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ABSTRACT: The potential role of inorganic polyphosphates in the response of algal cells to osmotic
stress was investigated. We show that changes in polyphosphate metabolism of algae induced by
osmotic stress can be easily determined by measuring the metachromatic shift of toluidine blue pro-
duced by polyphosphate and by analysing the size of the extracted polyphosphate on urea/polyacry-
lamide gels. The amount and size of polyphosphate were found to differ considerably among different
algal species. It is demonstrated that the alga Phaeodactylum tricornutum responds to hyperosmotic
stress with a marked elongation of polyphosphate molecules and a decrease in the total amount of
extractable polyphosphate, while exposure to hypoosmotic stress results in an increase in soluble

shorter-chain polyphosphates and a rise in total polyphosphate content.
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INTRODUCTION

Inorganic polyphosphates consisting of 3 to more
than 1000 phosphate residues have been detected in
many organisms, including bacteria, plants and ani-
mals (Kulaev 1979, Kulaev & Vagabov 1983, Wood &
Clark 1988). The physiological function of inorganic
polyphosphates is uncertain, although the presence of
high-energy phosphoanhydride bonds suggests some
role in energy metabolism. Polyphosphates may serve
(1) as an energy source {Kornberg 1957), (2) as a phos-
phate reserve that can be mobilized under conditions
of phosphate starvation (Kulaev 1979, Kulaev &
Vagabov 1983), (3) as metabolic regulators by chelat-
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ing metal ions (Harold 1966), and (4) as substrate for
certain sugar kinases (Pepin & Wood 19886). In addi-
tion, it has been shown that polyphosphates are able to
form channels with poly-B-hydroxybutyrate and Ca?*
in the plasma membranes of bacteria (Reusch & Sadoff
1988).

Several enzymes have been shown to be involved
in the synthesis and degradation of polyphosphates.
Polyphosphate kinases catalyze the {ormation of
polyphosphate from ATP in a reversible reaction
(Ahn & Kornberg 1990, Akiyama et al. 1992). Endo-
polyphosphatases cleave long-chain polyphosphates
within the polyphosphate chain (Kritskii et al.
1972), while exopolyphosphatases hydrolyze poly-
phosphates to orthophosphate (Akiyama et al. 1993,
Andreeva & Okorokov 1993). Recently we purified a
28 kDa exopolyphosphatase from Saccharomyces
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cerevisiae to apparent homogeneity (Lorenz et al.
1994b).

Algae are able to accumulate large amounts of
polyphosphate (Langen 1958, 1961, Kulaev 1979). It
has been suggested that hydrolysis of polyphos-
phates in algae may provide a pH-stat mechanism to
counterbalance alkaline stress. Cytoplasmic alkalin-
ization of the unicellular alga Dunaliella salina in-
duced by ammonium ions resulted in degradation of
long-chain polyphosphates to tripolyphosphate. The
hydrolysis of polyphosphates has been followed in
vivo by *'P nuclear magnetic resonance (NMR) spec-
troscopy and found to be correlated with the recov-
ery of cytoplasmic pH (Pick et al. 1990). Using 3'P
NMR spectroscopy, evidence has been presented
that hypoosmotic shock of D. salina cells is followed
by an immediate increase in the content of shorter
polyphosphate chains, and an increased ATP level,
while hyperosmotic shock results in an elongation of
polyphosphate chains and a decrease in ATP level
(Bental et al. 1990).

Detection of osmotic stress in natural phytoplankton
populations and characterization of the state of osmotic
adjustment, e.g. via polyphosphates, may be of global
ecological importance, because it is known that the
phytoplankton-dimethyl sulfide-cloud-climate feed-
back cycle is influenced by osmotic potential (Dickson
& Kirst 1987, Turner et al. 1988, Lawrence 1993).

In this study, we analyzed the effect of osmotic stress
on the cellular content and chain lengths of inorganic
polyphosphates in the alga Phaeodactylum tricornu-
tum by determining the changes in the polyphosphate-
induced metachromatic shift of the absorption maxi-
mum of toluidine blue and by sizing the extracted
polyphosphate on urea/polyacrylamide gels.

