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ABSTRACT: Polyphosphate (polyP) is found in plankton of
diverse aquatic ecosystems and is important for plankton ecology
and biogeochemical cycling. However, our knowledge of polyP in
aquatic environments is hindered by a lack of data due to the
limitations of quantification methods. The estimate of polyP in
model organisms using phenol-chloroform extraction followed by
enzymatic hydrolysis is complicated and fails for environmental
samples. The commonly used 4',6-diamidino-2-phenylindole
(DAPI) fluorescence method for environmental studies, on the
contrary, severely overestimates polyP due to interference. In this
paper, we develop a plankton lysis buffer to extract polyP and a
quantification method using a novel polyP-specific fluorescence dye
JC-D7. We test the methods using cultured algae and bacteria, as
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well as natural samples from marine and freshwater environments. We show that our plankton lysis extracts polyP with high recovery
while requiring substantially less time and effort. Subsequent polyP quantification using JC-D7 fluorescence overcomes the
interference encountered by the DAPI method and provides an accurate measurement of polyP down to <0.5 ymol L™". This novel
method enables more accurate quantification of polyP in aquatic environments and will profoundly enhance our knowledge of polyP,

plankton ecology, and biogeochemistry.
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B INTRODUCTION
Polyphosphate (polyP) is a biologically important polymer

present in diverse organisms and has many cellular functions."
Accumulation of polyP in microorganisms has been widely
used to remove phosphorus (P) in wastewater treatment
facilities.” ® PolyP transformation has also been suggested to
be important for controlling water quality in agricultural
landscapes.”” In natural aquatic environments, polyP is found
to be strongly dynamic and has important ecological impacts:
the intracellular metabolisms of polyP can help plankton adapt

9- 11 .
the accumulation and
10,12—16

to ambient nutrient limitations;
remineralization of polyP also regulate P availability.
These processes are crucial in aquatic environments, as P is a
common limiting nutrient for primary productivity and thus
controls the trophic states and ecosystem functions.'”

Our knowledge about the quantitative roles of polyP in P
cycling and plankton ecology, however, is very limited, because
data are extremely rare for natural environments.'"> Most
studies reporting environmental polyP only provided relative
measurements due to the limitations of quantification
methods.”'*'>"*7*! To extract polyP from environmental
planktonic samples, a boiling-enzyme digestion extraction has
been commonly used,” followed by a fluorescence quantifi-
cation using 4’,6-diamidino-2-phenylindole (DAPI).”*™**
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However, recent studies suggested that the boiling-enzyme
method may not efficiently extract all polyP>® (also confirmed
by our tests), despite being relatively convenient in terms of
operation. More problematically, DAPI fluorescence often
leads to a severe overestimation of polyP,"”'*'® because
Some
polysaccharides, such as sulfated polysaccharides and glyco-

. L . 13
interferences from nucleic acids are difficult to remove.

saminoglycans, are also known to interfere with DAPI-polyP
quantification.”® As a result, polyP concentrations estimated
using this method are considered relative values: in many
instances, the proportions of polyP in total particulate P were
reported higher than 100%, and in some cases, even exceeded
300%,'>"® which is not realistic as polyP cannot constitute
more than 100% of total particulate P.

A more robust method for polyP extraction from unicellular
organisms involves a phenol-chloroform procedure, adapted
from the DNA and RNA extraction technique, which removes
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Table 1. Sample Descriptions”

sample type sample name species (strain) phylum source and treatment other information
freshwater wild-type C. reinhardtii Chlorophyte from CRC, cultured in TAP medium wild-type strain
algae Chlamydomonas (CC-1690)
reinhardtii
freshwater mutant C. reinhardtii Chlorophyte from CRC, cultured in TAP medium vtc4 mutant, does
algae C. reinhardtii (CC-5322) not accumulate
polyP
marine algae  Thalassiosira T. weissflogii Diatom isolated from Hong Kong coastal waters and cultured in
weissflogii Guildard’s (F/2) Medium
marine algae  Ruttnera sp. Ruttnera sp. Haptophyta from RCC, cultured in Guildard’s (F/2) Medium
(PLYS10A)
freshwater V. perlucida Vogesella Pseudomanodota  isolated from freshwater Kowloon Reservoir and cultured in
bacteria perlucida R2A medium
marine Nautella sp. Nautella sp. Pseudomanodota  isolated from Hong Kong coastal waters and cultured in
bacteria 2216E medium
freshwater Kowloon Reservoir — — - waters from freshwater Kowloon Reservoir were filtered
environment through 0.2 ym PC membrane filters to collect particles
marine Hong Kong coast - - coastal seawaters were filtered through 0.2 ym PC membrane
environment filters to collect particles

“Abbreviations: CRC, Chlamydomonas Resource Center, University of Minnesota; ATCC, American Type Culture Collection; RCC, Roscoff

Culture Collection.

lipids and proteins while retaining DNA, RNA, and polyP in
the aqueous phase.”” PolyP is then quantified using
exopolyphosphatase (PPX), an enzyme that exclusively
hydrolyzes polyP to orthophosphate (PO,’”), which is
measured to calculate the amount of polyP in the original
samples.””** The PPX method has been used for various
unicellular model organisms including yeast S. cerevisiae,
bacteria Escherichia coli, and algae Chlamydomonas reinhard-
tii.””~>' However, by far no published work has reported using
the PPX method for environmental samples, and our
numerous trials in various natural environments have failed
to produce realistic results for polyP for reasons not known
(see Results and Discussion).

