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The Chlamydomonas reinhardtii transcription factor PSR1 is required for the control of activities involved in
scavenging phosphate from the environment during periods of phosphorus limitation. Increased scavenging
activity reflects the development of high-affinity phosphate transport and the expression of extracellular
phosphatases that can cleave phosphate from organic compounds in the environment. A comparison of gene
expression patterns using microarray analyses and quantitative PCRs with wild-type and psr1 mutant cells
deprived of phosphorus has revealed that PSR1 also controls genes encoding proteins with potential “electron
valve” functions—these proteins can serve as alternative electron acceptors that help prevent photodamage
caused by overexcitation of the photosynthetic electron transport system. In accordance with this finding,
phosphorus-starved psr1 mutants die when subjected to elevated light intensities; at these intensities, the
wild-type cells still exhibit rapid growth. Acclimation to phosphorus deprivation also involves a reduction in
the levels of transcripts encoding proteins involved in photosynthesis and both cytoplasmic and chloroplast
translation as well as an increase in the levels of transcripts encoding stress-associated chaperones and
proteases. Surprisingly, phosphorus-deficient psr1 cells (but not wild-type cells) also display expression
patterns associated with specific responses to sulfur deprivation, suggesting a hitherto unsuspected link
between the signal transduction pathways involved in controlling phosphorus and sulfur starvation responses.
Together, these results demonstrate that PSR1 is critical for the survival of cells under conditions of subop-
timal phosphorus availability and that it plays a key role in controlling both scavenging responses and the
ability of the cell to manage excess absorbed excitation energy.

While phosphorus (P) is an abundant element in the Earth’s
crust, its availability can limit the growth of organisms present
in both aquatic and terrestrial environments. P is essential for
many fundamental processes that sustain life, including nucleic
acid synthesis, membrane synthesis, energy metabolism, signal-
ing, redox reactions, and modification of protein activities. The
major form of P readily assimilated and utilized by most or-
ganisms is the phosphate anion (Pi). While available Pi (soluble
Pi) is generally present at concentrations of �10 �M, most
organisms require cellular Pi concentrations in the millimolar
range (for reviews, see references 4, 40, and 45). For this
reason, Pi supplementation is necessary to boost crop produc-
tion and is included as a major constituent of fertilizers. How-
ever, following the introduction of Pi into soils, it can be rapidly
precipitated as insoluble salts, become adsorbed to soil parti-
cles, or leach from agricultural fields, contaminating both
groundwater and aquatic ecosystems. Manipulation of crop
species to improve their ability to mobilize soil Pi may result in
increased agricultural yields and a slowing of the consumption
of exhaustible Pi sources.

Eukaryotic signal transduction pathways for sensing and re-
sponding to P starvation have been best studied in the yeast

Saccharomyces cerevisiae. P-deficient S. cerevisiae cells increase
their capacity for Pi uptake by expressing a high-affinity Pi

transport system, mainly the Pho84p H�/Pi symporter, which
operates at acidic pHs (3, 6). The Pho89p protein is a Na�/Pi

cotransporter and may be utilized at more alkaline pHs (29). Pi

that is covalently bound to organic molecules may be mobilized
by cleavage by an acid phosphatase encoded by the PHO5 gene
(reviewed by Vogel and Hinnen [50] and by Oshima [36]).
There are many genes that are coregulated under P starvation
conditions in S. cerevisiae, forming the PHO regulon (35).
Changes in gene expression that accompany P starvation of S.
cerevisiae are regulated by a system comprised of a cyclin
(Pho80) and a cyclin-dependent kinase (Pho85). Under P-
replete conditions, the kinase activity of Pho80/Pho85 catalyzes
hyperphosphorylation of the Pho4 transcription factor, which
is then excluded from the nucleus. When P becomes limiting,
the cyclin-dependent kinase inhibitor Pho81 is activated, pre-
venting Pho80/Pho85 kinase activity and leading to hypophos-
phorylation of Pho4 and its subsequent import into the nu-
cleus. Once in the nucleus, Pho4 and Pho2 interact, populating
the promoters of target genes and activating gene expression
(reviewed by Lenburg and O’Shea [26]).