MATERIALS AND METHODS

Algal cultures. Phaeodactylum tricornutum, Chla-
mydomonas reinhardtii, Cyclotella meninghiniana,
Porphyridium cruentum, Chlorella fusca, and Anacys-
tis sp. were grown in batch cultures on a rotary shaker
(120 rpm) under illumination with white fluorescent
lamps (190 uE m~2 s~!) at constant temperature (18°C}.
The medium used for cultivation of P. tricornutum, C.
meninghiniana, and P. cruentum was prepared from 11
of Bristol's solution (concentrations in g 17 0.25
NaNQO;, 0.025 CaCl,-2H,0, 0.075 MgSO,-H,0, 0.075
K,HPO,, 0.175 KH,PO,, 0.025 NaCl) by addition of a
drop of 1.0 % FeCl; solution, 2 ml of trace element solu-
tion and 40 ml of soil extract. Trace element solution
was prepared by mixing 20 ml of Solution 1 (in g I™%
0.5 ZnSO,-7H,0, 0.1 MnSO,-H,0, 0.5 H3;BO;, 0.05
Co(NO;3),-6H,0, 0.05 Na,MoO,-2H,0, 0.05 CuSO,-

5H,0, 20 EDTA) and 100 ml of Solution 2 (in g 174
7 FeSO,-7H,0, 4 EDTA) after sterilization in an auto-
clave. Soil was extracted by boiling with distilled water
in a pressure cooker for 1 h, allowing it to stand
overnight, boiling again with distilled water for 1 h,
centrifugation, and autoclaving of supernatant. The
salinity of the medium (without soil extract) was 0.62 %o
and the pH was 7.2.

The medium used for cultivation of Chlamydomonas
reinhardtii and Chlorella fusca has been described by
Strotmann (1966), and that for Anacystis sp. by Staub
(1961).

Algal cells (100 mg wet weight), growing logarithmi-
cally, were harvested by centrifugation (2000 x g,
10 min) and resuspended in 10 ml of fresh medium
adjusted to the desired NaCl concentration. After incu-
bation for 5 to 60 min under shaking at room tempera-
ture, cells were harvested.

In some experiments Phaeodactylum tricornutum
cultures were adapted to 0.5 M NaCl before shock
treatment by growing them in 0.5 M NaCl for several
generations.

Extraction and determination of polyphosphate
content. Approximately 100 mg {wet weight) of algal
cells was pelleted in a microfuge tube, washed with
water and ground with glass beads under cooling by
dry ice. Polyphosphates were then extracted essen-
tially as described by Clark et al. (1986). Step 1 extracts
contain the short-chain acid-soluble polyphosphates,
while Step 2 extracts represent the easily extractable,
‘soluble’ portion of long-chain polyphosphate and Step
3 extracts the remaining long-chain polyphosphate
(Clark et al. 1986). Proteins were removed from Step 2
and 3 extracts by 1 extraction with phenol/chloroform
(1:1 v/v), followed by 3 successive extractions with
chloroform.

For estimation of polyphosphate content, 10 ul of the
Step 2 and 3 extracts was added to 1 ml of dye solution
(6 mg 17! of toluidine blue in 40 mM acetic acid), and
the change in absorbance due to the metachromatic
effect was determined by measuring the absorbance at
530 and 630 nm. A calibration curve was used which
was obtained by measuring the metachromatic shift
produced by various amounts of a polyphosphate stan-
dard with an average chain length of 35 phosphate
residues. Absorption spectira were recorded with a
Beckman DU-64 spectrophotometer.

Residual polyphosphate not extracted by Steps 2 and
3 was measured after acid hydrolysis at 100°C as de-
scribed by Lohmann & Langen (1956). The resulting
orthophosphate was determined spectrophotometri-
cally by adding 0.5 ml of 2.5% ammonium molybdate
in 2 M HCI and 100 pl of 2 mM 1-amino-2-naphthol-4-
sulfonic acid to 1 ml of sample. After 30 min, the
absorbance was measured at 700 nm.
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Determination of polyphosphate size. The size of
the extracted polyphosphate was determined by elec-
trophoresis on 7 M urea/16.5% polyacrylamide gels
(30 x 15 x 0.3 cm; ratio of bisacrylamide to acrylamide
1:20) in 1x TBE (90 mM Tris, 90 mM borate, 2.7 mM
EDTA; pH 8.3) (Clark & Wood 1987, Lorenz et al.
1994a, b). The gels were electrophoresed at 9 W for
120 to 130 min until the sample dye, bromophenol
blue, had migrated 11 to 12 cm. For resolution of long-
chain polyphosphates, a 2% polyacrylamide/0.5%
agarose gel was used (Clark & Wood 1987). Polyphos-
phate was detected by staining with o-toluidine blue O
(0.05%) in 25 % methanol/1 % glycerol and destaining
in 25% methanol/5% glycerol. Polyphosphate stan-
dards of defined chain lengths were run in parallel. A
semilog plot of distance migrated versus number of
phosphate residues resulted in a straight line.