Therefore, an improved method that enables eflicient,
sensitive, and accurate quantification of polyP in environ-
mental planktonic samples is urgently needed to facilitate
reliable polyP research in aquatic environments. In this paper,
we develop and evaluate a new plankton lysing method
designed to efficiently extract polyP from both cultural and
environmental planktonic samples. We also develop a polyP
quantification method using a new polyP-specific fluorescence
dye. We compare these methods to the phenol-chloroform
extraction and the PPX quantification techniques and show
that our approach is equally eflicient in polyP extraction and
more sensitive in quantification. Most importantly, the method
enables more accurate quantification of aquatic environmental
polyP, the enigmatic compound that has yet to be fully studied
in terms of its share in the P pool, contributions to P cycling,
roles in plankton physiology and ecology, and more.

B MATERIALS AND METHODS

The methods we have developed include 1) the extraction of
polyP in planktonic samples using a plankton lysis buffer
solution, and 2) the fluorescence quantification of the
extracted polyP using the polyP-specific dye JC-D7. This
section first describes these methods and the samples used for
testing (Table 1). The section also introduces the procedures
of other methods we used to test against the performance of
our new methods. These methods include phenol-chloroform
polyP extraction,”” polyP quantification using PPX degradation
(PPX method”’), and polyP quantification using DAPI
fluorescence (DAPI method”*~****). Finally, the section

presents the overall experimental design to assess the methods
using cultured samples of algae and bacteria, as well as samples
collected from natural freshwater and marine environments.

Samples. To develop and test the methods, we used
samples from both natural aquatic environments and pure
cultures (Table 1). Natural water samples were collected from
a freshwater reservoir (Kowloon Reservoir) and coastal
seawaters in Hong Kong. To collect particulate matter, water
samples were passed through a 75-ym mesh to remove large
debris and then filtered through 0.2-um pore-size polycar-
bonate membrane filters (47 mm, Sterlitech Corporation #
PPF0247100; 0.2 um PC filter hereafter).

Culture samples include various phytoplankton and bacteria
that can be abundant in aquatic environments (Table 1). We
also used a mutant strain of Chlamydomonas reinhardtii (CC-
5321), which lacks the vtc-1 gene responsible for polyP
synthesis and thus does not produce polyP,” to compare with
the wild-type Chlamydomonas reinhardtii strain (CC-1690)
that can accumulate polyP. To collect cells from liquid
cultures, samples were filtered through 0.2 ym PC filters and
washed with NaCl solutions of S and 35 ppm for freshwater
and marine cultures, respectively, to remove the residual
solutes (e.g, phosphate) in the medium. While we primarily
used filtration because the method is designed for working
with environmental samples, we tested centrifugation as well
(see Results and Discussion), as it can be more convenient for
culture samples. For centrifugation, the cells were pelleted
(12000 g, 2 min) to remove supernatants and then washed
twice with NaCl solution (S and 35 ppm for freshwater and
marine cultures, respectively). All samples were preserved at
—20 °C before polyP measurements. When collecting the C.
reinhardtii cells by centrifugation, the samples were fixed with
formaldehyde (0.5% v/v) before centrifugation to prevent cell
mobility and resuspension. Our tests showed that this
treatment did not affect subsequent polyP extraction and
quantification.

Polyphosphate Standards. We use polyP standards of
four different chain lengths, including n = 15, 45, 60, and 130.
PolyP of n= 45 was from Sigma-Aldrich (sodium phosphate
glass type 45, # S4379). The polyP standards in other chain
lengths were generously provided by Dr. Toshikazu Shiba
(RegeneTiss, Inc., Tokyo, Japan). The concentrations of polyP
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standards were verified by hydrolyzing the polyP into PO,*~
using persulfate digestion”® and subsequently measuring the
PO,>” concentration™ using either the molybdenum blue
assay’® or the malachite green assay’® (see S1). Absorbance
measurements were performed using transparent 96-well plates
and a microplate reader (BMG ClarioStar Plus Microplate
Reader). PO,* in the polyP standards without persulfate
digestion was also measured to check for contamination of
PO,*", which was found to be less than 0.4%. Therefore, the
concentration of PO,>” measured in the polyP standards after
digestion, which breaks down polyP into PO,*", accurately
reflects the original polyP concentration (in P units). To
prepare working calibration standards for calibrating polyP
concentrations in our samples (extracts), the standard
solutions were adjusted to match the compositions of the
sample solutions. All polyP standards, samples, and reagents
hereafter were prepared using deionized water unless specified
otherwise.

