporated into vital biomolecules such 
as nucleic acids and, therefore, is crucial for the storage, 

replication, and transcription of genetic information. 
In addition, Pi is critical for the effective production of 
ATP for intracellular energy storage and for structural 
components such as phospholipids for membrane for-
mation. If P availability becomes limited, primary pro-
duction in the ocean (Benitez- Nelson, 2000) and lake 
ecosystems (Li et al., 2019) can be strongly affected.
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Abstract
Polyphosphates (polyP) are ubiquitous biomolecules that play a multitude of 
physiological roles in many cells. We have studied the presence and role of 
polyP in a unicellular alga, the freshwater diatom Achnanthidium minutissi-
mum. This diatom stores up to 2.0 pg·cell−1 of polyP, with chain lengths ranging 
from 130 to 500 inorganic phosphate units (Pi). We applied energy dispersive 
X- ray spectroscopy, Raman/fluorescence microscopy, and biochemical as-
says to localize and characterize the intracellular polyP granules that were 
present in large apical vacuoles. We investigated the fate of polyP in axenic 
A. minutissimum cells grown under phosphorus (P), replete (P(+)), or P deplete 
(P(−)) cultivation conditions and observed that in the absence of exogenous 
P, A. minutissimum rapidly utilizes their internal polyP reserves, maintaining 
their intrinsic growth rates for up to 8 days. PolyP- depleted A. minutissimum 
cells rapidly took up exogenous P a few hours after Pi resupply and generated 
polyP three times faster than cells that were not initially subjected to P limi-
tation. Accordingly, we propose that A. minutissimum deploys a succession 
of acclimation strategies regarding polyP dynamics where the production or 
consumption of polyP plays a central role in the homeostasis of the diatom.
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It is known that microalgae have developed adap-
tive responses to cope with low ambient P, including 
enzymatic use of extracellular dissolved organic P, a 
decrease in cellular P demands, and cellular P storage 
(Lin et al., 2016). The benthic diatom Seminavis robusta 
actively moves towards P sources (Bondoc et al., 2019). 
Under high- P conditions, microalgae can store excess 
Pi intracellularly by the formation of inorganic polyphos-
phates (polyP) and use it to alleviate future P limitation 
(Sanz- Luque et  al.,  2020). These are linear polymers 
composed of inorganic phosphate units linked by 
energy- rich phosphoanhydride bonds comprising from 
three up to several thousand phosphate monomers. 
PolyP exists ubiquitously in all kingdoms of life (Brown 
& Kornberg, 2004; Docampo et al.,  2005; Sanz- Luque 
et al., 2020). Displaying a granular shape, polyP was ini-
tially called “metachromatic granules” (Babes, 1895) or 
“volutin granules” (Meyer, 1904) and later renamed polyP 
granules (Wiame, 1947). This inorganic polymer was first 
isolated from yeast (Lieberman,  1890) and much later 
from microalgae (Fisher, 1971). PolyP fulfills a large num-
ber of functions (Rao et al., 2009, Xie & Jakob, 2019): 
In bacteria, polyP is involved in stress resistance, bio-
film formation, quorum- sensing, and virulence (Rao 
et  al.,  1998; Rashid et  al.,  2000). In Saccharomyces 
cerevisiae, polyP was observed to chelate metal ions, 
preventing metal ion- induced cellular damage (Trilisenko 
et al., 2017) and to be important for yeast cell survival 
upon DNA damage (Bru et al., 2017) and for the accumu-
lation and metabolism of Pi in yeast (Ogawa et al., 2000).

Although the function of polyP in microalgae under 
P limitation has attracted attention in recent years (Li 
& Dittrich,  2019; Plouviez et  al.,  2021; Solovchenko 
et  al.,  2020), only a handful of studies have focused 
on polyP production in diatoms. Diatoms constitute one 
of the most diverse and ecologically important groups 
of eukaryotic phytoplankton. They exist in all aquatic 
systems, and they are responsible for about one- fifth 
of global photosynthesis (Armbrust, 2009). PolyP pro-
duction by diatoms plays a key role in the sequestra-
tion of P within the marine sediment and contributes 
to the formation of calcium– phosphate apatite (Diaz 
et al., 2008). However, studies focusing on polyP oc-
currence and production in diatoms are scarce. In 
Phaeodactylum tricornutum, polyP amounts and sizes 
have been described as a function of osmotic condi-
tions (Leitão et  al.,  1995). Volutin granules were ob-
served in raphid (Mann,  1985), as well as in centric 
diatoms (Bedoshvili et  al.,  2018). Taking into account 
nutrient variations, a few studies have focused on the 
regulatory mechanisms that link changes in the en-
vironmental phosphate concentrations to polyP syn-
thesis in diatoms (Dyhrman et  al.,  2012). Therefore, 
to understand the mechanisms of polyP dynamics in 
diatoms, more systematic studies detecting and mon-
itoring polyP dynamics under different P availabilities 
are required.

In this study, we therefore investigated the role of 
polyP in the freshwater diatom Achnanthidium minutis-
simum, a species that is observed widely not only in 
alkaline and acidic but also in oligotrophic and hypertro-
phic environments (Hlúbiková et al., 2011; Potapova & 
Hamilton, 2007; Round, 2004). Because of its ubiquity 
in different aquatic habitats, A. minutissimum serves as 
an excellent model for shedding light on the effects of 
P availability on polyP accumulation in freshwater di-
atoms. We hypothesized that A. minutissimum builds 
up polyP stocks under high P availability to overcome 
later P- limitation. To test this hypothesis, we cultured 
A. minutissimum in either P- rich or P- limited conditions 
over 10 days and subsequently resupplied the cells with 
a P- rich medium. We monitored cell growth, phosphate 
uptake, and polyP detection within cells at the different 
growth stages.

MATERIALS AND METHODS

Growth conditions and experimental 
cultures

The freshwater diatom Achnanthidium minutissimum 
(strain MW1) was isolated from photoautotrophic, epi-
lithic biofilms in Lake Constance, Germany (47°41′ N; 
9°11′ E). The associated bacteria were removed using 
the antibiotic imipenem (Windler et al., 2012). Cultures 
of axenic diatoms were cultivated at standard conditions 
at 20°C, under a 16:8 light:dark cycle with a light intensity 
of 70 μmol photons·m−2·s−1 and with constant shaking 
at 130 rpm. Diatoms were cultivated in Achnanthidium 
medium (AM; Windler, 2014), a modified, basal version 
of Bacillariophycean medium (BM; Schlösser,  1994) 
lacking soil extract. Vitamins, silica, selenate, and trace 
metal ions solution were supplemented as described 
for the F/2 medium (Guillard, 1975). For the study, two 
different inorganic phosphate (Pi; K2HPO4) treatments 
within AM were compared with ~53 μM Pi, accounting 
for P- replete (P(+)), and no addition of K2HPO4, ac-
counting for P- deplete (P(−)), conditions. Cells were 
cultivated in glassware, which was washed once be-
forehand with 0.1 M HCl and thrice with double distilled 
water (ddH2O).