Protein assay. Protein concentrations were deter-
mined as described by Bensadoun & Weinstein (1976)
with bovine serum albumin as a standard.

Materials. Tripolyphosphate, tetrapolyphosphate,
polyphosphate types 5, 15, 35 and 75+ (sodium salts,
with an average chain length of 5, 15, 35 and 91 phos-
phate residues, respectively) and insoluble Maddrell
salt (long-chain polyphosphate) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Polyphosphate standards (Psy4, Pg3, Piys and Py, con-
sisting of 34, 63, 125 and 200 phosphate residues, re-
spectively) were prepared by fractionation of Sigma
polyphosphate types 35 and 75+ on a preparative urea/
polyacrylamide gel (Clark & Wood 1987). Following
electrophoresis, horizontal gel slices corresponding to
the desired chain lengths were crushed in liquid nitro-
gen and extracted by shaking in 50 mM Tris-HCI buffer
(pH 7.5) containing 0.15 M NaCl for 12 h at room tem-
perature. Polyphosphate with an average chain length
of approximately 800 phosphate residues was prepared
by fractionation of solubilized Maddrell salt on a 2%
polyacrylamide/0.8 % agarose gel. Maddrell salt was
solubilized as described by Van Wazer (1958).

RESULTS

The metabolism of polyphosphate in Phaeodactylum
tricornutum was studied by measuring the polyphos-
phate content in different polyphosphate fractions
obtained by successive extractions. The method
applied was based on the metachromasy induced by
the polymer.

Fig. 1 shows a plot of the ratio of absorbance values at
530 nm to absorbance values at 630 nm as a function
of the amount of polyphosphate for 3 commercial
polyphosphate samples consisting of different chain
lengths (Sigma polyphosphates types 15, 35 and 75+).
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Fig. 1. Changes in the ratio of the absorbance at 530 nm to
that at 630 nm of toluidine blue as a function of the amount of
polyphosphate for different polyphosphate chain lengths.
Various amounts of polyphosphates (Sigma types 15, 0; 35, V,
and 75+, O0) were added to 1 ml of dye solution (6 mg 17! of
toluidine blue dissolved in 40 mM acetic acid) and the
absorbance values at 530 nm and 630 nm were determined.
The 530 nm/630 nm absorbance ratio was calculated and plot-
ted versus the amount of polyphosphate

The curves were roughly linear within a limited range
of 530 nm/630 nm absorbance ratios. This range and the
maximum intensities of the metachromatic reaction for
various polyphosphate samples depended on the aver-
age chain lengths of the polymers. The maximum inten-
sity for polyphosphate with average chain length 91
was higher than that for polyphosphate with average
chain length 35, and the maximum intensity for
polyphosphate with average chain length 35 was
higher than for polyphosphate that with average chain
length 15. Consequently, this method can be used for
semi-quantitative measurements of polyphosphate,
e.g.ina 530 nm/630 nm absorbance-ratiorange of 0.5 to
2.5, provided the chain lengths of the polymers are 235
phosphate residues. If the size of the polyphosphate
sample is shorter, the range of 530 nm/630 nm
absorbance ratios allowing semi-quantitative measure-
ments of the polymers becomes smaller, e.g. 0.5 to 2.0
for P;s. Polyphosphate samples with unknown chain
lengths may be tested after determining the 530 nm/
630 nm absorbance ratios for successive dilutions of the
samples and plotting the ratios versus titer of dilution. If
the characteristics of the resulting curve conform to
those of the curve for P3s (or Pgy), semi-quantitative
measurements of polyphosphate using the calibration
curve for P35 are possible. If the maximum intensity of
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Table 1 Polyphosphate content of different algal species.
Polyphosphate was determined in Step 2 and Step 3 extracts.
The polyphosphate content (mean + SD of 3 independent
experiments) is given both in pg g~! wet wt of alga and mg