PolyP Extraction Using a Plankton Lysis Buffer (our
method). We developed a lysis assay to extract polyP from
planktonic samples by modifying lysing solutions originally
used for plant cells,’”” bacteria,”® and diatoms.” The lysing
solution contains 100 ug mL™" of proteinase K, 100 mmol L™
of NaCl, 0.3% (v/v) of Triton X-100, 0.3% (v/v) of Tween 20,
and 5 mmol L™ of EDTA in a Tris-HCI buffer (30 mmol L™},
pH = 8.0). The components serve distinct purposes: EDTA
acts as a chelating agent to remove metal cofactors of enzymes
and helps disrupt the cell wall; Triton X-100 and Tween 20
permeabilize the cell membrane and remove peripheral
proteins; NaCl increases the ionic strength and solubilizes
proteins; proteinase K digests proteins that protect cell
components during lysis. We refer to this lysing solution as
“plankton lysis buffer” and the extraction method as “plankton
lysing extraction” (or “plankton lysing method”) hereafter.

To extract polyP, cell samples collected on filters were fully
immersed in the plankton lysis buffer, vortexed for 10s,
incubated at 65 °C for 2 h, and ultrasonicated for S min. To
extract polyP from cells collected using centrifugation, the cell
pellets were resuspended in the plankton lysis buffer by
vigorous mixing (e.g, using vortex), and the samples were
incubated at 65 °C for 2 h and ultrasonicated for S min. The
lysate was then collected using centrifugation (13000 g, 2 min)
or filtration (0.2 um PC filters) and stored at —20 °C before
polyP quantification.

PolyP Extraction Using a Phenol-Chloroform Sol-
ution. The phenol extraction assay has been commonly
applied to extract polyP in unicellular organisms.”” Thus, we
compared this method with our methods. To extract polyP, the
cells collected on the filters or pelleted in the microcentrifuge
tubes were thoroughly mixed with 400 uL of AE buffer (50
mmol L™! of sodium acetate buffer (pH 5.3) and 10 mmol L™*
of ethylenediaminetetraacetic acid (EDTA), stored at 4 °C),
300 uL of phenol (prepared by melting phenol solids at 60
°C), and 40 pL of 10% sodium dodecyl sulfate (SDS). The
mixtures were then incubated at 65 °C for 5 min and
immediately chilled on ice for 1 min. After incubation and
cooling, 300 uL of chloroform was added to the sample, and
the solution was vortexed for 10 s and inverted at least 5 times
to ensure thorough mixing. We then allowed for 20 min for the
reaction to proceed. These steps lyse the cells, denature
proteins and lipids, and dissolve proteins, lipids, and other
impurities into the organic (phenol-chloroform) phase. After
lysis and reaction, we separated the aqueous and organic

phases using centrifugation (13000 g, 2 min). The upper
aqueous phase was transferred to a new microcentrifuge tube
with 350 uL of chloroform for another round of cleaning
(mixing, centrifugation, and separation as described above).
The aqueous phases, after two rounds of cleaning, were treated
with 4U of Deoxyribonuclease (DNase; TURBO, Thermo-
fisher, AM2238) and 2 uL of Ribonuclease (RNase) Cocktail
Enzyme Mix (Thermofisher, AM2286) that contains 1U of
RNase A and 40 U of RNase T1, and incubated at 37 °C for 2
h to remove nucleic acids. TURBO DNase is more salt-tolerant
than the DNase I that was originally used by Bru et al
(2016),”” and the addition of RNase T1 can remove fragments
of RNA left from RNase A treatment. Finally, to precipitate
polyP, the sample (now ~400—420 uL of aqueous solution)
was thoroughly mixed with 1 mL of 100% ethanol and 40 uL
of sodium acetic acid (3 mmol L™'), both precooled at —20
°C. The mixture was left upright at —20 °C for 4 h to allow
polyP precipitation. The polyP precipitates were then collected
using centrifugation (13000 g, 20 min) and gently decanting
the supernatant. The collected polyP precipitates were washed
by mixing with S00 uL of precooled (4 °C) 70% ethanol,
followed by removal of the ethanol using centrifugation (13000
g, S min). Any residual ethanol was removed using an
additional centrifugation step and gently pipetting out the
remaining supernatant. The solid phase (polyP precipitates)
was dried in a desiccator and redissolved in deionized water
before storage (at —20 °C) and subsequent analysis.