A stock culture of axenic Achnanthidium minutis-
simum (5 L) was grown in AM P(+) under the standard 
conditions described above; half of the culture was 
discarded weekly and replaced by the same volume of 
new AM P(+). This semi- batch culture approach main-
tained the stock culture cells in exponential phase 
growth, with cell densities between ~400,000 and 
1.0 × 106 cells·mL−1. Before starting experiments, 55 mL 
of the stock culture was sampled and split into the fol-
lowing subsamples: 25 mL for polyP size distribution, 
25 mL for scanning electron microscopy (SEM) analy-
ses, 500 μL for vacuolar membrane visualization, and 
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1 mL for stimulated Raman scattering (SRS; description 
of the procedures below). The rest of the stock culture 
was left overnight under the same standard conditions 
described above, but without shaking to allow cell sed-
imentation. Consecutively to the overnight sedimen-
tation, the supernatant was discarded and cells were 
resuspended with 200 mL of new AM P(+). Cells were 
resuspended by gentle shaking and split into two equal 
volumes of 100 mL and centrifuged (5000 g, 5 min). The 
supernatant was discarded and cell pellets were resus-
pended carefully with 400 mL of either new AM P(+) or AM 
P(−). Subsequently, 100 mL of each of four P(+) samples 
were transferred to four 3.0- L flasks (VWR, Borosilicate 
Erlenmeyer, Germany) each containing 1900 mL of AM 
P(+), and 100 mL of each four P(−) samples were trans-
ferred to four 3.0- L borosilicate flasks each containing 
1900 mL of AM P(−). Starting cell concentrations in each 
culture were about 130 × 103 cells·mL−1. Cells were cul-
tivated for 15 days as described above. Aliquots were 
taken 0, 2, 4, 6, 8, 10, 12, and 15 days after inocula-
tion. After sampling on day 15, 420 mL and 240 mL of 
P(+) and P(−) cultures, respectively, were discarded, and 
the remaining cells were supplemented with new AM 
P(+) up to a volume of 2 L to reach a similar cell con-
centration of ~200,000 cells·mL−1 in both treatments. 
Additional aliquots were taken after the resupply on 
day 15 as well as on days 16, 17, and 18. Each aliquot 
consisted of 160 mL of sample and was subjected to 
the same procedures for measuring the parameters as 
described below, except for the aliquots taken on day 
15 after the resupply with AM P(+) that consisted of only 
1 mL used for measuring the cell number and the exog-
enous P concentration in the cultures.

Screening for bacterial contaminations

On days 0, 10, and 18, small aliquots (500 μL) were 
taken from the cultures and screened for bacterial con-
tamination using the fluorescent nucleic acid staining 
SYBR Green I (Cambrex, Rockland, ME USA; Windler 
et al., 2012). During the experiments, no bacterial con-
tamination was observed.

Cell counts and growth rate

To quantify cell density, 100 μL of resuspended cells 
were taken from the original aliquots, and cells were 
counted using a Coulter- counter (Beckman, Multisizer 
4 Coulter cell counter®, Germany). The growth rate 
was estimated from cell concentration measurements 
during the exponential phase using the following equa-
tion (Levasseur et al., 1993):

where μ is the growth rate, C is cell concentration 
(cells·mL−1), t is time (day), x is the harvesting day point, 
and x − n is the preceding harvesting day point. For ex-
ample, for calculating the growth rate occurring between 
days 2 and 4, tx was 4 and tx−n was 2.

Quantification of dissolved 
extracellular phosphate

Following the cell counts, original aliquots were cen-
trifuged (5000 g, 5 min), and 1 mL of the supernatant 
was taken for analysis of dissolved orthophosphate (Pi) 
concentration using a colorimetric assay. The analysis 
was carried out in a 96 well- plate using the ascorbate- 
antimony- molybdate assay described by Christ and 
Blank (2018). In total, 150 μL of each sample were pi-
petted into one well of a 96 microplate. Elsewhere in the 
microplate, 150 μL of the phosphate standard K2HPO4 
(0– 100 μM Pi) were added in triplicate. Then, 50 μL of 
the phosphate detection reagent containing ammonium 
heptamolybdate (2.4 mM), H2SO4 (600 mM), antimony 
potassium tartrate (0.6 mM), and ascorbic acid (88 mM) 
were added to the wells. After 2 min of incubation at 
room temperature and gentle mixing, the absorbance 
of the samples was determined at 882 nm. The lowest 
amount of Pi that could be determined with suitable 
precision and accuracy was given by the limit of quanti-
tation (LOQ, ca. 3 μM Pi; ICH Guideline, 1996; see also 
equation 1 in Lapointe et al., 2022).

PolyP quantification

The rest of the supernatant of the centrifuged original 
aliquots was discarded, and cells were resuspended 
in either 1 mL of ddH2O or 2 mL (when samples were 
needed for stimulated Raman scattering, SRS, micros-
copy). In the latter case, the resuspended cell volume 
was pipetted into two tubes of 1 mL each. Subsequently, 
the first tube containing the sample for polyP quantifica-
tion was centrifuged (5000 g, 5 min) and the supernatant 
was discarded. The second tube was subjected to SRS 
microscopy. Cell pellets generated for polyP analyses 
were frozen in liquid N2 and kept at −80°C. PolyP was 
extracted, purified, and quantified following the proto-
col described in Lapointe et al.  (2022). Extraction and 
purification were performed using a DNA isolation kit 
based on cell lysis and gel filtration. For quantification, 
the purified polyP within the samples was specifically 
hydrolyzed to Pi by the recombinant Escherichia coli ex-
opolyphosphatase (PPX, MyBiosource, Inc., San Diego, 
California, USA) in a 96- well plate, following the protocol 
developed by Christ and Blank (2018) with modifications 
(Lapointe et al., 2022). In total, 100 μL of a diluted polyP 
extract were pipetted into two different wells of a 96- well 
plate. One well was supplemented with 50 μL of enzyme 
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reaction buffer (magnesium acetate 15 mM, Tris 60 mM, 
ammonium acetate 150 mM, pH 7.7). The other well was 
supplemented with 49 μL of enzyme reaction buffer and 
1 μL PPX (1 mg·mL−1). Dipotassium hydrogen phosphate 
(K2HPO4) standards were pipetted elsewhere on the 
microplate (see quantification of dissolved extracellular 
phosphate section). After 1 h of incubation at 37°C in a 
plate reader (Infinite® 200 PRO, TECAN), Pi concen-
trations were measured using the ascorbate- antimony- 
molybdate assay described above (see quantification 
of dissolved extracellular phosphate section), and the 
polyP content in each well was calculated using equa-
tion 2 in Lapointe et al. (2022). The LOQ was measured 
as described above.