g~! of protein
Extraction Polyphosphate content
step Hg g~ wetwt  mg g protein®

Phaeodactylum tricornutum

2 38127 1.19 + 0.08

3 103+ 1.1 0.32+0.03
Chlamydomonas reinhardtii

2 277 £32 0.75+0.09

3 19.6 0.2 0.53 +£0.01
Cyclotella meninghiniana

2 21.9+29 0.61 +0.08

3 20.5£4.2 0.57 £ 0.12
Chlorella fusca

2 1.8+1.1 0.07 £ 0.04

3 53+038 0.20 £ 0.03
Anacystis sp.

2 7.1+0.5 0.22 £ 0.02

3 243+1.6 0.74 £ 0.05

“Calculated from the amount of protein harvested, which
was determined in parallel assays as follows (given in g
protein g~! wet wt of alga): P. tricornutum, 0.032; C. rein-
hardtii, 0.037; C. meninghiniana, 0.036; C. fusca, 0.026;
Anacystis sp., 0.033

the metachromatic reaction is lower than that of Pjs,
calibration curves obtained with shorter-chain poly-
phosphate standards yielding curves with similar char-
acteristics may be used for estimation of polyphosphate
content. Polyphosphates with chain lengths <5 phos-
phate residues did not react metachromatically.

Table 1 shows the polyphosphate content deter-
mined in Step 2 and Step 3 extracts of different species
of algae. The amount of soluble, medium- to long-
chain polyphosphate (Step 2 fraction) was highest in
Phaeodactylum tricornutum, followed by Chlamy-
domonas reinhardtii and Cyclotella meninghiniana,
while only moderate to small amounts of this polyphos-
phate fraction were present in Anacystis sp. and
Chlorella fusca. On the other hand, C. reinhardtii,
Anacystis sp. and C. meninghiniana were found to
contain higher quantities of less soluble long-chain
polyphosphates (Step 3 fraction) than P. fricornutum;
the smallest amounts were found in C. fusca. Determi-
nation of the amount of acid hydrolyzable phosphate
remaining in the residual pellets revealed that 295%
of the total polyphosphate was extracted by Steps 1 to
3 (results not shown).

The size of the extracted polyphosphate was ana-
lyzed by electrophoresis on urea/polyacrylamide gels,
followed by staining with toluidine blue. It was found
that polyphosphate extractable by Step 2 from Phaeo-
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Fig. 2. Size of polyphosphate extracted from different species
of algae (Step 2 fraction). The entire amount of polyphosphate
extracted by Step 2 from 100 mg wet wt of the algae listed
below was applied to the gel {the corresponding amount of
protein is given for each species in parentheses). Lanes:
(a) Phaeodactylum tricornutum (3.2 mg); (b} Chlamydomonas
reinhardtii (3.7 mqg); (c) Cyclotella meninghiniana (3.6 mg);
(d) Porphyridium cruentum (2.3 mg); (e} Chlorella fusca
(2.6 mg); (f) Anacystis sp. (3.3 mg). Analysis of chain lengths
of extracted polyphosphate was performed by electrophoresis
on a7 Murea/16.5% polyacrylamide gel. The migration posi-
tions of polyphosphate standards (number of phosphate
residues) are indicated. The gel was stained with toluidine
blue. Asterisk (*) indicates nucleic acid bands. The aberration
in Lane a is caused by salt

