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P-starved plants scavenge inorganic phosphate (Pi) by developing
elevated rates of Pi uptake, synthesizing extracellular phosphatases,
and secreting organic acids. To elucidate mechanisms controlling
these acclimation responses in photosynthetic organisms, we char-
acterized the responses of the green alga Chlamydomonas rein-
hardtii to P starvation and developed screens for isolating mutants
(designated psr [phosphorus-stress response]) abnormal in their
responses to environmental levels of Pi. The psr1-1 mutant was
identified in a selection for cells that survived exposure to high
concentrations of radioactive Pi. psr1-2 and psr2 were isolated as
strains with aberrant levels of extracellular phosphatase activity
during P-deficient or nutrient-replete growth. The psr1-1 and psr1-2
mutants were phenotypically similar, and the lesions in these strains
were recessive and allelic. They exhibited no increase in extracel-
lular phosphatase activity or Pi uptake upon starvation. Further-
more, when placed in medium devoid of P, the psr1 strains lost
photosynthetic O2 evolution and stopped growing more rapidly
than wild-type cells; they may not be as efficient as wild-type
cells at scavenging/accessing P stores. In contrast, psr2 showed
elevated extracellular phosphatase activity during growth in
nutrient-replete medium, and the mutation was dominant. The mu-
tant phenotypes and the roles of Psr1 and Psr2 in P-limitation
responses are discussed.

P is a nutrient that often limits plant growth in the
natural environment. The primary source of P in soils is Pi,
which is actively accumulated by both plants and mi-
crobes. However, most soil Pi is either covalently bonded
to C molecules as Pi esters, or exists as Fe31, Al31, or Ca21

salts. These Pi salts are relatively insoluble and, therefore,
are not readily available for transport into microbial cells or
plant roots (Halstead and McKercher, 1975).

When plants or microbes are starved for P, they exhibit
increased Pi uptake (McPharlin and Bieleski, 1987; Furihata

et al., 1992; Shimogawara and Usuda, 1995; Muchhal et al.,
1996; Jeschke et al., 1997; Schachtman et al., 1998), secrete
acid and alkaline phosphatases (Lefebvre et al., 1990; Duff
et al., 1991) and RNases (Loffler et al., 1993; Bariola et al.,
1994; Kock et al., 1995; Dodds et al., 1996), and exude
low-Mr organic acids that help mobilize stores of Pi that are
present in the soil as insoluble salts (Marschner, 1995).
Studies with photosynthetic organisms have also demon-
strated that glycolysis and photosynthetic activities are
modified during P deprivation (Brooks, 1986; Duff et al.,
1989; Dietz and Heilos, 1990; Jacob and Lawlor, 1993; The-
odorou and Plaxton, 1993; Plesnicar et al., 1994; Wykoff et
al., 1998). The mechanisms that control the acclimation of
Escherichia coli and Saccharomyces cerevisiae to P limitation
have been extensively studied (Wanner, 1993; Oshima et
al., 1996; Oshima, 1997). In E. coli a two-component regu-
latory system governs the transcription of many genes that
are responsive to the P levels of the environment (Wanner,
1993). Recently, similar regulatory systems have been iden-
tified in Bacillus subtilis and the cyanobacterium Synecho-
coccus sp. strain PCC 7942 (Aiba et al., 1993; Hulett, 1996).
In S. cerevisiae many mutants (pho series mutants) have
been isolated that have lost their ability to regulate the
synthesis of extracellular phosphatases in response to P
starvation (Lenburg and O’Shea, 1996; Oshima, 1997). The
lesions in these mutants define genes encoding both cata-
lytic and regulatory functions that are important for the
acclimation of S. cerevisiae to P limitation. Some of these
gene products, including acid and alkaline phosphatases
(Pho5 and Pho8) and a high-affinity phosphate transporter
(Pho84), are involved in scavenging the limiting nutrient.
Others function as transcriptional regulators (Pho4 and
Pho2), a cyclin (Pho80), a cyclin-dependent kinase (Pho85),
and a cyclin-dependent kinase inhibitor (Pho81); these reg-
ulators coordinate limited nutrient availability with the
growth and metabolism of the cell. The existence of a
similar regulatory pathway in Neurospora crassa has also
been established (Kang and Metzenburg, 1990, 1993; Pelleg
et al., 1996).