Size distribution of polyP from 
Achnanthidium minutissimum

PolyP was extracted and purified from the stock culture 
sample containing 25 mL of Achnanthidium minutissi-
mum cells cultivated in AM P(+) using the protocol de-
scribed above. The purified extract was split into two 
subsamples of equal volume. In a 96- well plate, 100 μL 
of each subsample was transferred into two wells and 
subjected to polyP quantification, with the exception that 
the phosphate detection reagent was added for only one 
subsample. This procedure allowed the determination of 
the polyP concentration in the starting culture sample 
(~5 nmol), and the production of an extracted and puri-
fied polyP sample for PPX treatment and control. PolyP 
was separated on a 20% acrylamide TBE- urea gel (5.8 M 
urea; 10 mL 30% acrylamide/bisacrylamide, 19:1; 3 mL 5 
× TBE; 1.8 mL ddH2O; 150 μL 10% ammoniumperoxo-
sulfate; 15 μL TEMED). Five μL of the polyP standards 
(405 pmol P) containing average chain- length polyP of 14, 
60, 130 (polyP- 14, - 60, - 130, RegeneTiss Incorporated, 
Nagano, Japan), and 700 (polyP- 700, Kerafast, Boston, 
USA) Pi units, as well as 5 μL of the extracted and puri-
fied polyP sample with and without PPX treatment were 
mixed with 5 μL of 2 × loading dye (2 × TBE, 6% Ficoll 
400, 0.04 bromophenol blue) and loaded on the acryla-
mide gel. Finally, 10 μL of 10 bp (O'RangeRuler 10 bp 
DNA Ladder, Thermoscientific, Germany) and 100 bp 
DNA ladders (Invitrogen, Germany) were loaded as size 
references. The gel was run at 150 V for about 45 min 
at room temperature. PolyP was visualized by negative 
DAPI staining (Smith & Morrissey, 2007). The size range 
of polyP chain length was estimated by comparing DNA 
ladder bands and polyP standards as described in Smith 
et al. (2018).

Scanning electron microscopy

The second sample from the stock culture contain-
ing 25 mL of Achnanthidium minutissimum cells 

cultivated in AM P(+) was centrifuged (5000 g, 5 min). 
The cell pellets were packed by capillarity into cel-
lulose capillaries (200 μm diameter, Leica microsys-
tems). Within a petri dish containing ~5 mL of AM 
P(+), the capillaries were cut carefully using a scalpel 
for sealing each side. Capillaries were sequentially 
transferred to fixing buffer and subsequently dehy-
drated using ~1 mL of increasing ethanol concentra-
tions, followed by an additional dehydration using 
~1 mL of an acetone gradient. Cells were embedded 
in an increasing gradient of modified SPURR resin 
dissolved in absolute acetone. SPURR was prepared 
using the catalyst DMAE (Ted Pella, INc., Redding, 
California, USA), NSA (Serva, Heidelberg, Germany) 
and ERL 4221 (EMS, Hatfield, Pennsylvania, USA). 
After the acetone completely evaporated, capillar-
ies were transferred to silicone molds that were filled 
with fresh resin mixture and left for polymerization for 
2 day at 65°C. A detailed fixation protocol is found 
in Table S1 in the Supporting Information. The sam-
ples were sectioned using a diamond knife (Diatome, 
Biehl, Switzerland). The resulting 500- nm sections 
were placed upon droplets of ddH2O water on indium 
tin oxide- coated coverslips. Samples were sputtered 
with carbon (C) to a thickness of 10 nm (Balzers 
SCD030; Oerlikon Balzers, Balzers, Liechtenstein). 
Sections were analyzed by energy- dispersive X- ray 
spectroscopy (SEM– EDX) in a Zeiss Auriga FESEM 
(Zeiss, Oberkochen, Germany) equipped with an X- 
Max 20 mm2 detector (Oxford Instruments, Abingdon, 
UK).

Stimulated Raman microscopy of 
Achnanthidium minutissimum

To visualize polyP granules in Achnanthidium minutis-
simum, the cells were imaged using SRS micros-
copy (Cheng & Xie,  2015). Measurements for SRS of 
A. minutissimum were carried out using a Leica SP8 
microscope with SRS capability (Leica Microsystems, 
Mannheim, Germany). For the analysis, the 1 mL stock 
culture sample (see cell concentration and growth rate 
section) as well as the 1 mL experiment aliquots (see 
polyP quantification section) were processed as follows. 
Each sample was centrifuged (5000 g, 1 min), and the 
supernatant was discarded. The cell pellet was resus-
pended with 40 μL of 1% w/v of a low- gelling agarose 
solution (Sigma Aldrich, Taufkirchen, Germany) to pre-
vent the movement of cells during analysis (Moudrikova 
et  al.,  2017). A small drop (10 μL) of the sample was 
pipetted between two glass coverslips (24 × 60 mm, 
Menzel- Gläser, Heidelberg, Germany) and sealed 
with an imaging spacer (SecureSeal, Sigma Aldrich, 
Taufkirchen, Germany). Before analysis, samples were 
subjected to photobleaching of the carotenoids. Regions 
containing diatoms were subjected to the maximum 
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power of the microscope's 488 nm laser for 15– 20 min. 
PolyP granules were detected by SRS imaging at 
1166 cm−1. If necessary, several frames were made from 
each sample in different areas of the bleached sample 
to obtain data from at least 100 cells. A Python script 
was used to automatically determine the percentage 
of cells containing at least one visible granule on the 
SRS pictures based on the bright pixels. These data 
were used to calculate the relative area covered by the 
polyP granules within each cell containing granules. 
Spontaneous Raman spectra were recorded using a 
commercial Raman microscope (MonoVista CRS, S&I, 
Warstein, Germany) with excitation at 488 nm.