dactylum tricornutum mainly consisted of polyphos-
phate molecules with chain lengths of up to 60
orthophosphate residues (Fig. 2, Lane a), while Step 2
extracts from Chiamydomonas reinhardtii, Cyclotella
meninghiniana, Porphyridium cruentum, and Anacys-
tis sp. (Fig. 2, Lanes b to d, f) contained longer poly-
mers (above Py size marker). On the other hand, less
soluble long-chain polyphosphates (Step 3 fraction,
with chain lengths greater than 200} remaining
stacked at the top of the 15% polyacrylamide gel were
present in C. reinhardtii, C. meninghiniana, P. cruen-
tum, and Anacystis sp., while polyphosphate in Step 3
extracts from P. tricornutum was significantly shorter
(not shown). Only small amounts of polyphosphate
were detected in Step 2 and Step 3 extracts from
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Fig. 3. Size of long-chain polyphosphates in Step 3 extracts
from different species of algae. Separation was performed on
a 2% polyacrylamide/0.5% agarose gel. The entire amount of
polyphosphate extracted by Step 3 from 100 mg wet wt of
algae (except for Chlorella fusca: 500 mg wet wt) was applied
to the gel. Lanes: (a) synthetic polyphosphate sample with
average chain length of approximately 800 phosphate
residues (3 pg); (b) the same synthetic polyphosphate sample
(3 ng) added to Phaeodactylum tricornutum cultures (100 mg
wet wt), which do not contain significant amounts of highly
polymerized polyphosphates, and isolated by the same proce-
dure; (c) Chlamydomonas reinhardtii; (@) Cyclotella mening-
hiniana; (e) C. fusca; {f) Anacystis sp. The amount of protein
corresponding to 100 mg wet wt of each alga and further de-
tails are given in the legend to Fig. 2

Chlorella fusca (Fig. 2, Lane e). The long-chain
polyphosphates extracted by Step 3 could be resolved
in 2% polyacrylamide/0.5 % agarose gel (Fig. 3, Lanes
c to f). In a control assay it was determined that a syn-
thetic polyphosphate sample (average chain length of
approximately 800 phosphate residues) added to algal
culture and isolated by the same procedure was not
degraded (Fig. 3, Lanes a and b).

To study the effect of hyperosmotic shock on Phaeo-
dactylum tricornutum, the NaCl concentration in algal
cultures at logarithmic phase was raised from 0.41 mM

to 1 M for 5 to 60 min. Control cultures were main-
tained for the same period of time in standard medium.
As summarized in Table 2, the amount of polyphos-
phate in Step 2 extracts from P. tricornutum, containing
the soluble fraction of polyphosphate, markedly
decreased (by 67%) following hyperosmotic shock
(20 min), while less soluble long-chain polyphosphates
present in Step 3 extracts accumulated (increase of
131%}. This indicates that hyperosmotic shock induces
an increase in the chain lengths of polyphosphates.
The total polyphosphate content (sum of polyphos-
phate extracted by Steps 2 and 3) decreased. The for-
mation of longer-chain polyphosphates is shown in
Fig. 4, evidenced by comparing Lane b (Step 3 extracts
of non-shocked algae) and Lane d (Step 3 extracts of
algae shocked with 1 M NaCl for 20 min). On the other
hand, shorter-chain polyphosphates extracted by Step
2 markedly decreased; compare Lane a (non-shocked
algae) with Lane ¢ (1 M NaCl shock). From this result
we conclude that exposure of P. tricornutum to hyper-
osmotic shock causes an increase in the average length
of polyphosphate chains, most likely due to an increase
In long-chain polyphosphates at the expense of
shorter-chain polyphosphates.

Hypoosmotic shock was induced by incubating loga-
rithmically growing cultures at 0 M NaCl for & to
60 min. It was found that hypoosmotic shock was fol-

Table 2. Phaeodactylum tricornutum. Effect of hyperosmotic
shock and hypoosmotic shock on polyphosphate content
(mean = SD of 3 independent experiments). Algae were sub-
jected to hyperosmotic shock (1 M NaCl) or hypoosmotic
shock (0 M NaCl) for 5 to 60 min. In one series of experiments
{values given in parentheses), algae were adapted to 0.5 M
NaCl before shock treatment. Polyphosphate was determined
in Step 2 and Step 3 extracts