In an attempt to define mechanisms that control the
acclimation of photosynthetic eukaryotes to low levels of P,
we have identified mutants of Chlamydomonas reinhardtii
with aberrant responses to P limitation. C. reinhardtii is a
unicellular green alga that has been developed as a model
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organism for analyzing a number of different physiological
processes in photosynthetic eukaryotes, and in particular
for the dissection of photosynthesis (Harris, 1989). Many
molecular techniques have been developed that allow for
sophisticated molecular manipulation of this organism
(Rochaix, 1995; Davies and Grossman, 1998; Shimogawara
et al., 1998). To elucidate mechanisms that photosynthetic
organisms use to sense and respond to P deprivation, we
have characterized the responses of C. reinhardtii to P lim-
itation (Quisel et al., 1996; Wykoff et al., 1998) and have
isolated mutants of this alga that do not properly acclimate
to P limitation. These mutants were selected in two differ-
ent screens. The first screen involved the isolation of strains
that survived high concentrations of radioactive Pi during
starvation for P. The second screen identified mutants that
were unable to accumulate extracellular phosphatases dur-
ing P-limited growth or that were unable to completely
repress the accumulation of extracellular phosphatase dur-
ing nutrient-replete growth. Here we describe the physio-
logical and genetic characteristics of these mutants and
what they have revealed about the mechanisms that control
the responses of C. reinhardtii to P limitation.

MATERIALS AND METHODS

Strains, Culture Medium, and Growth Condition

Chlamydomonas reinhardtii Dangeard strains CC125 (wild
type mt1), CC124 (wild type mt2), and CC425 (cw15 arg7-8
mt1) were grown in TAP (Tris-acetate-Pi) medium (Harris,
1989) or TAP medium supplemented with 50 mmol mL21

Arg. Cells grown in Erlenmeyer flasks were agitated on a
gyratory shaker (120 rpm), maintained at 27°C, and illumi-
nated at 80 mmol photons m22 s21 from cool-white fluo-
rescent tubes. For P-starvation experiments Pi was elimi-
nated from the culture medium and replaced with TA
medium (1.5 mm KCl). To prepare TA solid medium, 0.5%
(w/v) agarose (Agarose-I, electrophoretic grade, Dojindo,
Kumamoto, Japan) was used instead of 1.2% agar, because
there was Pi contamination in the latter.

UV Mutagenesis and 32Pi Suicide Selection of Mutants

Strain CC125 was grown to mid-logarithmic phase (2 3
106 cells mL21), pelleted by centrifugation (4000g), and
suspended in 10 mL of fresh TA medium. The cell suspen-
sion was placed in a Petri dish, exposed to UV irradiation
from a germicidal UV tube (20 W, distance 50 cm, and
150 s), and then incubated in the dark for 1 d. High specific
activity of 32Pi (10 mCi nmol21) was added to the cultures
of mutagenized cells to a final concentration of 10 mm to kill
cells that developed an elevated capacity for Pi uptake
during P limitation. The cell suspension was incubated in
the light (50 mmol photons m22 s21) for 1 d and then placed
at 4°C in the dark for 1 week. Cold treatment accelerated
cell death by retarding processes involved in repairing
damage caused by 32Pi accumulation. Surviving cells were
spread onto solid medium containing 10 mm Pi and then
screened for growth on solid medium containing high (10
mm) and low (10 mm) Pi. Strains that grew normally on

high Pi but did not grow well on low Pi were further
analyzed. Putative mutants were back-crossed four to five
times with parental strains (CC124 and then CC125) before
further characterizations.

Insertional Mutagenesis and Screening for
Phosphatase Mutants

The plasmid pJD67, harboring the arginosuccinate lyase
gene (ARG7) (Davies et al., 1994), was linearized by diges-
tion with HindIII and transformed (Kindle, 1990) into the
Arg auxotroph CC425. Mutagenized cells were screened
for aberrant accumulation of extracellular phosphatases
(Quisel et al., 1996) during P starvation. ARG transformants
were replica plated at low density onto solid TAP medium
with low (10 mm) or normal (1 mm) Pi and grown for 2 or
3 d in fluorescent light of 50 mmol photons m22 s21. Col-
onies were sprayed with an aqueous solution of 10 mm X-Pi
as a visual assay for phosphatase activity (Davies et al.,
1994).

Direct Measurement of Pi Uptake

Pi uptake was measured using a procedure similar to
that described for the uptake of S (Yildiz et al., 1994). The
cells were stirred as a dilute suspension in the light (200
mmol photons m22 s21) for 2 min before the addition of
33Pi. At varying times after the addition of the radiolabeled
anion, the cells were vacuum filtered onto Supor-450 mem-
branes (pore size 0.45 mm, Gelman Sciences, Ann Arbor,
MI), and the membranes were washed with 10 mL of
ice-cold TAP medium containing 20 mm Pi. The radioac-
tivity on each filter was quantified in a liquid-scintillation
counter (LKB Wallac, Turku, Finland).

Generation of Vegetative Diploids

Vegetative diploids were constructed according to the
method of Harris (1989). NIT1 and NIT2 alleles were intro-
duced into parental haploid strains, and diploid cells were
selected for growth on solid medium containing nitrate as
the sole N source (TAP-N 1NO3; NH4Cl in the TAP me-
dium was replaced by 3.5 mm KNO3).