Vacuoles staining in Achnanthidium 
minutissimum

For visualization of vacuolar structures in Achnanthidium 
minutissimum, we used the fluorescent membrane 
marker MDY- 64 (Molecular probes, Leiden, Netherlands), 
following the protocol of Huang et al. (2016) with modifi-
cations. Cells were incubated in 2 μM MDY- 64 in the dark 
for 2 min at room temperature, and fluorescence was 
analyzed using an epifluorescence microscope Olympus 
BX51(Olympus Europe, Hamburg, Germany) equipped 
with a Zeiss AxioCam MRm digital camera system (Carl 
Zeiss MicroImaging GmbH, Göttingen, Germany).

Data analysis

GraphPad Prism 9.1.2 was used to conduct all statistical 
analyses. All data were checked for normality and homo-
scedasticity. We used t- tests for comparing two groups 
of data and the analysis of variance (ANOVA) when more 
than two groups of data were compared. A dataset com-
bining mean values of growth rate, external P concen-
tration, polyP concentration, and P uptake was made for 
each P(−) and P(+) treatment, before and after resupply 
with P. We generated a Spearman's rank correlation co-
efficient for each datasets separately, as well as for the 
combined P(+) and P(−) dataset, to assess significant rela-
tionships between the above- mentioned variables.

RESULTS

Achnanthidium minutissimum possesses 
polyP- containing granules enclosed in 
vacuoles

To study the presence of polyP granules in diatoms, we 
performed scanning electron microscopy (SEM) of a 
section containing Achnanthidium minutissimum cells 
cultivated in P- replete (P(+)) conditions and observed 
spherical structures (Figure  1a, green arrowhead). 

These granules appeared to be filled with electron- 
dense material and localized in the two apices of the 
diatom. Granules were enclosed in an uncharacterized 
area differing from the rest of the cellular components 
by poor electron density (Figure  1a, blue arrowhead). 
Using the same SEM sample, we employed energy- 
dispersive X- ray analyses (EDX) to investigate the mo-
lecular composition of the granules and detected an 
increased amount of phosphorus (P) and calcium (Ca) in 
the granules (Figure 1b) when compared to other areas 
of the cell (Figure 1c). Both P and Ca appeared to be 
distributed homogenously within the granules, and the P 
peak was much stronger than the Ca peak (Figure 1b,c; 
Figures S1B,C in the Supporting Information), indicating 
that the granules contained higher amounts of P than 
Ca. The locations of the granules within the A. minutissi-
mum cells was investigated by epifluorescence micros-
copy using MDY- 64, which specifically stains vacuolar 
membranes (Figure 2). Most of A. minutissimum cells 
in the sample contained one or two large vacuoles 
(Figure 2). The two apical vacuoles were located in the 
same cellular area as the P- containing granules ob-
served by SEM and EDX (Figure 2b), one on each apex 
of the cell and in close contact with large circular struc-
tures (Figure 2a), confirmed as lipid droplet by BODIPY 
staining (Figure S2 in the Supporting Information).

We furthermore investigated the molecular state of 
the P moieties detected in the granules using stimulated 
Raman scattering (SRS) based microscopy (Figure 3), 
allowing the specific imaging of polyP, represented by 
a strong peak in the area of 1145– 1177 cm (De Jager 
& Heyns, 1998; Fernando et al., 2019). The SRS spec-
tra of polyP and lipids of Achnanthidium minutissimum 
cells cultivated in P(+) conditions are shown and com-
pared to spontaneous Raman spectra of the polyP 
and fatty acid standards (hexametaphosphate and 
oleic acid) in Figure  3b,c, respectively. The granules 
(Figure 3a, green pixels) revealed an intense peak at 
1166 cm−1 (Figure 3b), representing polyP.

Estimation of polyP chain- lengths from 
Achnanthidium minutissimum

To determine the lengths of the polyP chains in 
Achnanthidium minutissimum, polyP from cells cul-
tivated in P(+) condition was isolated and purified 
using an optimized size exclusion method (Lapointe 
et  al.,  2022) and subjected to acrylamide TBE- urea 
electrophoresis. The polyP sample was compared to 
defined polyP standards and DNA size markers (Smith 
et al., 2018; Figure 4). The polyP standards consist of 
heterogeneous mixtures of chain lengths resulting in 
a smear instead of a single band. The polyP fraction 
of A. minutissimum comprised polyP chain lengths of 
130– 500 Pi units (Figure 4). Treating the samples with 
PPX, which cleaves polyP from the terminal ends and 
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releases a Pi, resulted in complete degradation of the 
polyP fraction, confirming its identity.

Impact of phosphate availability on 
diatom physiology

To study responses to different phosphate (Pi) availa-
bilities, we cultured Achnanthidium minutissimum under 
P replete (P(+)) and deplete (P(−)) conditions. The lag 
phase of cells grown in P(+) and in P(−) conditions both 
occurred within 2 days and was followed by an exponen-
tial growth phase from day 2 to day 10 (Figure 5a). In 
both conditions, the cells entered the stationary phase 
on day 10 (Figure 5a). The final cell density on day 15 
was 2.3 times higher for A. minutissimum cultivated in 
P(+) compared to cells in P(−) conditions before resup-
plying in AM P(+). Cells cultivated in P(−) conditions grew 
for 8 days even though there was no exogenous P de-
tectable (Figure 5a). Only between days 4 to 6 did the 

growth rates of cells grown in P(−) and P(+) conditions 
differ significantly (Student test: t(6) = 3.799, p = 0.090; 
Table S2 in the Supporting Information). After a 5- day 
stationary phase, cultures were resupplied with P(+) cul-
tivation medium on day 15. Cells having experienced 
either P(+) or P(−) conditions (referred to as P(+/+) cells 
and P(−/+) cells) both simultaneously resumed growth 
after a lag phase of about 24 h, and cultures started to 
divide again at day 17 (Figure 5a). P(−/+) and P(+/+) cells 
yielded slightly but significantly lower final cell numbers 
for P(−/+) cells with 2.41 × 106 ± 0.19 × 106 cell·mL−1 than 
for P(+/+) cells with 3.02 × 106 ± 0.23 × 106 cell·mL−1, re-
spectively (Table S3 in the Supporting Information). The 
extracellular Pi concentrations in P(+) cultures started 
from 53.3 ± 0.77 μM Pi at day 0 in P(+) cultivation medium 
(Figure 5b). P(+) cells started to take up Pi during the lag 
phase with rates of 3.93 ± 1.21 pg Pi·cell−1·day−1 from day 
0 to day 2 (Figure 5d). During cell division, levels of Pi 
uptake per cell were about five times lower than dur-
ing the lag phase with 0.67 ± 0.19 pg Pi·cell−1·day−1 and 