In photosynthetic eukaryotes, Pi is also critical for chloro-
plast function. Pi must be transported from the cytoplasm of
the cell, across the double membrane of the plastid envelope,
and into the chloroplast stroma, where it is used to satisfy the
biosynthetic and energetic requirements of the organelle. Pi is
needed for both DNA and RNA synthesis within the chloro-
plast, as the plastids contain their own genomes and ribosomes,
and each chloroplast usually has multiple chromosome copies.
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Photosynthetic generation of ATP and the synthesis of phos-
pholipids represent other critical chloroplast activities requir-
ing Pi, and the phosphorylation of polypeptides of the photo-
synthetic apparatus modulates the properties of light-
harvesting functions in response to changing environmental
conditions (55). Furthermore, P limitation leads to depletion
of the pool of phosphorylated intermediates in the pentose-
phosphate cycle, which results in a marked reduction in pho-
tosynthetic carbon fixation (5, 22). Studies with Chlamydomo-
nas reinhardtii have demonstrated that P and sulfur deprivation
causes a similar loss of photosynthetic electron transport ac-
tivity, the consequence of a combination of reduced photosys-
tem II (PS II) abundance, accumulation of PS II QB nonre-
ducing centers, an increase in nonphotochemical quenching,
and an increase in the tendency of the cells to be in state II
(53). These processes all redirect absorbed excitation energy
away from PS II and linear electron transport. The observa-
tions described above support the idea that when nutrient
availability limits the growth of the cell, a suite of mechanisms
are mobilized to manage/dissipate excess absorbed light en-
ergy, reducing the potential of the system to generate reactive
oxygen species which could cause severe cellular damage.

Little is known about the regulatory pathways by which
plants and algae sense and respond to P deficiency. Genetic
screens for C. reinhardtii mutants with a diminished Pi uptake
capacity or reduced alkaline phosphatase activity during P-
limited growth (46, 54) led to the discovery of the phosphorus
starvation response 1 (PSR1) gene, which encodes a nucleus-
localized factor with a MYB-like DNA binding domain and a
coiled-coil protein-protein interaction domain (54). PSR1 is
required for normal growth and the synthesis of alkaline phos-
phatase following starvation of the cells for P. Furthermore,
the abundance of the PSR1 transcript and its protein product
also increases during P starvation (54). Subsequent studies
with Arabidopsis thaliana revealed that an analogous gene,
phosphate starvation response 1 (PHR1), functions to elicit
changes in root growth and morphology, anthocyanin produc-
tion, and the activities of several P deficiency-inducible genes.
These results suggest that the key regulators of the P depriva-
tion responses in plants and C. reinhardtii (and perhaps other
algae) are very similar, suggesting the possibility of common
downstream signaling factors (42). However, it is not known
whether PSR1 and PHR1 have dual functions, acting as both
the sensor of intracellular Pi levels and the transcription factor
that elicits altered gene expression. Recent findings have im-
plicated an Arabidopsis SUMO E3 ligase, SIZ1, in the regula-
tion of PHR1 activity (31), suggesting a multilevel control of
plant responses to Pi deficiency.

In this study, we combine genome-based, molecular, and
physiological approaches to examine P starvation responses in
a wild-type C. reinhardtii strain and its isogenic psr1 mutant.
Potential P deprivation-responsive genes were identified by an
examination of genomic information and by cDNA-based mi-
croarray analyses. A number of new P deficiency-responsive
target genes were identified, many encoding proteins that
would enable the cells to better cope with excess absorbed
excitation energy, limiting the extent of potential photodamage
during P deprivation; these stress-related genes may be directly
under PSR1 control. The importance of these genes was sug-
gested by experiments in which elevated light levels caused a

dramatic loss of viability of psr1 mutant, but not wild-type, cells
during P deprivation.

MATERIALS AND METHODS
Strains and growth conditions. Chlamydomonas reinhardtii wild-type strain

CC-125, a psr1-1 mutant strain that was backcrossed five times to CC-125 (54),
and pKS1-31, a psr1-1 mutant strain complemented with the pKS1 plasmid
containing a PSR1 genomic clone (54), were used in the experiments. For RNA
preparations, cultures were grown to mid-logarithmic phase in Tris-acetate-
phosphate (TAP) medium on a rotary shaker (�150 rpm) at 25°C, with contin-
uous illumination (�40 �mol photons m�2 s�1). P-free Tris-acetate (TA) me-
dium was prepared by substituting 1.5 mM potassium chloride for potassium
phosphate, as described by Quisel et al. (39). To starve cells for P, cells were
initially grown in TAP medium, harvested by centrifugation (4,000 � g, 5 min),
washed twice with TA medium, and resuspended to a final cell density of 1 � 106