O2 Evolution

Light-saturated (800 mmol photons m22 s21) photosyn-
thesis was measured at 27°C as O2 evolution using a Clark-
type O2 electrode (Hansatech, UK) as described elsewhere
(Wykoff et al., 1998).

Secreted Phosphatase Activity and Periplasmic
Protein Analysis

Cells were washed twice with TA medium and then
resuspended in appropriate medium for growth. Phospha-
tase activity was measured at 27°C and pH 8.5 using
p-nitrophenyl phosphate as the substrate, as previously
described (Quisel et al., 1996). The hydrolysis of the sub-
strate was limited by the amount of cells added to the assay
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mixture and was proportional to the incubation time for at
least 1 h. The back-crossed (3–5 times) mutant strains were
crossed to our cell wall-less wild-type strain (cw15), and
periplasmic polypeptides were isolated from the mutant,
cell wall-less progeny and resolved by SDS-PAGE accord-
ing to the method of Davies et al. (1994). The polypeptides
were visualized by silver staining (Porro et al., 1982).

RESULTS

Measurement of Pi Uptake

Filtration assays were used to determine the characteris-
tics of Pi transport into C. reinhardtii cells grown under both
nutrient-replete and P-starved conditions (Yildiz et al.,
1994). The uptake of Pi by cells grown in nutrient-replete
medium or starved for Pi for 24 h is shown as a function of
the initial Pi concentration in Figure 1. The Vmax for Pi
uptake increased by over 10-fold in cells starved for P (Fig.
1). The kinetic analysis of Pi uptake after nutrient-replete
growth revealed two distinct kinetic components. The Km

for one (low-affinity component) was approximately 10
mm, whereas that for the other (high-affinity component)
was between 0.1 and 0.3 mm, as derived from the double-
reciprocal plot (Fig. 1, inset). The low-affinity component
comprised approximately 80% of total Pi uptake under
nutrient-replete conditions. After 24 h of P starvation, all of
the Pi uptake seemed to occur via the high-affinity system.
Hence, P starvation of C. reinhardtii resulted in an enhanced
capacity of the cells to take up Pi and an enhanced affinity
for Pi. These results suggest that more than one Pi trans-

port system is used by C. reinhardtii and that the high-
affinity system is responsible for most of the transport
observed in P-starved cells.

Isolation of Mutants Defective in Acclimation to
P Limitation

The results presented in Figure 1 and previous data
showing that P-starved cells synthesize high levels of ex-
tracellular phosphatases (Lien and Knudsen, 1972; Loppes,
1976a, 1976b; Matagne et al., 1976; Patni et al., 1977; Quisel
et al., 1996) suggested possible screens for isolating mu-
tants unable to properly acclimate to P limitation. One
screen was based on a preferential killing of cells that attain
the capacity for elevated 32Pi transport upon exposure to P
limitation. The second screen was based on a colorimetric
assay to identify mutants with abnormal levels of extracel-
lular phosphatase activity (see “Materials and Methods”).
The latter screen is conceptually similar to a screen previ-
ously used to isolate mutants in C. reinhardtii that were
unable to acclimate to S deprivation (Davies et al., 1994).

From the first screen we isolated the mutant psr1-1
(phosphorus-stress response), whereas the second screen
yielded psr1-2 and psr2-1 (referred to as psr2 in the remain-
der of the text). Before physiological and biochemical anal-
yses of the mutants, they were back-crossed four to five
times to our wild-type strain (CC125) to ensure that the
phenotypes analyzed were the result of a single lesion in a
homogeneous genetic background. A qualitative analysis
of extracellular phosphatase activity (based on the accumu-
lation of a blue precipitate that forms around colonies
capable of cleaving Pi from X-Pi) of the mutant and wild-
type strains is presented in Figure 2A. In wild-type cells
and the psr1-1 and psr1-2 mutants, little extracellular phos-
phatase activity was detected during growth on solid TAP
medium (1P in Fig. 2A). In contrast, the psr2 and the psr1-2
psr2 double mutant accumulated relatively high levels of
extracellular phosphatase activity during nutrient-replete
growth. Upon P starvation (2P in Fig. 2A), wild-type cells
(CC125) and psr2 accumulated high levels of extracellular
phosphatase, as indicated by the intense blue halo that
surrounds the cells. However, the psr1-1 and psr1-2 mu-
tants showed almost no extracellular phosphatase activity.
The psr1-2 psr2 double mutant appeared to accumulate
similar levels of extracellular phosphatase activity under
both nutrient-replete and P-starvation conditions.