PolyP Fluorescence Quantification Using JC-D7 (our
method). To quantify polyP, we used the polyP-specific dye
JC-D7 for staining. This novel dye was discovered to
selectively stain polyP to generate fluorescence that can be
used to visualize polyP in mammalian cells,** but it has never
been used for polyP quantification. JC-D7 (InvivoChem, USA,
V22869, 87% purity) was dissolved in 100% dimethyl sulfoxide
(DMSO) to prepare a JC-D7 stock solution of 1 mmol L™,
For the staining procedure, the JC-D7 stock solution was
further diluted with 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (HEPES) buffer (25 mmol L™, pH 8.0)
to obtain a working staining reagent with JC-D7 concentration
of 60 ymol L™". This working JC-D7 solution was used to stain
the polyP in samples (or standards) at a 1:1 ratio (v/v). Thus,
the final staining mixture contained 30 ymol L™ JC-D7 and
3% DMSO in 12.5 mmol L™' of HEPES buffer. The samples
were incubated for 5—10 min and fluorescence intensities were
measured under excitation of 405 nm and emission of 535 nm,
using 96-well black polypropylene plates (Greiner Bio-One,
650201) and a microplate reader (BMG ClarioStar Plus
Microplate Reader).

PolyP Fluorescence Quantification Using DAPI. The
DAPI quantification of polyP has been used for environmental
samples due to its sensitivity and simple application,”*®
although it is known to overestimate polyP due to strong
interferences."*” In this work, we also used DAPI staining to
quantify polyP and compared the results with those obtained
from our new method (JC-D7 staining). To quantify polyP
using DAPI, samples (extracts) and polyP standards (with
composition matching that of the samples) were stained with
DAPI solution (100 gmol L™}, Thermo Scientific D1306) at a
ratio of 10:1 (v/v; sample: DAPI) and incubated at room
temperature for 10—15 min. The samples were measured for
fluorescence intensities at excitation of 415 nm and emission of
550 nm in 96-well black polypropylene plates (Greiner Bio-
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Figure 1. (A) Fluorescence intensity (Fluo, in arbitrary units) vs polyP concentration for polyP over a concentration range of 0.5—36 ymol L™" and
a chain length n of 45, stained by using 30 umol L™' JC-D7. Similar to panel A but for (B) polyP over a concentration range of 0.5—500 ymol L™",
(C) polyP with a chain length n of 45 stained by using various concentration of JC-D7 (20—40 ymol L™"), and (D) polyP at various chain lengths
(n = 14, 45, 60, and 130) stained by using 30 ymol L™ JC-D7. PolyP was stained by using JC-D7 solutions dissolved in 3% DMSO and 12.5 mmol
L™' HEPES buffer. Fluorescence measurements were taken using 405 nm excitation and 535 nm emission.

One, 650201) using a microplate reader (BMG ClarioStar Plus
Microplate Reader).

PolyP Quantification Using Exopolyphosphatase
(PPX). The quantification of polyP through the measurement
of PO, released from PPX hydrolysis of polyP has been
proposed as a standard method for unicellular culture
samples,”” and thus this technique is also compared to our
new method. To prepare the yeast Saccharomyces cerevisiae
PPX, we first transformed E. coli BL21(DE3) competent cells
(ThermoFisher, # EC0114) using the plasmid with PPX gene
(pKM263-ScPPX, Addgene plasmid #38327, Florian Freimos-
er) following the manufacturer’s instruction (see S2.1 for
detailed procedures). The transformed E. coli competent cells
were then cultured at 37 °C in LB medium (10% (w/v)
Tryptone, 5% (w/v) Yeast Extract, and 10% (w/v) NaCl)
containing 0.1 mg mL™" of ampicillin to produce more E. coli
cells containing the plasmid. To induce the expression of PPX
in the culture, Isopropyl 8- d-1-thiogalactopyranoside (IPTG;
Sigma-Aldrich, #70527—3) was added to a final concentration
of291 mmol L™} and the culture was incubated at 25 °C for 3
h.

To collect the PPX produced, E. coli cells were pelleted
(3000 g, 10 min) and the supernatant was removed. The cell
pellets were frozen at —20 °C, resuspended in NEBExpress E.
coli Lysis Reagent (New England Biolabs, # P8116S), and
incubated on an orbital shaker at room temperature for 30 min
to lyse the cells. The PPX in the lysate was then collected using
centrifugation (16000g, 15 min) and purified using a HisPur
Ni-NTA Spin Column (ThermoFisher, # 88226) following the
manufacturer’s instruction (see S2.2 for detailed procedures).
The concentration of the protein PPX in the final solution was

determined to be ~1.2 ug uL™"' by measuring the absorbance
at 280 nm using a Nanodrop Spectrophotometer.*'

To ensure accurate determination of polyP concentrations
using the enzyme PPX, which relies on measuring the release
of PO,’” from the enzymatic degradation of polyP, we used
dialysis to remove PO,*>” contamination in the PPX solution
(see S2.2 for details). In brief, the solution was sealed into a
dialysis bag, immersed in a TBS buffer (20 mmol L™" Tris, 150
mmol L™ NaCl, pH = 7.6), and dialyzed for 4 h at 4 °C. The
dialysis was repeated using a fresh TBS buffer solution for
another 4 h at 4 °C. After dialysis, the PPX solution was mixed
with an equal volume of glycerol and stored at —20 °C for
future usage (final PPX concentration ~600 ng uL™" for our
PPX stock).