cell/ml in TA medium. P-starved cultures were maintained under the same
growth conditions as the unstarved cells, except that all cultures were sampled 4,
12, 24, and 48 h after the initiation of P deprivation. For RNA preparation, cells
were harvested by centrifugation in a model HN-SII clinical centrifuge (Inter-
national Equipment Co.) at three-fourths the maximum speed (�5,800 rpm) for
10 min, and cell pellets were immediately frozen in liquid N2 and stored at
�80°C. Strains for high-light-intensity experiments were grown in liquid and
solid TA and TAP media and in TA medium supplemented with 10 �M glucose-
1-phosphate (Sigma Chemical Co., St. Louis, MO) at 27°C, with continuous
illumination at 600 to 800 �mol photons m�2 s�1.

RNA preparation. Cell pellets were maintained in liquid N2. Each pellet was
simultaneously thawed and homogenized in 8 ml of homemade Trizol reagent
(Invitrogen Co., Carlsbad, CA) by continuously vortexing the suspension; the
homogeneous suspension was then incubated at room temperature for at least 10
min. Chloroform (1.6 ml) was added to the suspension, and the tubes were
shaken vigorously for 1 min and incubated at room temperature for an additional
2 to 3 min. Phase separation was achieved by centrifugation at 12,000 � g for 15
min, and 0.5 volume (3 to 4 ml) of 0.8 M sodium citrate–1.2 M NaCl was added
to the aqueous phase, followed by the addition of 0.5 volume (compared to the
initial volume) of isopropanol to precipitate nucleic acids. Precipitations were
done at room temperature for 10 min, and the nucleic acid precipitate was
collected by centrifugation at 12,000 � g for 10 min. Nucleic acids were washed
with 8 ml of 75% ethanol, dried, and dissolved in diethyl pyrocarbonate-treated,
double-distilled water. Poly(A) RNA was prepared using a MicroPoly(A) Pure
small-scale mRNA purification kit (Ambion, Austin, TX) and was quantified
fluorimetrically using a RiboGreen RNA quantification kit (Molecular Probes,
Eugene OR) and a Tecan SPECTRAFluor fluorimeter (Zurich, Switzerland).

Preparation of fluorescent microarray probes. The incorporation of Cy3-
dUTP and Cy5-dUTP (Amersham Pharmacia Biotech, Piscataway, NJ) was
performed as described by Zhang et al. (56), with the following modifications: (i)
200 to 500 ng of poly(A) RNA was used as the template for labeling reactions;
(ii) the deoxynucleoside triphosphate mixture contained 1 mM dTTP and 2.5
mM (each) of dATP, dCTP, and dGTP; (iii) labeling reactions were incubated at
42°C for 30 min, 45°C for 20 min, and 50°C for 30 min; (iv) incorporation of the
fluorescent dyes into cDNA was not examined; (v) the reference RNA was
isolated from log-phase cells of wild-type strain CC-125 prior to P deprivation;
and (vi) samples prepared from P-starved (4, 12, 24, and 48 h) CC-125 and
P-replete (0 h) and P-starved (4, 12, 24, and 48 h) psr1-1 cells were compared to
the reference sample.

Preparation, hybridization, washing, and scanning of microarrays. The print-
ing and storage of array slides (v1.1) were performed as described by Zhang et
al. (56) for the “2.7 k array,” except that 3,079 different cDNA probes were
printed on each slide. Additional details about the array are given at http://nostoc
.stanford.edu/jeff/lab/chlamyarray/index.html and in Table 1 and Table S1 in the
supplemental material. Slides were hydrated by holding them above a 90°C water
bath for �3 s and were then immediately dried on a 100°C hot plate for �5 s.
DNAs were cross-linked by UV radiation at 300 mJ in a UV Stratalinker 1800
(Stratagene, La Jolla, CA). Prehybridization was performed by baking the slides
at 65°C for 10 min, followed by a 30- to 60-min incubation at 50°C in prehybrid-
ization buffer containing 3� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), 0.1% sodium dodecyl sulfate, and 0.1 mg/ml bovine serum albumin.
Slides were washed with water and then isopropanol, each for 2 min at room
temperature, and then dried by centrifugation for 5 min in a SpeedVac Plus,
model SC210A (Savant, Holbrook, NY). Hybridization, washing, and scanning of
the slides were performed as described by Zhang et al. (56), except that the
hybridization solution was prepared by mixing 20 �l of hybridization buffer with
20 �l of the labeled probes, and the fluorescence images from 12 complete array
sets (three slides per time point, with four copies of each cDNA per slide) were
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analyzed. Two independent sets of RNA samples were used for array analyses; a
dye swap was performed using one of the RNA samples.