F I G U R E  1  Detection of granules containing phosphorus in an Achnanthidium minutissimum cell. (a) Ultrastructural sectional SEM 
image of A. minutissimum containing a cytoplasmic bridge (CB), thylakoids (T), lipid droplets (LD), electron- dense granule (G), and (F) 
frustule. (b) EDX spectrum of the electron- dense granule (recorded from the area indicated by the green arrowhead). The peaks at 2.01 and 
3.69 keV indicate phosphorus (P) and calcium (Ca), respectively. (c) EDX spectrum of a cellular area with no granule (recorded from the area 
indicated by the blue arrowhead) showing the absence of P and Ca peaks. These data are representative of cells cultivated in P- replete 
(P(+)) conditions. The scale bar (white) represents 1 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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0.57 ± 0.04 pg Pi·cell−1·day−1 from days 2 to 4 and days 
4 to 6, respectively (Figure 5d). At day 6, levels of exog-
enous P in P(+) cultures were below the limit of quantifi-
cation (LOQ, <3 μM Pi; Figure 5b). In P(−) cultures, there 
were no detectable amounts of exogenous Pi from day 
0 to day 15 (Figure 5b). During the first 48 h of the lag 
phase, polyP amounts in P(+) cells increased at a rate 
of 0.14 ± 0.09 pg Pi·cell−1·day−1, further increasing dur-
ing cell division to 0.32 ± 0.08 pg Pi·cell−1·day−1 until day 
4 (Figure 5c, Table S4 in the Supporting Information). 
On day 6, when exogenous Pi levels were no longer 
detectable, polyP concentrations per cell in the same 
cultures declined fourfold, with a similar rate as the pre-
vious increase. At the beginning of the stationary phase, 
polyP amounts in P(+) cells were low but still detectable 
with 0.15 ± 0.01 pg Pi·cell−1 and remained stable until the 

resupply with P(+) cultivation medium at day 15 (ANOVA: 
F3,11 = 1.511; p = 0.266; Figure  5c). In P(−) cells, cellu-
lar amounts of polyP were stable during the lag phase 
(Student test: t(6) = 2.995, p = 0.058), and immediately 
declined at a rate of 0.13 ± 0.02 pg Pi·cell−1·day−1at the 
onset of cell division from day 2 to day 4. During the 
same period, polyP concentration was 42 times lower 
than in P(+) cells but still detectable with 0.04 ± 0.01 pg 
Pi·cell−1 on day 4 (Figure 5c). Already at day 6, polyP 
was no longer detectable in P(−) cells (Figure 5c).

After phosphate supplementation on day 15, P(+/+) and 
P(−/+) cultures responded differently. Within the 24 h lag 
phase, P(−/+) cells generated three times more polyP with 
1.80 ± 0.30 pg Pi cell−1 compared to 0.60 ± 0.10 pg Pi cell−1 
in P(+/+) cells (Figure  5c, Table  S5 in the Supporting 
Information). This strong increase in polyP stocks in P(−/+) 

F I G U R E  2  Localization of the vacuoles in the diatom Achnanthidium minutissimum. (a) Bright- field micrograph of A. minutissimum cells 
containing lipid droplets (black arrowheads). (b) Epifluorescence of a marker for vacuole membrane (MDY- 64) indicates the location of the 
vacuoles (white arrowheads). These data are representative of cells cultivated in P- replete (P(+)) conditions. Scale bars represent 10 μm. 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  PolyP detection in Achnanthidium minutissimum cells using stimulated Raman scattering (SRS) microscopy. (a) SRS map 
of A. minutissimum cells showing the distribution of polyP (blue pixels) and lipids (red pixels; scale bar: 1 μm). (b) Spontaneous Raman 
spectrum of a polyP standard of sodium hexametaphosphate of 96% purity (Sigma Aldrich, Taufkirchen, Germany; green dotted line), and 
SRS spectrum of intracellular granules (solid blue line), showing a maximum at 1166 cm−1. A structure of linear polyP is shown in the upper 
right (n = 1 to several 100 of Pi). (c) Spontaneous Raman spectrum of oleic acid as a lipid standard (oleic acid, red dotted line) and SRS 
spectrum of the lipid distribution within the diatom (solid red line), showing three major maxima at 1309, 1446, and 1659 cm−1. These data 
are representative of polyP- rich cells cultivated in P- replete (P(+)) conditions. [Color figure can be viewed at wileyonlinelibrary.com]
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cells measured 24 h after Pi resupply was accompanied 
by a faster exogenous Pi uptake per cell during the same 
period, taking up exogenous P threefold faster than P(+/+) 
cells with an uptake rate of 2.13 ± 0.87 pg Pi·cell−1·day−1 
compared with 7.07 ± 0.68 pg Pi·cell−1·day−1, respectively 
(Figure 5d). Between days 2 and 4, ~20% of the P up-
take was allocated to polyP production in P(+) cells, and 
24 h after phosphate supplementation, ~30% of the P 
uptake was allocated to polyP synthesis of P(−/+) cells, 
against ~20% for P(+/+) cells (Table S6 in the Supporting 
Information). The strong capability to take up extracellu-
lar Pi in P(−/+) cells changed at the onset of cell division 
on day 17. During this period, the extracellular Pi uptake 
in P(−/+) cells decreased fourfold, with an uptake rate of 
1.74 ± 0.4 pg Pi·cell−1·day−1 and was 1.4 times lower than 
in P(+/+) cells (Figure 5d). The amounts of polyP in P(−/+) 
cells at day 17 remained high and were comparable to 
those observed before the start of cell division on day 16 
(Student test: t(6) = 0.774, p = 0.468; Figure 5c). At day 18, 
cells were continuing to divide and the uptake rates of Pi 
in both P(+/+) and P(−/+) cells decreased to reach similar 
levels with 0.58 ± 0.11 pg Pi·cell−1·day−1 and 0.69 ± 0.13 pg 

Pi·cell−1·day−1 (Student test: t(6) = 1.276, p = 0.249; 
Figure 5d). Extracellular Pi was depleted in both cultures 
on day 18 (Figure 5b). Similar to the observations for P(+) 
cells at day 6, Pi starvation at day 18 was accompanied by 
a decrease of polyP amounts which was twofold higher 
in P(−/+) than in P(+/+) cells (1.3 ± 0.2 pg Pi·cell−1·day−1 and 
0.7 pg Pi·cell−1·day−1; Figure 5d).