The quantification of polyP using PPX digestion was
modified from Bru S. et al. (2016).”” In brief, 200 uL of
polyP samples, extracted using phenol-chloroform (see above),
were mixed with 300 uL of reaction buffer (20 mmol L™ Tris-
HCl, 100 mmol L™! ammonium acetate, and 5 mmol L7}
magnesium acetate; pH = 7.5) and 120 ng of PPX. Although
Bru et al. (2016)” recommended using 50 ng of PPX, we
applied a larger amount to promote the reaction. The mixture
was incubated at 37 °C for 2 h, and the PO,*” produced was
determined using the molybdate-based methods (see S3 for
details).***® To account for any PO,>~ originally present in the
polyP samples or introduced during the treatment, each sample
was treated with denatured PPX (heated at 85 °C for 5 min) as
a control following the same procedure. The PO’
concentration measured in the control was subtracted from
that measured in the samples treated with active PPX to
calculate the polyP concentration in the sample.
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Figure 2. Comparison of polyP quantification using PPX, DAPI, and JC-D7. PolyP was extracted using the phenol-chloroform method from
cultures of (A) a wild-type strain of Chlamydomonas reinhardtii (polyP accumulating) (~5 X 10° cells), (B) a mutant strain of Chlamydomonas
reinhardtii (lacking the ability to accumulate polyP?*?) (~5 x 10° cells), and (C) heterotrophic bacterium Vogesella perlucida (~$ X 10° cells). The
results are the amount of polyP (nmol) in 1 mL of culture samples. Cross markers indicate average values, and error bars represent the standard
deviations from the means. p values for ANOVA tests are shown in the figure.

Assessment of the Methods. To evaluate our methods,
we first examined whether the polyP stained using JC-D7 can
produce fluorescence signals that respond linearly to the
concentrations of polyP in standard solutions. We further
tested the effects of polyP chain length on the sensitivity and
detection limits of the quantification, using polyP standards of
different chain lengths (n= 14, 45, 60, and 130). The JC-D7
staining method was then compared against other methods for
polyP quantification, including the PPX method”” and the
DAPI fluorescence method.””~** The former is widely used for
culture studies of model organisms,zg_"’1 while the latter has
been used for natural planktonic samples.'>'>'>'¥7*/*> Eor
consistency, we used the phenol-chloroform method to extract
polyP from all samples being tested (see Results). To remove
the interference from DNA and RNA, which compromises
both DAPI and PPX methods,”” the extracts were treated with
DNase and RNase for at least 2 h (see Methods).

We also evaluated polyP extraction using the plankton lysis
buffer we designed, by comparing its extraction efficiency
(recovery rate) to that of the commonly used phenol-
chloroform method.”” Finally, the combined plankton lysis
extraction and JC-D7 quantification method was tested,
specifically whether the plankton lysis buffer composition
interfered with the subsequent fluorescence quantification of
polyP using JC-D7. In these assessments, polyP was measured
in at least three replicate samples for each experiment. Analysis
of Variance (ANOVA) was used to analyze the difference
between the means of two or more methods (or experiments).

B RESULTS AND DISCUSSION

PolyP Quantification Using JC-D7 Staining. Our results
indicate that the fluorescence intensity of polyP stained with
JC-D7 responds linearly to the concentrations of polyP within
the range of 0.5—36 umol L™" (R*= 0.9995; Figure 1A), under
the conditions of 30 gmol L™" JC-D7 and 3% DMSO in 12.5
mmol L™' HEPES buffer (see Materials and Methods). The
detection limit is below 0.5 wmol L7'. Linearity of the
calibration decreases when the polyP concentrations exceed
~50 umol L™}, and fluorescence intensity reaches a maximum
at polyP concentration of ~100—120 umol L' (Figure 1B).
Variability in the concentrations of JC-D7 (e.g,, 20—40 umol
L") does not change the sensitivity of the response (Figure

1C and Figure SIA—D); the fluorescence signals vary by ~2.1
+ 0.6% (Table S1), and the slopes of the linear calibration
curves vary by 3.8 + 1.4% (Table S2). Our results also show
that the chain length of polyP does not affect the linear
response substantially (Figure 1D and Figure SIE—H): the
fluorescence signals vary by an average of 5.0% (Table S3), and
the slopes of linear calibration curves vary by <5.7 + 1.0%
(Table S2).