Genetic Characterization of the Mutants

Since the psr1-1 and psr1-2 strains were both unable to
secrete active phosphatase during P limitation, we con-
structed vegetative diploids to determine if the lesions in
the strains were allelic. Vegetative diploids of wild-type
cells and the individual mutants were also constructed to
determine if the mutations were dominant or recessive. The
phenotype of a vegetative diploid of psr1-1 and psr1-2 was
essentially identical, with respect to phosphatase activity,
to that of the individual mutants; almost no phosphatase
activity was observed when the diploid was starved for P
(2P in Fig. 2B). In contrast, a vegetative diploid of the wild

Figure 1. The velocity of Pi uptake as a function of substrate con-
centration. 33Pi uptake of the wild-type strain CC125 was performed
as described in “Materials and Methods.” Cultures in the early log-
arithmic phase of growth were either transferred to TAP (1P, F) or TA
(2P, E) medium and allowed to continue growth for 24 h before
measuring Pi uptake. The insets are double-reciprocal plots of the
data, and the Km values estimated from these plots are 0.16 mM for
the high-affinity component and 10 mM for the low-affinity compo-
nent. chl, Chlorophyll.
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type and either psr1-1 or psr1-2 had a phenotype that was
identical to that of wild-type cells; P starvation led to
high-level accumulation of alkaline phosphatase activity.
Furthermore, a cross of psr1-1 to psr1-2 yielded no wild-
type cells in over 400 progeny that were tested. These
results clearly demonstrate that the lesions in psr1-1 and
psr1-2 are recessive and allelic.

A vegetative diploid of psr2 and wild-type cells exhibited
a phenotype that was dominant with respect to psr2. The
diploid cells accumulated phosphatase activity in TAP me-
dium even in the presence of a wild-type copy of PSR2.
Like the original psr2 mutant, the diploid appeared to have
elevated phosphatase activity when starved for P. A similar
phenotype was observed for the vegetative diploid of
psr1-1 psr2 (data not shown). Furthermore, the psr1 and
psr2 mutations segregated independently, indicating that
they are nonallelic.

Quantitative Analysis of Phosphatase Activity in the
Mutant Strains

A quantitative analysis of the accumulation of phospha-
tase activity in the medium of wild-type cells and the
mutant strains during nutrient-replete and P-limited
growth is presented in Figure 3. Little phosphatase activity
accumulated in cultures of wild-type cells grown on
nutrient-replete medium (Fig. 3A). After the transfer of
wild-type cells to medium devoid of P, a high level of
phosphatase activity accumulated (Quisel et al., 1996); 24 to
48 h after the initiation of P deprivation, the alkaline phos-

phatase activity was at least 100-fold higher (Fig. 3B) than
in cells that were not starved. The psr1-1 and psr1-2 mu-
tants showed no extracellular phosphatase activity when
grown on nutrient-replete medium (Fig. 3A) or after expo-
sure to medium devoid of P (Fig. 3B). The psr2 strain
exhibited constitutive phosphatase activity when grown on
nutrient-replete medium that was approximately 25% of
the level observed after starvation (compare activity for
psr2 in Fig. 3). Most of the extracellular phosphatase activ-
ity associated with psr2 grown in nutrient-replete medium
remained in the supernatant when the cells were washed
by centrifugation (data not shown). This explains why the
amount of extracellular phosphatase activity was initially
low after the transfer of psr2 cells to fresh medium (Fig. 3,
0 time point). The psr1-2 psr2 double mutant accumulated
approximately the same amount of phosphatase activity as
the psr2 strain during growth on complete medium (Fig.
3A), however, this level did not change when the cells were
transferred to medium lacking P (Fig. 3B). These results
demonstrate that the psr1 lesion prevents the induction of
phosphatase activity in the psr2 strain but does not prevent
constitutive, extracellular phosphatase accumulation.

To determine if the aberrations in the psr1-1, psr1-2, and
psr2 mutants were specific to P deprivation and not in-
volved in global regulation of stress responses, we tested
these strains for their ability to acclimate to S limitation.
During S limitation C. reinhardtii synthesizes an extracellu-
lar arylsulfatase that can be assayed colorimetrically (Da-
vies et al., 1994, 1996). None of the three mutant strains
exhibited arylsulfatase activity before starving the cells for

Figure 2. Qualitative analysis of phosphatase activity secreted by wild-type cells, mutant strains, and vegetative diploids.
Wild-type cells (wt), psr1-1, psr1-2, psr2, and psr1-2 psr2 (A) and vegetative diploids of wild-type and the various mutant
strains (B) were streaked onto TAP (1P) and TA (2P) solid media before spraying the plates with the colorimetric phosphatase
substrate X-Pi. The plates were allowed to develop for 2 h before recording the results. The template shows the positions of
the various mutants (A, right) and the different vegetative diploids (B, right) on the plates.
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S, and they all accumulated normal levels of the extracel-
lular arylsulfatase after S deprivation (D.D. Wykoff and
A.R. Grossman, data not shown).