The Spearman's rank correlation coefficient matrix 
from the combined as well as separated P(+) and P(−) 
datasets revealed statistically significant strong posi-
tive relationships (R > 0.6) among polyP concentration, 
Pi uptake, and external Pi concentration (Figure S3A– C 
in the Supporting Information). We also observed simi-
lar correlations when datasets were treated separately, 
with the strongest correlation seen between external 
Pi concentrations and the Pi uptake in P(−) treatment 
(Figure S3A). There were no significant correlations be-
tween growth rate and polyP concentration, Pi uptake, 
or external Pi concentration in either the separated or 
the combined dataset (Figure S3A– C).

Using the same cultivation samples, polyP granules 
dynamics within the diatoms were followed by SRS 

F I G U R E  4  Twenty percent TBE- urea gel electrophoresis of polyP extracted from Achnanthidium minutissimum cultivated in P- replete 
P(+) conditions. PolyP is stained with DAPI. The lanes show (from left to right) a 10 bp DNA marker, the polyP standards polyP- 14, 60, 130, 
and 700 Pi, polyP extracted from A. minutissimum (PolyP diatom), polyP extracted from the diatom and treated with exopolyphosphatase 
(PPX) (PolyP diatom+PPX), and a 100 bp DNA marker (Invitrogen). Labels of DNA ladders indicate the size of the ladders in base pairs (bp) as 
well as their equivalent in Pi units (in brackets) for polyP length determination following the calculation of Smith et al. (2018). White arrows 
indicate the upper and lower limit of the polyP range extracted from the diatom.
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image analysis. The SRS data (Figure 6) confirm the 
quantitative polyP analyses as shown in Figure  5c. 
Granules were visible on day 0 in 50% of P(−) cells 
and 53% of P(+) cells (Figure  S4A in the Supporting 
Information), and the percentage of surface area per 
cell occupied by the polyP granules was similar for both 
treatments at 6% (Figure S4B). On day 4, 79% of P(+) 
cells were displaying polyP granules and only 9% of 
P(−) cells, and granules were occupying a higher sur-
face area in P(+) cells at ~7.00% compared to 4.23% 
in P(−) cells. On days 10 and 15, polyP granules were 
almost absent from P(−) cells with only 4% and 3% of 

cells containing granules, respectively. In contrast, 
in P(+) cells, although polyP amounts were low when 
extracellular P concentrations were below the LOQ, 
18% and 12% of cells were displaying visible granules 
on days 10 and 15, respectively (Figure 6). Only 24 h 
after phosphate resupply, polyP granules were pres-
ent in 84% and 80% in both types of cells, respectively 
(Figures 5 and S4A). However, the percentage of sur-
face area occupied by granules in cells was higher in 
P(−/+) cells than in P(+/+) cells with 8.33% compared to 
5.36%, respectively (Figure S4B). At day 17, a major-
ity of P(−/+) and P(+/+) cells still had granules, at 80% 

F I G U R E  5  Cultivation of Achnanthidium minutissimum under different P availabilities. Cells were cultivated for 15 days in either P- 
replete (P(+)) or P- deplete (P(−)) cultivation medium. Black arrows represent the time point of resupply with P(+) cultivation medium in P(+) and 
P(−) cultures (day 15), and cells were annotated P(+/+) and P(−/+), respectively. P(+/+) and P(−/+) cultures were incubated for 3 more days. (a) 
Cell growth (cell·mL−1), (b) Dissolved extracellular P concentrations in the cultivation medium (μM Pi), (c) Changes in cellular polyP content 
(pg Pi·cell−1), (d) Changes in P uptake (pg Pi·cell−1·day−1). Error bars indicate the standard deviation of n = 4 replicates. On day 15, data from 
(c) correspond to before the resupply in AM P(+) cultivation medium, and (a) and (b) show data from before as well as after medium resupply 
with a difference of ca. 120 min between measurements. [Color figure can be viewed at wileyonlinelibrary.com]

 15298817, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13423 by T

est, W
iley O

nline L
ibrary on [11/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


   | 633POLYPHOSPHATE IN THE FRESHWATER DIATOM A. MINUTISSIMUM

and 75%, respectively. At day 18, when extracellular P 
concentrations were below the LOQ but cells were still 
growing, the amount of cells displaying polyP granules 
decreased, to 44% and 34% for P(−/+) and P(+/+) cells, 
respectively (Figure S4A). Similarly, the percentage of 
surface area occupied by the granules also decreased 
to 5.19% and 4.68% in both P(−/+) and P(+/+) cells, re-
spectively (Figure S4B).

DISCUSSION

Achnanthidium minutissimum stores 
polyP granules in vacuoles resembling 
acidocalcisomes organelles

Raman spectroscopy, EDX microscopy, and biochemi-
cal analysis revealed that in the diatom Achnanthidium 
minutissimum, polyP is stored in granular form, located 
within cell vacuoles. The localization of the polyP gran-
ules in A. minutissimum confirms classical observa-
tions in raphid pennate diatoms describing two large 
apical vacuoles containing spherical “volutin granules,” 
also known as polyP granules (Mann, 1985, p. 99). The 
vacuoles contain polyP- Ca- rich granules and share an-
atomical and chemical features with acidocalcisomes 
(Docampo et  al.,  2005). These acidic organelles are 
considered to be major storage compartments in mi-
croorganisms for phosphorus compounds (orthophos-
phate, pyrophosphate, polyP), as well as cations 
(calcium, magnesium, iron ions; Docampo et al., 2005). 
The green alga Chlamydomonas reinhardtii also pos-
sess acidocalcisomes; these contain polyP and Ca2+ 
ions and are surrounded by a membrane containing 
a vacuolar proton- translocating inorganic pyrophos-
phatases (V- H + - PPase) and a vacuolar proton ATPase 
(V- H + - ATPase; VHA), which generates a low pH in 
the organellar lumen (Ruiz et al., 2001). It has recently 
been demonstrated that the Thalassiosira pseudonana 
VHA is localized in the membranes of chloroplasts (Yee 
et  al.,  2023) and in silica deposition vesicles (SDVs), 
as well as in vacuoles (Yee et al., 2020). In addition, 
the vacuolar transport chaperone complex (VTC1- 
4) is important for polyP synthesis within yeast vacu-
oles (Secco et al., 2012) and in C. reinhardtii (Plouviez 
et al., 2021). The diatom Phaeodactylum tricornum en-
codes for homologs of VTC (PtVTC 1– 4), but only the 
PtVTC2 was located in the vacuolar membrane region 
(Schreiber et  al.,  2017), while the homologs PtVTC1, 
PtVTC3, and PtVTC4 showed no vacuolar localization 
(Dell'Aquila et al., 2020). Sequence analyses of cDNA 
extracts have indicated that A. minutissimum pos-
sesses homologs of VHA and V- H + - PPase, as well 
as the four subunits of the VTC complex (Dow, 2019). 
However, the localization of the VTC subunits and these 
proton pumps in A. minutissimum is unknown, and fur-
ther studies are required to analyze the composition of 
these apical vacuoles containing polyP granules.