Comparing the JC-D7 Staining Method with Other
PolyP Quantification Methods. We tested our JC-D7-polyP
quantification method against the PPX and the DAPI methods,
using both algae and bacteria samples (Figure 2). Our results
suggest that polyP estimates for the wild-type algae C.
reinhardtii are consistent across the three methods (Figure
2A). For the mutant strain of the same algae species that
cannot accumulate polyP, both PPX and JC-D7 consistently
indicate undetectable polyP (Figure 2B; p = 0.69), while DAPI
produces some polyP signals. The DAPI-polyP signal is likely
an artifact due to the insufficient removal of DNA and RNA
from the samples. Our tests show that when the time for
DNase and RNase treatment is shortened, the DAPI signal
becomes significantly higher for both the wide-type and
mutant C. reinhardtii (Figure S2A, C). DAPI also overestimates
polyP in the freshwater heterotrophic bacteria Vogesella
perlucida, probably for similar reasons (Figure 2C), and this
overestimation can be eliminated when the DNase and RNase
treatment extend beyond 4 h (Figure S2F). The results for JC-
D7 quantification, on the other hand, are consistently
comparable to those of the PPX method (Figure 2C, p =
0.74). These results suggest that JC-D7 provides accurate
quantification of polyP. The DAPI method can estimate polyP
accurately if DNA and RNA are sufficiently removed, but this
requires a longer treatment time which might be sample-
specific (e.g,, 2 h for our test of algae wild-type C. reinhardtii
(Figure S2B) but >4 h for bacteria V. perlucida (Figure S2F),
and in some cases longer than overnight (data not shown)).
Nevertheless, the DAPI method can serve as a confirmation
when producing results consistent with other measurements
(ie., PPX and JC-D7 methods).

While the PPX method has been used in other model
organisms, including the freshwater algae C. reinhardtii (see
our results Figure 2 and Figure S2), it has never been reported
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to be used for natural environments and seawater plankton
cultures. We tested several environmental samples from various
freshwater and marine ecosystems, as well as marine cultures,
by using PPX to quantify polyP (extracted by the phenol-
chloroform method). However, all the tests failed, producing
negative or inconsistent results. We speculate that the enzyme
PPX is sensitive to the complex composition of the lysates of
environmental samples and saline cultures. On the other hand,
the JC-D7 quantification method and DAPI method (after >6
h of DNA and RNA removal) can produce consistent
measurements for our marine algae samples. It is very unlikely
that both JC-D7 and DAPI have overestimated the same
amount of polyP by staining some unknown compounds, in
which case the produced fluorescence intensities by JC-D7 and
DAPI staining these compounds would need to be exactly
proportional to those produced by their binding with polyP,
making such a scenario nearly impossible. This suggests that
JC-D7 fluorescence can be used to reliably quantify polyP.

Effects of Plankton Lysis Buffer Composition on
PolyP-JC-D7 Fluorescence. Our tests show that the
designed plankton lysis buffer (see Methods) may decrease
the sensitivity of the polyP-JC-D7 fluorescence response by
~16% (Figure 3A), but the detection limit and the linear range
are not affected (detection limit ~0.5 ymol L™'-and linear
range ~0.5—30 ymol L™"). The detection limit can be lowered
to about 0.2 umol L™, although sensitivity is reduced at this
lower value (Figure 3B). Therefore, the polyP extraction using
our designed plankton lysis buffer is suitable for subsequent
quantification of polyP using JC-D7 fluorescence.

We further tested how the calibration curve of polyP-JC-D7
fluorescence quantification responds to the variability of the
lysis solution composition by using a Taguchi orthogonal array
of experiment conditions (see the experimental design in
Tables S4—5). This array included four parameters (four
components of the lysis solution including Triton X-100,
Tween 20, NaCl, and EDTA) and three levels of each
parameter (component). Our results suggest that the effect of
NaCl is substantial: higher concentrations of NaCl increase the
detection limit, decrease the sensitivity, and narrow the linear
range (Figure 3C, Figure S3, and Tables S5—8). Meanwhile,
the effects of Triton X-100, Tween 20, and EDTA are small
within the experimental range (Figure 3D, Figure S3, and
Tables S5—8).

To test the possible interference from sulfated polysacchar-
ides,”® we conducted several experiments comparing the
fluorescence spectra of chondroitin sulfate and polyP stained
by DAPI and JC-D7 (see Table S9). Results show that in Tris
buffer, both DAPI and JC-D7 can stain chondroitin sulfate to
produce fluorescence signals that are about 1—2 times those
from polyP (Figure S4). Our plankton lysis, on the other hand,
substantially suppresses the fluorescence of chondroitin sulfate
stained by JC-D7 (Figure S4B), leading to much lower signals
compared to those of polyP stained by JC-D7 (<3% at the
emission of 550 nm; Figure S4C). This is likely an effect of the
EDTA in the plankton lysis buffer:* with the increasing levels
of EDTA in the Tris buffer, the fluorescence signal of
chondroitin sulfate decreases and eventually becomes negli-
gible (Figure SS).