Pi Transport

Several tests were performed to determine if the lesions
in the mutants resulted in aberrations in other responses
observed in wild-type cells during P-limited growth. Ini-
tially, the mutant strains were tested for their ability to take
up Pi after growth in TAP and TA media (Table I). Mea-
surements of the Vmax for Pi uptake for both the wild-type
and mutant strains grown in complete medium varied
from 3.11 to 6.43 pmol Pi mg21 chlorophyll min21. After
24 h of P starvation, the wild-type and psr2 mutant cells
exhibited a 14-fold increase in the Vmax for Pi uptake. In
contrast, P starvation of psr1-1 or psr1-2 for 24 h resulted in
little increase in the Vmax. The psr1-2 psr2 double mutant
also exhibited little increase in the Vmax for Pi uptake after

starvation. Finally, wild-type cells grown in nutrient-
replete medium and the psr1 mutant strains maintained in
either nutrient-replete or P-deficient medium exhibited
both low- and high-affinity Pi transport (data not shown).

Periplasmic Proteins

Profiles of periplasmic polypeptides from wild-type
cells, psr1-1, psr2 and the double mutant psr1-1 psr2 grown
in both complete medium and medium devoid of P are
shown in Figure 4. For wild-type cells a periplasmic
polypeptide of approximately 190 kD (marked by a filled
arrow) accumulated as the cells grew in medium devoid of
P (lanes 2 and 3). This polypeptide was previously shown
to correspond to the major, derepressible extracellular
phosphatase (Quisel et al., 1996). Cultures of the psr1-1
mutant did not accumulate the 190-kD polypeptide upon P
starvation (compare lanes 4 and 5). Similar results were
observed for the psr1-2 strain (data not shown). Hence, the
190-kD phosphatase is not synthesized, not exported, or
rapidly degraded in the psr1 strains. In the psr2 mutant the
190-kD polypeptide accumulated only in the growth me-
dium when the cells were starved for P (compare lanes 6
and 7). This suggests that the phosphatase activity that is
constitutive in the psr2 strain is not a consequence of ab-
normal expression of the gene encoding the 190-kD species.
Consistent with this interpretation is the finding that the
constitutive phosphatase activity that accumulated in psr2
cultures in nutrient-replete medium was independent of
Ca21 (data not shown), whereas the 190-kD phosphatase
requires Ca21 for activity (Quisel et al., 1996). Furthermore,
the psr1-1 psr2 double mutant did not accumulate the
190-kD polypeptide upon starvation for P (compare Fig. 4,
lanes 8 and 9), which is consistent with the measurements
of phosphatase activity in this strain (Fig. 3).

Quisel et al. (1996) reported the accumulation of a second
extracellular alkaline phosphatase that accumulated during
P limitation and migrates with an apparent molecular mass
of 70 kD; the polypeptide marked with a white arrow may
represent that phosphatase (Fig. 4). This polypeptide ap-
peared to be absent in the psr1-1 strain (lanes 4 and 5) but,
like the 190-kD species, accumulated in psr2 upon P depri-
vation (lanes 6 and 7). In the psr1-1 psr2 double mutant a
polypeptide that migrated at a position that was slightly
higher than the 70-kD phosphatase accumulated in the cul-

Figure 3. Quantitation of extracellular alkaline phosphatase activity
in wild-type and mutant cultures. All strains were grown in TAP
medium to early logarithmic phase, washed twice with TA medium,
and then transferred to either TAP (A) or TA (B) liquid medium for 16,
25, 40, and 48 h before measuring the alkaline phosphatase activity.
◊, Wild type; f, psr2; ‚, psr1-1; E, psr1-2; asterisks, psr1-2psr2.
PNPP, p-Nitrophenylphosphate; chl, chlorophyll.

Table I. Maximal rate of Pi uptake in wild-type and mutant strains
The units below are the means of two independently grown cul-

tures. The Vmax of Pi uptake was derived from at least three different
Pi concentrations (i.e. 5, 10, and 15 mM). The values in parentheses
are the difference from the mean in the same units.

Strain
Vmax Pi Uptake Increase

in VmaxTAP medium 1d TA medium 1d

pmol Pi mg21 chlorophyll min21 -fold

Wild type 6.43 (1.66) 91.1 (3.9) 14.2
psr2 6.42 (0.24) 90.8 (36) 14.1
psr1-1 3.11 (2.28) 5.38 (3.1) 1.7
psr1-2 5.32 (1.64) 7.71 (2.21) 1.5
psr1-2 psr2 4.12 (2.35) 4.50 (2.6) 1.1
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ture medium. It is unlikely that this species is the 70-kD
phosphatase, although we cannot rule out that possibility.