Analyses of microarray data. Images from scanned slides were imported into
the Genepix Pro 3.0 program (Axon Instruments, Union City, CA), where the
spot positions were defined and their intensities determined. Spot signals that
were distorted by dust, high local background, or printing flaws or signals with
high proportions of saturated pixels were not included in subsequent analyses.
The data were imported into Genespring 6.1 software (Silicon Genetics, Red-
wood City, CA) and normalized using the software’s standard “per spot” and
“per chip” intensity-dependent (Lowess) normalization (http://stat-www
.berkeley.edu/users/terry/zarray/Html/normspie.html). Error models were com-
puted based on replicates. Signal ratios were considered to meet threshold
criteria if they passed Student’s t test for significance with a P value of �0.05 and
a multiple testing correction adjustment using the method of Benjamini and
Hochberg (2).

Gene identification. To identify specific genes in the C. reinhardtii genome,
either sequence information from GenBank for previously isolated and charac-
terized genes or sequence information from cDNAs or genomic DNAs from
other organisms (mainly A. thaliana and cyanobacteria) was used to perform
BLAST alignments against C. reinhardtii genomic (http://genome.jgi-psf.org
/chlre2) and expressed sequence tag (EST) database (http://www.biology.duke
.edu/chlamy_genome/search.html) sequences. Candidate orthologous and
paralogous predicted proteins were aligned with each other and evaluated using
CLUSTALW (48); identity shading was performed using GeneDoc software (33).

Quantitative real-time PCR. Isolated total RNA was treated with RNase-free
DNase I (Ambion Inc., Austin, TX) and then extracted with phenol-chloroform
to isolate the RNA. Real-time quantitative PCRs (qPCR) for all genes except
PTOX1, PTOX2, GAP1, and DHAR were performed by using 0.1 �g of DNase-
treated total RNA and an iScript One-Step RT-PCR kit with SYBR green
(Bio-Rad Laboratories, Hercules, CA). The amplifications were performed using
either an iCycler IQ or Chromo4 real-time PCR thermocycler (Bio-Rad Labo-
ratories, Hercules, CA), with the following cycling conditions: (i) 50°C for 30 min
for cDNA synthesis, (ii) 95°C for 5 min to denature reverse transcriptase, and
(iii) 40 to 42 cycles of 95°C for 15 or 30 s and 60°C for 30 s, with fluorescence
detection after the 60°C annealing/extension step. Melting curve analysis was
performed on all PCRs to ensure that single DNA species were amplified, and
product sizes were verified by agarose gel electrophoresis. Discrete products
were not obtained with the one-step system for the PTOX1, PTOX2, GAP1, and
DHAR transcripts; consequently, two-step qPCR analysis was performed for
these transcripts. For cDNA synthesis, 1 �g of DNase I-treated total RNA was
reverse transcribed by using a Superscript II kit (Invitrogen, La Jolla, CA) as
described by the manufacturer. qPCR was performed using either a DyNAmo
Hot Start SYBR green qPCR kit (MJ Research Inc., Waltham, MA) or IQ
SYBR green supermix (Bio-Rad Laboratories, Hercules, CA) and analyzed with
the Mx3005P qPCR system (Stratagene, La Jolla, CA) or the Chromo4 system
(Bio-Rad Laboratories, Hercules, CA). Cycling conditions included an initial
incubation at 95°C for 10 min followed by 40 to 45 cycles of 94°C for 10 s, 55°C
to 60°C for 15 s, and 72°C for 10 to 15 s. The relative expression ratio of a target
gene was calculated based on the 2���CT method (28), using the average cycle
threshold (CT) calculated from duplicate measurements. Relative expression
ratios from two independent experiments are reported. The CBLP gene was used
as a control gene, and each primer was designed by Primer3 software to distin-
guish the different isozymes.