Plankton Lysing versus Phenol-Chloroform Method
for PolyP Extraction. We tested the plankton lysing method
against the phenol-chloroform method for polyP extraction, by
using a variety of samples including algal cultures of C.
reinhardtii (freshwater chlorophyte), Ruttnera sp. (marine
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Figure 3. Responses of JC-D7-polyP fluorescence intensity (Fluo) to
the polyP concentrations under the influence of the plankton lysis
solution composition. (A) Responses under the composition of the
final designed plankton lysis buffer. The dotted line represents the
linear curve compared to that without the lysis composition (dashed
gray line). (B) Similar to panel A but at a lower range of polyP
concentrations, which still shows a linear response, albeit a less
sensitive one. (C) Responses under different levels of NaCl [100, 300,
and 500 mmol L™! (see full compositions in Table S5 for tests 6, 2,
and 7, respectively)], suggesting that the NaCl concentration affects
the linear response. (D) Effects of Triton X-100, Tween 20, and
EDTA when the NaCl concentration remains the same (100 mmol
L™"), suggesting that these three components of the lysis solution do
not affect the JC-D7-polyP linear calibration.
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Figure 4. Comparison of polyP extracted using plankton lysis buffer and phenol-chloroform extraction in (A) algae, including C. reinhardtii
(freshwater chlorophyte, ~5 x 10° cells), Ruttnera sp. (marine haptophyte, ~2 X 10° cells), and T. weissflogii (marine diatom, ~2 X 107 cells), (B)
bacteria, including V. perlucida (freshwater, ~3 X 107 cells) and Nautella sp. (marine, ~1.2 X 10° cells), and (C) freshwater environmental samples
from Kowloon Reservoir (2000 mL of water sample) and marine environmental samples from Hong Kong coastal waters (2000 mL of water
sample). The results are the amount of polyP (nanomoles) in 1 mL of culture samples or 2000 mL of environmental samples. For the sake of
consistency, polyP quantifications are all conducted using polyP-JC-D7 fluorescence.
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D7 fluorescence).
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Table 2. Comparison of PolyP Extraction Methods for Planktonic Samples

time
method efficiency (h)
phenol- high for <5 X 10° algal cells  >8
chloroform and <1 X 10° bacterial cells
extraction”’

experimenter

summary of pros, cons, and recommendations

pros: high extraction efficiency (at least 5 X 10° cells for algae and 1 X 10° cells for bacteria)

cons: time-consuming and labor intensive, involves toxic chemicals, high risk of losing samples during
the separation of aqueous and organic phases, reproducibility relies on the experience of the

recommendations: extractions of replicate samples to ensure reproducibility

high for <§ X 10° algal cells 2.5

plankton lysis
and <5 X 107 bacterial cells

buffer (this
study)

>5 X 107 cells

pros: high extraction efficiency (at least 5 X 10° cells for algae and § X 107 cells for bacteria), easy
operation and high reproductivity

cons: becomes less efficient when used for lysing bacterial pellets (collected via centrifugation) with

recommendations: vigorous mixing during the extraction when working with cultured bacteria pellets

Table 3. Comparison of PolyP Quantification Methods for Planktonic Samples

method applicable samples
DAPI all samples, cultured and
fluorescence™ environmental, freshwater and
marine

summary of pros, cons, and recommendations

pros: sensitive, easy operation, has been commonly used in environmental samples

cons: high risk of overestimation due to interferences

recommendations: should not be used as the sole method for polyP quantification

PPX digestion””  only freshwater cultures

pros: has been commonly used for various model unicellular organisms.

cons: the activity of the enzyme in samples can be difficult to control and inhibitory molecules may cause
interference, not working in marine plankton cultures and environmental samples

recommendations: not recommended for environmental samples and marine cultures, unless other methods
are also used to validate the results

JC-D7 all samples, cultured and
fluorescence environmental, freshwater and
(this study) marine

pros: sensitive, easy operation, stable, and can work in various extractants and buffers; polyP specific and has
no nucleic acid interference

cons: has not been widely used (the dye is newly found).

recommendations: if lysing agents other than those recommended in this paper are used, the fluorescence
response (linearity and detection limit) should be tested, especially for lysing reagents with high salt

contents

haptophyte), and T. weissflogii (marine diatom), along with
bacterial cultures of freshwater V. perlucida and marine
Nautella sp., as well as freshwater and marine environmental
samples. Our results show that the plankton lysis buffer can
efficiently extract polyP from all types of planktonic samples
(Figure 4). The amount of polyP extracted using the lysing
solution is consistent with that obtained using the phenol-
chloroform extraction not only for cultured planktonic samples
(both algae and bacteria) but also for samples collected from
both marine and freshwater aquatic environments (Figure 4).