The resistance of Achnanthidium 
minutissimum and reduction of polyP 
reservoirs under phosphate- limiting conditions

Based on the results presented here, we propose a 
scenario of cell responses to varying P availabilities 
(Figure 7), described below.

F I G U R E  6  SRS images of Achnanthidium minutissimum cells 
showing the dynamic of polyP granules (blue pixels) and lipids (red 
pixels) in cells before and after medium resupply. On day 15, data 
correspond to before the resupply in P(+) cultivation medium. The 
scale bars correspond to 10 μm. [Color figure can be viewed at 
wileyonlinelibrary.com]
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Although the cell density in cultures under P(+) and 
P(−) conditions was different at the end of the expo-
nential phase, cells cultivated in P(−) conditions con-
tinued to divide for another 8 days in the absence of 
available exogenous P and were able to resume P 
uptake and growth very quickly once P became avail-
able. This reflects the capability of this diatom to sur-
vive under varying external P availability, suggesting 
the presence of a metabolic poise that allows growth 
maintenance under short- term external P starvation. 
Applying SRS microscopy and biochemical analyses, 
we observed that dividing Achnanthidium minutissi-
mum in P(+) conditions accumulated polyP when extra-
cellular Pi concentrations declined. Microorganisms 
subjected to P(+) conditions can accumulate Pi from 
the environment in excess of that required for growth 
and store it as a reserve by synthesizing polyP chains 
when the external concentration of P is becoming 
limited (Kuhl, 1974). Such a response is called “lux-
ury uptake” (Eixler et  al.,  2006; Li & Dittrich,  2019) 
and is thought to be essential for microorganisms to 
survive periods of scarce P availability (Solovchenko 
et  al.,  2020). In addition, yeast lacking the vacuolar 
transporter chaperone gene (VTC4), which is respon-
sible for the synthesis of polyP from ATP, have shown 
reduced growth when cultivated under P(−) condi-
tions, suggesting that polyP is involved in cell survival 
during P stress (Hothorn et al., 2009). With no exog-
enous P available, we observed cellular polyP stocks 
in both P(+) and P(−) conditions decreased quickly as 
the cells were dividing, suggesting that polyP stocks 
in A. minutissimum may be used to sustain anabolic 
processes such as DNA synthesis (Figure 7). Thus, 
the depletion of polyP stocks acquired in P(+) condi-
tions in A. minutissimum cells may contribute to the P 
requirements for sustaining cellular processes under 
P(−) conditions.

After polyP stock depletion in P(−) conditions, 
the cells continued dividing for 4 more days. When 
subjected to P stress, diatoms and microalgae can 
reduce their cellular P demand by remodeling mem-
brane lipids (Figure  7). The response is associated 
with a reduction of membrane phospholipids (PL) in 
favor of other lipids like betaine and sulfur- containing 
lipids (Huang et  al.,  2019; Martin et  al.,  2014; Van 
Mooy et al., 2009). This process results in a decrease 
in the cellular P demands (Hunter et al., 2018; Martin 
et al., 2011), sparing ~17% of the total P cell demand 
in marine microalgae (Van Mooy et al., 2009). A minor 
membrane PL degradation has been detected during 
lipidome remodeling in Thalassiosira pseudonana 
under P limitation, and the released P could support 
cell growth for additional 3 days (Hunter et al., 2018). 
Although the role of lipid membrane remodeling in 
alleviating external P limitation in Achnanthidium 
minutissimum is still speculative and needs further 
analyses, it is reasonable to assume that the diatom 

uses other P reservoirs after the depletion of its polyP 
stocks.

PolyP production of starved cells 
after phosphate resupply: The 
overplus mechanism

Within the first 24 h following the resupply of cul-
tures with Pi, Achnanthidium minutissimum cells that 
were initially supplemented with P(−) medium (P(−/+)) 
showed a threefold faster extracellular P uptake 
rate than cells that were initially supplemented with 
P(+) medium (P(+/+); Figure  7). Such a phenomenon 
in other microalgae has been termed “overplus re-
sponse” (e.g., Aitchison & Butt,  1973; Harold, 1964; 
Liss & Langen, 1962; Plouviez et al., 2021). A rapid 
P uptake by P(−/+) proves that A. minutissimum can 
drastically increase its P assimilation rate. For the up-
take of extracellular P through the plasma membrane 
and its transport to organelles, Pi- transporters are es-
sential. Transcriptomic data analyses have revealed 
that in Thalassiosira pseudonana andPhaeodactylum 
tricornutum, the expression of Pi transporters genes 
increases when the cells experience P deficiency 
(Alipanah et  al.,  2018; Dyhrman et  al.,  2012; Yang 
et al., 2014). The rapid P uptake per cell in A. minutis-
simum P(−/+) cells was accompanied by a dramatic in-
crease in their polyP levels. This is also consistent with 
the observations of overplus responses in cyanobac-
teria (Li & Dittrich, 2019) and in Chlamydomonas rein-
hardtii (Plouviez et al., 2021). Overplus responses are 
likely to play an important role in P retention in cells ex-
periencing temporally variable P supply (Rhee, 1973). 
The usage of the P stored after overplus response for 
growth continuation has been shown in stream peri-
phyton communities (Rier et al., 2016) as well as in 
cyanobacteria (Falkner & Falkner, 2011). Similarly, in 
our study, it is reasonable to assume that A. minutis-
simum may also have used the P stored (e.g., polyP 
stock) during the overplus response for sustaining 
growth under external P limitation. Hence, we sug-
gest that A. minutissimum can respond rapidly to en-
vironmental P fluctuations by adjusting its P- uptake 
and polyP reserve metabolism. A remaining question 
is why the Pi uptake in P(+/+) cells remained low 24 h 
after the resupply with P(+) cultivation medium, even 
though cells experienced phosphorus limitation and 
growth cessation beforehand. Since P uptake rates in 
microalgae are dependent on the cellular P concen-
tration (Caceres et al., 2019; Rhee, 1973), it is likely 
that P(+/+) cells still possessed P reserves other than 
polyP, which prevented the diatom overplus response. 
The further identification of these reserves as well as 
the investigation of their co- dynamics under P limita-
tion would greatly improve the understanding of the 
diatom P homeostasis.
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CONCLUSIONS