Extraction Treatment Polyphosphate content®
step (ng g ' wet wt)
2 - 38127 (31.4 +£2.9)
3 - 103=11 2£22)
2 1 M NacCl, 5 min 308+23
3 1 M NacCl, 5 min 13.4+3.3
2 1 M NaCl, 20 mun 12718 (13.0 £ 2.0)
3 1 M NaCl, 20 min 23831 (30.12£1.9)
2 1 M NacCl, 60 min 10622
3 1 M NacCl, 60 min 208+1.1
2 O0MNaCl, 5 min 44651
3 0 M NaCl, 5 min 12910
2 0 M NaCl, 20 min 55.6 4.0 (60.7 £ 5.5)
3 0 M NaCl, 20 min 14.3+0.5 (155 +1.7)
2 0 M NaCl, 60 min 53.2+3.9
3 0 M NaCl, 60 min 15024
“The wet weight of algae drastically changed following
hyperosmotic shock and hypoosmotic shock, due to cell
shrinkage and swelling, respectively. Therefore, values
are based on wet weight of algae before shock treatment
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Fig. 4. Phaeodactylum tricornutum. Changes in the size of
polyphosphate extracted from algae subjected to hyperos-
motic shock. The size of the polyphosphate was determined in
Step 2 and Step 3 extracts 20 min after hyperosmotic shock.
Equal amounts of extracts corresponding to 100 mg wet
weight of alga before shock treatment were applied to each
lane. Lanes: (a) Step 2 extract from non-shocked control; (b)
Step 3 extract from non-shocked control; (c) Step 2 extract
from algae subjected to 1 M NaCl shock; (d) Step 3 extract
from algae subjected to 1 M NaCl shock. For further details,
see legend to Fig. 2

lowed by a substantial increase in the amount of
shorter polyphosphate chains (Step 2 fraction; Table 2)
but also by a slight increase in the amount of long-
chain polyphosphates (Step 3 fraction) and an elonga-
tion of polyphosphate chains in both Step 2 (Fig 5,
Lanes b and c) and Step 3 extracts (Fig. 5, Lanes d and
e}. It should be noted that this effect was already
detectable at the low NaCl concentration (0.41 mM)
present in the medium used for cultivating Phaeo-
dactylum tricornutum. Fig. 5, Lane a shows, for com-
parison, the size of Sigma polyphosphate type 35,
which has an average chain length of 35, but actually
consists of a heterogeneous mixture of polyphosphates
from 3 to more than 100 phosphate residues in length.

125—

63~

34—

Fig. 5. Phaeodactylum tricornutum. Size of polyphosphate
extracted from algae following hypoosmotic shock. Lanes: (a)
commercial polyphosphate with average chain length of 35
phosphate residues (Sigma); (b) Step 2 extract, 20 min at 0 M
NaCl; (c) Step 2 extract, 20 min normal medium; {d) Step 3
extract, 20 min at 0 M NaCl; (e} Step 3 extract, 20 min normal
medium. The aberrations in Lanes b to e are due to salt. For
further details, see legend to Fig. 2

Phaeodactylum tricornutum cultures which had been
adapted to a higher salt concentration (0.5 M NaCl)
responded to hypoosmotic shock even more strongly.
The increase in the amount of shorter polyphosphate
chains (Step 2 fraction) following hypoosmotic shock
(20 min) was about 2-fold higher (93% compared to
46%) in algae adapted to 0.5 M NaCl than in algae
grown in normal medium (Table 2). On the other hand,
the increase in the amount of longer-chain polyphos-
phates {Step 3 fraction) following hyperosmotic shock
was lower (42 % compared to 131 %) (Table 2).

Time course experiments revealed that elongation of
polyphosphate chains following hyperosmotic shock
and an increase in the content of shorter polyphos-
phate chains following hypoosmotic shock had already
occurred 5 min after induction of shock and remained
constant for at least 1 h (Table 2).
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DISCUSSION

The development of simple methods for monitoring
stress-caused effects in living organisms is urgently
needed in environmental research. In this report we
show that changes in polyphosphate metabolism of
algae induced by osmotic stress can be easily deter-
mined by examining the metachromatic reaction and
sizing the extracted polyphosphate on urea/polyacry-
lamide gels.

We were able to study the polyphosphate content in
different polyphosphate fractions and changes caused
by osmotic stress in the diatom Phaeodactylum tricor-
nutum, and compared them with those in other algal
species. The procedure we used for extraction of
polyphosphate has been shown to avoid degradation of
long-chain polyphosphates (Clark et al. 1986), while
other procedures previously employed for isolation of
polyphosphate from algae are based on rather drastic
methods, such as extraction with hot perchloric acid or
alkali (Langen & Liss 1958, Harold 1963), causing
hydrolysis of polyphosphate (Clark et al. 1986). Under
these conditions, polyphosphate could be detected, for
example, only in the red and green algae Ceramium
sp., Enteromorpha sp. and Cladophora sp. but not in
the brown algae Fucus sp., Ectocarpus sp. and
Pylajella sp. (Langen 1958, 1961).