Wild-type cells also synthesized a cluster of extracellular
polypeptides with molecular masses ranging from 50 to 60
kD during P-limited growth (marked by an asterisk in Fig.
4). The functions of these polypeptides, which accumulated
normally in psr2 but not in psr1-1 or the psr1-1 psr2, are not
known. Finally, low-molecular-mass polypeptides ob-
served (in three different periplasmic protein preparations)
in the medium from psr1-1 and psr1-1 psr2 cultures were
not apparent in extracellular protein preparations from
wild-type cells. These polypeptides may arise from in-
creased proteolysis, aberrant processing of extracellular
proteins, or increased leakage of cytoplasmic proteins in
the mutant strains.

Growth and Photosynthetic O2 Evolution

The psr1-1 and psr1-2 strains did not grow to the same
extent as wild-type cells or the psr2 mutant when exposed
to conditions of P deprivation (Fig. 5). Wild-type cells and
the psr2 mutant doubled three to four times after they were
placed in medium devoid of P. The psr1-1 mutant doubled

only once, whereas the psr1-2 mutant doubled between one
and two times after being placed in medium devoid of P.
Growth characteristics of the psr1-2 psr2 double mutant
were similar to those of psr1-2.

Recently, it was shown that starvation for either P or S
leads to a decline in photosynthetic electron transport ac-
tivity (Wykoff et al., 1998). Within 4 d of P starvation and
1 d of S starvation, O2 evolution declined by approximately
75%. This decrease reflects damage to PSII and the gener-
ation of PSII QB-nonreducing centers. Furthermore, a mu-
tant abnormal for many responses to S deprivation dies
much more rapidly than wild-type cells during S stress.
This death is light dependent and appears to reflect an
inability of the mutant to down-regulate photosynthetic
electron transport (Davies et al., 1996).

Wild-type cells and the psr2 mutant showed a similar
decrease in photosynthetic O2 evolution during P depriva-
tion. O2 evolution declined more rapidly in the psr1-1, psr1-2
(data not shown), and psr1-2 psr2 mutants than in wild-type
cells (Table II), even though the viability of all of the mutant
strains during P deprivation was similar to that of wild-type
cells. The rapid decline in both photosynthesis and growth
in the mutants suggests that they may more rapidly experi-
ence starvation when P is removed from the medium.

Figure 4. Profiles of periplasmic polypeptides from wild-type (wt)
and the mutant strains after transfer to TAP (lanes 2, 4, 6, and 8) or
TA (lanes 3, 5, 7, and 9) medium for 48 h. The samples (3 mg per
lane) loaded in the different lanes are from wild type (lanes 2 and 3),
psr1-1 (lanes 4 and 5), psr2 (lanes 6 and 7), and psr1-1 psr2 (lanes 8
and 9). Lane M, Benchmark Mr markers (GIBCO-BRL). The positions
of the two alkaline phosphatases are marked with arrows (black
arrow for the 190-kD species and white arrow for the 70-kD species),
and a cluster of other prominent polypeptides that accumulate in the
medium in response to P limitation is marked with an asterisk. The
polypeptides between 10 and 30 kD in the psr1 strains were ob-
served consistently throughout three independent protein isolations.

Figure 5. Increase in cell density after the transfer of CC125 (wt),
psr1-1, psr1-2, psr2, and psr1-2 psr2 to medium devoid of P. All of
the cultures were grown to a density of 2 to 4 3 106 cells mL21,
washed twice with TA medium, and adjusted to a final density of 5 3
105 cells mL21 in TA medium. The increase in cell density was
determined at 12, 24, 36, and 48 h after the transfer. The data
presented here are from one experiment, but identical trends were
observed in two additional experiments.

Table II. Photosynthetic rate of wild-type and mutant strains
The means of three independently grown cultures are indicated

below with the SE in parentheses. The wild-type rate of O2 evolution
(100%) was 204 mmol O2 mg21 chlorophyll h21.

Strain
Rate of O2 Evolution Relative to Wild-Type Unstarved Cells

TAP medium TA medium 1d TA medium 2d

Wild type 100% (5.9%) 89.7% (5.5%) 59.8% (9.0%)
psr2 97.5% (5.0%) 77.9% (3.8%) 59.3% (5.0%)
psr1-1 115% (10.3%) 36.8% (6.7%) 26.5% (11.3%)
psr1-2 psr2 112% (10.0%) 43.6% (7.9%) 37.3% (3.9%)
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DISCUSSION