The freshwater diatom Achnanthidium minutissimum 
can accumulate polyP through the “luxury uptake” and 
“overplus response,” which are processes well docu-
mented in algae and other aquatic microorganisms but 
poorly understood in diatoms. These two strategies 
would provide a physiological advantage to the diatom 
in that it would be able to store P when it was avail-
able and later use it for growth when external P was 
depleted, for example in P- varying ecosystems. Further 
studies are needed to understand the relevance of 
polyP in diatoms. In this regard, SRS microscopy ap-
plications have a strong potential for fast detection of 

polyP in diatom samples. In addition, studies need to 
be conducted to unravel the molecular pathways of 
polyP synthesis to better understand its regulation in 
diatoms.
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F I G U R E  7  Schematic figure showing the phosphorus (P) physiology of the diatom Achnanthidiumminutissimum in different nutrient 
availability scenarios, based on the data collected in this study. (a) In the presence of exogenous P, the diatom stored excess P not required 
for growth in polyP granules through the luxury uptake of P. (b) In the absence of exogenous P, the diatom used its polyP reserves to sustain 
its cellular P requirements, and growth was maintained. After the depletion of polyP reserves, further growth was sustained by other cellular 
P storages, e.g., phospholipids. (c) Growth of the diatom eventually halted when cellular P reserves were depleted. (d) Once the diatoms 
with low P reserves were resupplied with exogenous P, they took up large amounts of P and stored the P as polyP through the overplus 
response. Depending on the availability of external P, the diatom could either undergo a new low- P availability phase and use its P storages 
to maintain its growth or could transition to a luxury uptake phase where it stored excess P in polyP. Curved black arrows indicate the 
uptake of exogenous P. Straight black arrows indicate the phosphorus transfer processes. Black spheres indicate the polyphosphate (polyP) 
granules. The DNA symbol represents the diatom growth.
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SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.
Figure S1. Ultrastructural SEM image of an 
Achnanthidium minutissimum cell taken from the 
same sample containing the cell shown in Figure 
1A. A) SEM picture of A. minutissimum containing a 
cytoplasmic bridge (CB), thylakoids (T), lipid droplets 
(LD), electron- dense granule (G), and (F) frustule. The 
area delimited by the white square in A) was subjected 
to energy- dispersive X- ray spectroscopy (EDX). EDX 
elemental mapping for B) calcium and C) phosphorous. 
These data are representative of cells cultivated in P- 
replete (P(+)) conditions. Scale bar: scanning electron 
micrograph: 1 µm, elemental maps: 2.5 µm.
Figure S2. Achnanthidium minutissimum cells cultivated 
in P(+) condition. Diatom cells cultivated in P(+) 
conditions for 3 days (upper row) and 6 days (lower row). 
A) Bright- field micrographs. B) Chlorophyll fluorescence. 
C) BODIPY staining. D) Merged picture from B) and C).
Figure S3. Correlation matrices of cell growth rate, 
extracellular P, polyP amount and cellular P uptake in 
A) P(- ) and P(+) combined datasets B) in P(- ) dataset 
and C) in P(+) dataset. Correlations marked with 
an asterisk are significant (*, p < 0.033; **, p < 0.02, 
***, p < 0.001).
Figure S4. Dynamics of the polyP granules in 
Achnanthidium minutissimum in different P availabilities. 

A) Percentage of cells containing at least one granule 
visible using SRS imaging, before and after resupply 
with AM P(+) cultivation medium. B) SRS data analysis 
of the dynamics of the area occupied by polyP granules 
per cell containing at least one granule, before and after 
resupply with AM P(+) cultivation medium. Black arrows 
represent the time point at day 15 of resupply with P(+) 
cultivation medium in P(+) and P(- ) cultures, and cells 
were annotated P(+/+) and P(- /+), respectively. On 
day 15, data correspond to before the resupply in P(+) 
cultivation medium. Data represent n = 1 replicate.
Table S1. Protocol for cell fixation and embedding for 
SEM visualization. “RT” is room temperature.
Table  S2. Final cell densities of Achnanthidium 
minutissimum (in cells ⋅ mL−1) after 15 days of cultivation 
together with the growth rates (µ, d−1) during the 
exponential growth phase under P(+) and P(- ) conditions 
before medium resupply. Data represent means and 
standard deviations of n = 4 replicates. Values in the 
same column with different superscript letters present 
significant statistical differences (p < 0.05).
Table  S3. Final cell densities of Achnanthidium 
minutissimum (cell ⋅ mL−1) after 18 days of cultivation, 
and growth rates (µ, d−1) at exponential phase under 
P(+/+) or P(- /+) conditions after resupplying with AM 
P(+) medium at day 15. Data represent means and 
standard deviations of n = 4 replicates. Values in the 
same column with different superscript letters indicate 
significant statistical differences (p < 0.05).
Table  S4. Rate of polyP synthesis and degradation 
(pg Pi ⋅ cell−1 ⋅ day−1), before media resupply for P(+) 
cultures, and after medium resupply at day 15 for P(+/+) 
cultures. (N/A) means that there are no data because 
polyP is not detectable.
Table  S5. Rate of polyP synthesis and degradation 
(pg Pi ⋅ cell−1 ⋅ day−1), before media resupply for P(- ) 
cultures, and after medium resupply at d 15 for P(- /+) 
cultures. (N/A) means that there are no data because 
polyP is not detectable.
Table  S6. Exogenous Pi uptake allocated to polyP 
synthesis (%), before media resupply for P(+) and P(- ) 
cells, and after medium resupply at day 15 for P(+/+) 
and P(- /+) cells. (N/A) means that there are no data 
because there is no polyP synthesis.
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