Efficiency of PolyP Extraction. Environmental samples
typically have low plankton biomass density and need to be
concentrated for polyP quantification, for example, by filtering
a large volume (0.5—2L) of water through membrane
filters.'”" For laboratory cultures, cell density can become
very high, especially when nutrients in the culture medium are
abundant. To understand the efficiency of polyP extraction and
to suggest a threshold of cell abundance at which the extraction
can efficiently extract all polyP, we tested polyP extraction
from culture samples across a range of cell abundances (Figure
S). For each test of a gradient of cell abundance, a series of
samples were prepared by using dilutions from the same
concentrated stock sample (e.g, 1 X 10° cells in 1 mL of
samples). The polyP amount estimated in the most diluted
samples (e.g, 2 X 10° cells in 1 mL of samples), if consistent
among the results given by different methods (plankton lysis-
JC-D7, phenol-JC-D7, and phenol-PPX), is considered
accurate (100% extraction efficiency). This value can then be
used as a reference to calculate the expected polyP amount in
the series of more concentrated samples (e.g,, 1 X 106 1 x 107,
and 1 X 10° cells in 1 mL of samples) using the appropriate
dilution factors. PolyP amounts measured in the concentrated
samples are then compared to the expected values to

understand the efficiency (recovery) of the extraction
(extracted polyP: total polyP). We tested samples prepared
using both filtration and centrifugation: the former is
commonly applied for environmental samples, and the latter
is used more often for culture studies.

Our result suggests that our plankton lysing method can
extract polyP from Algae C. reinhardtii of at least 5 X 10° cells
(cell quantity), with extraction efficiency comparable to the
phenol-chloroform method (Figure SA and SB). For bacteria
V. perlucida, the plankton lysis extraction can efficiently lyse
polyP from up to S X 107 cells collected using both filtration
(0.2 ym PC membrane) and centrifugation (Figure SC and
5D). Cell abundance higher than S x10” cells leads to less
efficient extraction using the plankton lysis buffer (82 + 2%
and 85 + 6% for 1 X 10° and 2 X 10° cells, respectively; Figure
SD); phenol-chloroform extraction seems to perform better
(97 + 7% efficiency) at cell abundance of 1 X 10% but its
efficiency also decreases when cell abundance reaches 1 X 10°
(87 + 7%, comparable to 85 + 6% for our plankton lysing
extraction).

Summary, Recommendations, and Future Work.
Tables 2 and 3 summarize the comparisons among different
polyP extraction and quantification methods for planktonic
samples. The plankton lysing method we developed can
efficiently extract polyP from cultured and natural samples
across marine and freshwater environments. The efficiency of
this extraction is comparable to the phenol-chloroform method
but requires much less effort and time. The method also
involves fewer toxic chemicals and enhances the reproducibility
of results compared to phenol-chloroform extraction. The
phenol-chloroform extraction involves the separation of
organic and aqueous phases (both in liquid form) in the
samples for two rounds, which potentially leads to sample loss,
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and thus the reproducibility strongly relies on the experience of
the experimenter. Our plankton lysing method, on the other
hand, involves only a final collection of the lysate, in which
polyP is homogeneously dissolved, and thus sample loss would
be minimal. Therefore, for environmental samples with limited
sample amounts, we recommend our plankton lysing method
due to its ease of operation and low risk of sampling loss. For
culture samples with sufficient cell abundance, phenol-
chloroform extraction can be used, but replicates are
recommended to ensure reproducibility.

Our polyP quantification method using polyP-JC-D7
fluorescence is as convenient and sensitive as the commonly
used DAPI method for environmental samples (Table 3), but
it is better because the quantification is not affected by
interferences as the DAPI method is. DAPI quantification can
be used for comparison, but they are not recommended as the
sole method due to the high risks of overestimation; overnight
treatment with sufficient DNase and RNase is recommended
but does not guarantee to remove all interference. The PPX
method, combined with the phenol-chloroform extraction, can
provide accurate measurements for freshwater cultures (both
bacteria and algae). However, it fails for marine cultures and
environmental samples due to the complicated lysate
components that decrease the activity of the enzyme. Thus,
the PPX method should only be used for freshwater cultured
samples, and we recommend using at least one other method
(e.g, JC-D7 fluorescence quantification) for verification.
Therefore, for quantifying polyP in all planktonic samples
(algae and bacteria, freshwater and marine), whether extracted
using phenol-chloroform or the plankton lysis buffer, we
recommend using the new JC-D7 fluorescence method, which
is the most stable and reliable compared to others, especially
for environmental applications.

Our present knowledge about polyP dynamics in aquatic
environments is mostly obtained from polyP measurements
using DAPI fluorescence. Future work should use this new
method and compare it with the DAPI method, particularly for
P-stressed environments where the proportions of polyP to
total particulate P were measured to be >100% and thus were
only regarded as relative values.'”"® This will help validate the
new method and update our knowledge about P cyclin% in
these P-stressed systems where polyP plays vital roles.'”"?
How the method performs on more complex environmental
samples, for example, sediments** and solid polyP granules,”**
should be tested. Possible interferences of JC-D7-polyP
fluorescence from other polysaccharides besides chondroitin
sulfate should also be investigated.

In summary, our method resolves issues of interference,
avoids the high risk of polyP overestimation associated with
previous methods, and provides an efficient, convenient, and
accurate means of quantifying polyP in planktonic samples in
both culture and natural systems. The application of this
method across a wide range of aquatic environments will
facilitate a deeper understanding of the metabolic functions of
polyP and its roles in ecology, biogeochemical cycling, and
environmental management.
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