The amount of polyphosphate present was measured
by the metachromatic reaction (Kornberg et al. 1956,
Griffin et al. 1965, Lorenz et al. 1994b). Polyphos-
phates, being negatively charged polyelectrolytes, are
known to induce a shift in the absorption maximum of
toluidine blue from ca 630 to ca 530 nm. Within a
limited range the change in the 530 nm/630 nm
absorbance ratio is roughly proportional to the amount
of polyphosphate. However, the upper limit of this
range depends on the chain length of the polymer. On
an equimass basis, shorter-chain polyphosphates were
found to be less capable of producing a metachromatic
reaction than the longer polymers. Thus, the maximum
intensity of the metachromatic reaction was highest for
polyphosphates of average chain length 91 and above,
and increasingly lower for polyphosphates of average
chain lengths 35 and 15. Consequently, the range of
530 nm/630 nm absorbance ratios that are proportional
to the amount of polyphosphate gradually decreases
with decreasing chain length (Py;: 530 nm/630 nm
absorbance ratio = 0.5 to 3.5; P35: 0.5 t0 2.5; Py5: 0.5 to
2.0). Therefore, the metachromatic reaction can be
employed for semi-quantitative measurements of
polyphosphate at a 530 nm/630 nm absorbance ratio
between 0.5 and 2.0 provided the chain length of the
polymer is greater than 15 phosphate residues.

It should be noted that the procedure presented here
is simple compared to NMR spectroscopy and does not

require expensive equipment. The results obtained
showed a high correlation with those obtained in NMR
studies {Bental et al. 1990; see below).

A high polyphosphate content was found in Step 2
extracts of Phaeodactylum tricornutum, Chlamydo-
monas reinhardtii and Cyclotella meninghiniana,
while only moderate amounts of soluble long-chain
polyphosphates were present in the green and
cyanobacterial species. On the other hand, C. rein-
hardtii, Anacystis sp. and C. meninghiniana contained
higher quantities of less soluble long-chain polyphos-
phate (Step 3 fraction) than P. tricornutum. Only small
amounts of polyphosphate were extracted from
Chlorella fusca.

In our study we analysed the chain lengths of
the extracted polyphosphate on urea/polyacrylamide
sequencing gels. This method has been shown to be
applicable in the pg range (Robinson et al. 1984, Pepin
& Wood 1986, Robinson & Wood 1986), while other
procedures used for determining the chain lengths of
polyphosphate, e.g. NMR (Rao et al. 1985) and titration
(Liss & Langen 1960), require higher amounts of
polyphosphate and cannot be applied to very long
polymers (Clark & Wood 1987). It was found that
Phaeodactylum tricornutum mainly contains shorter-
chain polyphosphates, while Chlamydomonas rein-
hardtii, Cyclotella meninghiniana, Porphyridium cru-
entum, and Anacystis sp. possess only the more highly
polymerized fractions.

Synthesis and degradation of inorganic polyphos-
phates might allow the intracellular osmotic pressure
to be adjusted to the extracellular osmotic pressure.
Our results show that different polyphosphate frac-
tions in algae respond differentially to osmotic stress.
Exposure of Phaeodactylum tricornutum to hyperos-
motic shock resulted in an increase in the amount of
long-chain polyphosphates and a decrease in the
amount of shorter-chain polyphosphates. The total
polyphosphate content decreased. From these results
we conclude that hyperosmotic shock is associated
with an elongation of polyphosphates at the expense of
shorter polyphosphate chains. It is possible that the
shorter-chain polyphosphates are used for production
of ATP via polyphosphate kinase during energy-con-
suming adaptation to increased osmotic stress. From
the results in Table 2 (incubation at 1 M NaCl for
20 min), it can be estimated that 0.32 pmol of ATP g~!
wet weight of alga could have been generated by
hydrolysis of polyphosphate present in the Step 2 frac-
tion. However, part of the ATP produced (0.17 pmol)
would be needed again for the synthesis of longer
polyphosphate chains.