Little is known about the ways in which photosynthetic
eukaryotes perceive and respond to P limitation. Generally,
when organisms are starved for P, they synthesize both
phosphatases and RNases that help them scavenge Pi from
external and internal pools. Vascular plants may also in-
crease their root-to-shoot ratio, allowing for more effective
mining of Pi from the soil (Lynch, 1995), associate with
mycorrhizae, which would facilitate Pi uptake (Smith and
Read, 1997), and secrete organic acids, which helps mobi-
lize stores of bound Pi in the soil (Marschner, 1995). In C.
reinhardtii there are two major extracellular phosphatases
that accumulate in response to Pi limitation (Quisel et al.,
1996). The most abundant of these phosphatases has an
apparent molecular mass of approximately 190 kD and its
activity is Ca21 dependent. At pH 9.5 this phosphatase is
responsible for between 90% and 95% of the extracellular
phosphatase activity in wild-type cells that are starved for
P; the pH optimum for this phosphatase is 9.5 with very
low activity below pH 7.0. A second extracellular phospha-
tase, which accounts for most of the remaining activity, has
a molecular mass of approximately 70 kD and its activity is
independent of Ca21. Some mutants of C. reinhardtii with
impaired phosphatase activity have been isolated (Loppes,
1978; Bachir et al., 1996), but they have not been extensively
characterized.

Pi uptake in C. reinhardtii is also influenced by the P
status of the medium. There appear to be two different
kinetic components associated with the transport of Pi into
cells grown under P-replete conditions. This suggests that
at least two different Pi transport systems are present in C.
reinhardtii. One of these systems has a much higher affinity
for Pi than the other (0.1–0.3 mm compared with approxi-
mately 10 mm). When wild-type cells are starved for P,
there is an over 10-fold increase in the rate of Pi transport
and only the high-affinity system is detected.

Increased Pi uptake also occurs in vascular plants when Pi
levels in the environment are low. The kinetics of Pi uptake
by vascular plants is still controversial; most studies suggest
the presence of multiple transport systems (Ullrich-Eberius
et al., 1984; McPharlin and Bieleski, 1987; Nandi et al., 1987;
Furihata et al., 1992), whereas others have argued for one
transport system (Drew et al., 1984; Lefebvre et al., 1990;
Shimogawara and Usuda, 1995). In the majority of studies
there appears to be a constitutively expressed low-affinity Pi
transport system and a second, high-affinity system that is
derepressed during Pi-limited growth, although more than
two systems may exist (Nandi et al., 1987). The high-affinity
Pi transport system in plants has a Km of 3 to 7 mm, whereas
the low-affinity system has a Km of 50 to 330 mm (Schacht-
man et al., 1998). Recently, a number of genes encoding Pi
transport systems have been cloned from vascular plants
(Muchhal et al., 1996; Kai et al., 1997; Leggewie et al., 1997;
Mitsukawa et al., 1997; Smith et al., 1997; Daram et al., 1998;
Liu et al., 1998; Okumura et al., 1998).

There appear to be both differences and similarities be-
tween Pi transport in vascular plants and C. reinhardtii.
First, the Km values for the low- and high-affinity trans-
porters in C. reinhardtii are 1 order of magnitude lower than

the Km values for the corresponding transporters of vascu-
lar plants. Furthermore, whereas C. reinhardtii and at least
some vascular plants (Drew et al., 1984; Schmidt et al.,
1992; Shimogawara and Usuda, 1995) have high-affinity Pi
transport when grown in P-replete medium, the level of
induction of the high-affinity transporter during P starva-
tion is higher for C. reinhardtii (more than 10-fold) than for
vascular plants (2- to 5-fold). The detection of high-affinity
Pi transport in nutrient-replete C. reinhardtii cultures sug-
gests constitutive synthesis of this transport system. It is
not known whether the increase in high-affinity Pi trans-
port that accompanies P limitation is a consequence of
increased synthesis of the constitutive system or induction
of a second high-affinity Pi transporter. It is also possible
that under the optimal growth conditions being used, the
cells have the capacity for more rapid intracellular utiliza-
tion of Pi than can be supplied by the low-affinity Pi
transport system. Therefore, the cells would experience Pi
limitation and high-affinity transport would be partially
induced. Like wild-type cells, the psr1-1 and psr1-2 mutants
have both low- and high-affinity Pi transport during
nutrient-replete growth (data not shown). These results
suggest that the high-affinity Pi transport activity observed
in unstarved, wild-type cells is not regulated by the Psr1
polypeptide.

We have used two different approaches to isolate mu-
tants that are unable to properly acclimate to P deprivation.
One approach involved a suicide selection procedure using
32Pi. Cells that synthesize elevated levels of the high-
affinity Pi transport system during P starvation would
rapidly incorporate radiolabeled Pi into nucleic acids and
phospholipids, which would result in lethality; mutants
unable to synthesize the high-affinity transport system in
response to P starvation would survive longer periods of
exposure to the radioisotope. The second approach ex-
ploited the finding that P-starved cells secrete extracellular
phosphatases that are readily detected by spraying the
colonies with the chromogenic phosphatase substrate X-Pi.
Colonies that cannot synthesize extracellular phosphatases
during P starvation do not develop a blue ”halo” (e.g. psr1),
whereas colonies that constitutively produce high levels of
extracellular phosphatase develop a blue halo when grown
in nutrient-replete medium (e.g. psr2).