In contrast, hypoosmotic shock was found to be asso-
ciated with an accumulation of shorter-chain polyphos-
phates. But since the amount of long-chain polyphos-
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phates does not decrease but also increases following
hypoosmotic shock (Table 2), a significant amount of
ATP (0.26 pmol g~! wet weight) would be consumed
for synthesis of polyphosphate. Taking together these
considerations and previously published results (Ben-
tal et al. 1990) showing a decrease in ATP level follow-
ing hyperosmotic shock and an increase in ATP level
following hypoosmotic shock, it is possible to assume
that synthesis and degradation of inorganic polyphos-
phate during osmotic shock help algal cells to adjust
their intracellular ATP level to normal. However, it
should be noted that these calculations do not take into
consideration the fact that different pools of polyphos-
phate exist in the cell which are localized in different
cellular compartments (Kulaev & Vagabov 1983) and
may change differently during osmotic stress.

Elongation of polyphosphate chains following hyper-
osmotic shock and increase in the content of shorter
polyphosphate chains following hypoosmotic shock
are dynamic events and occurred as rapidly as 5 min
after induction of shock. They remained constant for at
least 1 h.

These data support previous results obtained with
high-resolution NMR (Bental et al. 1990). However,
additional studies were required to clarify whether the
observed changes in polyphosphate were due to alter-
ations in polyphosphate chain lengths or to a change in
the mobility and packing of the polyphosphate mole-
cules, which may occur due to water influx and efflux
following hypoosmotic shock and hyperosmotic shock,
respectively (Bental et al. 1990).

The polyphosphate content in algae has also been
shown to change during growth (Smillie & Krotkov
1960) and to be modulated by light (Miyachi et al.
1964, Okuntsov & Grebennikov 1977) and oxygen (Ull-
rich 1970). Exponentially growing cells have a low
polyphosphate content, while high amounts of
polyphosphates are present in older cultures. Young
cells of Acetabularia crenulata have been reported to
accumulate mainly acid-soluble polyphosphates, while
only small amounts of salt-scluble, long-chain poly-
phosphates could be detected (Kulaev et al. 1975). Dif-
ferent polyphosphate fractions in Chlorella sp. were
found to change differentially in the dark and in the
light, and in the presence and absence of phosphate in
the medium (Miyachi 1962, Kanai et al. 1963, Miyachi
et al. 1964). A hypercompensation effect, i.e. accumu-
lation of large amounts of polyphosphate, was ob-
served when Scenedesmus quadricauda was grown on
a phosphate-containing medium following phosphorus
starvation (Overbeck 1962a, b).

At present it is unknown which processes are
involved in the regulation of polyphosphate metabo-
lism in algae. In preliminary studies we could identify
both a polyphosphate kinase and an exopolyphospha-

tase activity in Phaeodactylum tricornutum (authors’
unpubl. results). Polyphosphate kinase and polyphos-
phatase activity has also been detected in Chlorella sp.
(Iwamura & Kuwashima 1964) and Acetabularia
mediterranea (Rubtsov & Kulaev 1977). Polyphosphate
glucokinase seems to be absent in algae (Uryson &
Kulaev 1970).

Polyphosphate metabolism of marine organisms has
also attracted special attention in environmental
research. It is known that waters containing low con-
centrations of phosphorus may suffer from a massive
‘bloom' of cyanobacteria when they become polluted
by detergents containing large quantities of phosphate
(e.g. sodium tripolyphosphate). Under the conditions
created in a phosphorus-rich medium after phosphorus
starvation, cyanobacteria start to grow and to accumu-
late large amounts of polyphosphates (a phenomenon
called ‘polyphosphate overplus’) (Kulaev 1979, Kulaev
& Vagabov 1983). Our results show that diatoms and
green algae are also useful models for studying the
effect of stress on polyphosphate metabolism of organ-
Isms in marine environments.

It is known that salinity markedly influences the con-
centrations of dimethyl sulfide and dimethyl sulfonio-
propionate in nearshore waters (Turner et al. 1988).
Dimethyl sulfide is formed from dimethyl sulfoniopro-
pionate, a compound produced by algae, and is
released into the atmosphere where it is an important
factor in cloud formation (Lawrence 1993). Therefore,
determination of the state of osmotic adjustment in
natural phytoplankton populations, e.g. via polyphos-
phates, may be an important objective. The methods
presented here for determining the content and
degree of polymerization of polyphosphates are simple
and inexpensive, and may also be useful for field appli-
cations which could provide information regarding
stress levels in natural phytoplankton populations.
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