Two mutants with a similar phenotype, psr1-1 and
psr1-2, were isolated by the different screens described
above. These mutants were defective in the synthesis of
extracellular phosphatases and were unable to increase the
rate of Pi transport upon exposure to P limitation. Whereas
the psr1-1 allele appears to be null for both activities, the
psr1-2 allele accumulates a small amount (less than 5%
relative to wild-type cells) of extracellular phosphatase
activity upon P starvation (Fig. 3B, 48 h). Furthermore, both
strains failed to accumulate periplasmic polypeptides spe-
cifically associated with P-limited growth (Fig. 4). The find-
ing that the phenotype of a psr1-1 psr1-2 vegetative diploid
was essentially identical to that of each of the haploid
strains demonstrated that psr1-1 and psr1-2 were alleles of
the same gene.

Additional characterizations of the mutants demon-
strated a decline in photosynthetic activity and growth,
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after transfer to medium devoid of P, that was more rapid
than in wild-type cells; the extent of growth was slightly
more for psr1-2 than for psr1-1 (again showing a slight
difference in the phenotype of the two mutant alleles). The
kinetics of the decline in growth and photosynthetic O2

evolution suggest that the psr1 mutants are more sensitive
to P depletion than wild-type cells. This phenotype may
result from the inability of these strains to access low levels
of external Pi and/or to mobilize internal Pi stores. With a
decreased ability to scavenge Pi, these mutants would
more rapidly down-regulate metabolic processes such as
photosynthetic O2 evolution, and growth would rapidly
stop. Furthermore, whereas the decrease in photosynthetic
activity in the psr1 mutants occurs more rapidly than in
wild-type cells, the modes by which photosynthetic elec-
tron transport is down regulated appear to be similar to
that of wild-type cells (D.D. Wykoff and A.R. Grossman,
data not shown). There is a decrease in linear electron
transport with the major site of inhibition being PSII. The
inhibition results from decreased photochemical efficiency
and the accumulation of reaction centers that can perform
a charge separation but that have an extremely slow rate of
electron transfer between QA and QB. These PSII, QB-
nonreducing centers were previously shown to be major
components in the down-regulation of photosynthetic ac-
tivity in wild-type cells during both P and S deprivation
(Wykoff et al., 1998). Finally, whereas the mutant cells stop
growing more rapidly than wild-type cells upon elimina-
tion of P from the medium, they survive long periods of P
limitation, just like wild-type cells. These results suggest
that the “general responses” to nutrient deprivation (Da-
vies et al., 1996), which lead to the cessation of cell division
and decreased photosynthetic activity and allow for ex-
tended survival during nutrient limitation, can still occur
in the psr1 strains.

Based on the phenotype of the psr1 mutants, the lesions
in these strains are likely to be in a regulatory gene that is
needed to activate the specific but not the general re-
sponses to P deprivation. The PSR1 gene product may be
directly involved in sensing the P status of the environ-
ment, or a component of the signal transduction chain that
transmits the P deprivation to the transcriptional machin-
ery of the cell. The cloning and characterization of the PSR1
gene (data not shown) suggests that Psr1 may be a tran-
scription factor. Recently, we have also identified several
mutants of C. reinhardtii that are abnormal in their re-
sponses to S limitation (Davies et al., 1996, 1999). One such
mutant has been designated sac1. This mutant, unlike the
psr1 strain, is unable to control both the specific and gen-
eral responses; this strain can neither regulate the synthesis
of arylsulfatase (specific response) nor down-regulate pho-
tosynthetic electron transport (general response) during S
starvation and, as a consequence, dies rapidly upon the
imposition of S deprivation.

In contrast to the psr1 mutants, the psr2 mutant shows
constitutive extracellular phosphatase activity and has a
dominant phenotype. The extracellular phosphatase that
accumulates during nutrient-replete growth does not ap-
pear to be the 190- or the 70-kD species, based on the metal
dependence of the phosphatase activity and the analysis of

periplasmic proteins in the mutant strains. The results are
consistent with either relatively high-level constitutive ex-
pression of an extracellular phosphatase that is not nor-
mally abundant or the export of a phosphatase that is
normally intracellular. Additional characterizations are re-
quired to elucidate the nature of the lesion that leads to
constitutive extracellular phosphatase accumulation and
the polypeptide that is responsible for this activity.
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