Primers for real-time PCR were as follows: CBLP, forward (5�-CTTCTCGC
CCATGACCAC-3�), reverse (5�-CCCACCAGGTTGTTCTTCAG-3�); PHOX,
forward (5�-TTCCGTTTCCGTTCTCTGAC-3�), reverse (5�-CCCTGCATCTT
GTTCTCCAG-3�); PTB1, forward (5�-GCTTCTGCATCGAGCTGTC-3�), re-
verse (5�-TTCCCTCCATCAGACCAATG-3�); PBT2, forward (5�-TGTGCTCG
TGCATTCTCTTC-3�), reverse (5�-CCCTTGGTGAACACGAAGTAA-3�);
PTB3, forward (5�-GCGAGAACTCCTACGTCCTG-3�), reverse (5�-AGTCCA
GTCGCTGTTGGAAG-3�); PTB4, forward (5�-CCAACCTGGCAATCTACA
TG-3�), reverse (5�-GCCTTGTTCGAGTCCCAGT-3�); PTB5, forward (5�-CT
CAACCCAGTTGGCAATTTACTTT-3�), reverse (5�-GCCTTGTTCGAGTCC
CAGT-3�); PTB6, forward (5�-TTCTTCCTGAACCGCATCTT-3�), reverse (5�-
GCTCTTCGCTCCCTTGTAGA-3�); AOX1, forward (5�-TGGGCTCCATAGC
TTCGGTTC-3�), reverse (5�-GTGGCAGCGGGCTTGTGG-3�); AOX2,
forward (5�-AGCATGTCAGGGCTTGTGT-3�), reverse (5�-GGCATCCTTGA
CATGACTCAG-3�); PTOX1, forward (5�-GACAGCCTGGACGCAGTG-3�),
reverse (5�-GCAGTTGTTGATGAGCTTGC-3�); PTOX2, forward (5�-GGAC
AAGGCGTTGGAGAAC-3�), reverse (5�-CCGACACAGACAGCTCCAG-3�);
GAP1, forward (5�-CTGGCGTGTTCACTGACATC-3�), reverse (5�-TTGACG
CCCATCACATACAT-3�); GAP2, forward (5�-TTGAGTCTGTGGCGTACCT
G-3�), reverse (5�-CCCTCAATGGACTTGCAGTT-3�); GAP3, forward (5�-CC
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GTGTCCTCCAAGTCTGG-3�), reverse (5�-CAGCAGCGCAGGAAGTTG-
3�); HYD1, forward (5�-GCGACTGGTTCTGTGTGGAC-3�), reverse (5�-CAT
TGGATTGTCCCACTCG-3�); HYD2, forward (5�-GCGAGTGGTTCTGTGT
GAGC-3�), reverse (5�-CTGGTCCCAGTCACTGTCG-3�); GPLV1, forward
(5�-GTGGACAGCGTCAACAACAT-3�), reverse (5�-ACTCCGCCTGGTCCT
TGTAG-3�); GPLV2, forward (5�-ACTTCGGCTGGGAGGATTAC-3�),
reverse (5�-CCACTCCGTCTGGTTCTTGT-3�); DHAR, forward (5�-GCCCAA
GCTATACCATGCTG-3�), reverse (5�-TAGTCCACATGCTGCCACTC-3�).

Immunological detection of PHOX. C. reinhardtii cell cultures were concen-
trated by centrifugation and adjusted to a chlorophyll concentration of 1 mg/ml.
The chlorophyll concentration was estimated according to the absorbance at 652
nm of 5-�l aliquots of cell suspension that were extracted in an 80% acetone–
20% methanol mixture. Whole cell proteins equivalent to 10 �g of chlorophyll
were solubilized in 1� Laemmli sample loading buffer, separated by discontin-
uous sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a 7.5%
polyacrylamide resolving gel, and transferred to polyvinylidene difluoride mem-
branes (Pierce Biotechnology, Rockford, IL). Membranes were blocked for 1 h
in a solution containing 5% dry milk and then incubated for at least 2 h with a
1/500 dilution of anti-PHOX antiserum (18) in 1% milk. A 1/3,000 dilution of
alkaline phosphatase-conjugated goat anti-rabbit antiserum in 1% milk was used
as the secondary antibody, and the alkaline phosphatase colorimetric reaction
was performed as described by Sambrook et al. (44).

RESULTS

Microarray analyses. We used cDNA microarrays (56) to
analyze the effects of P deficiency on transcript abundance in
both a wild-type strain (CC-125) and a mutant (psr1-1) of C.
reinhardtii; this mutant is abnormal in its responses to P depri-
vation (54). The relative levels of nearly 3,000 different tran-
scripts of CC-125 were analyzed over a time course of P star-
vation. RNAs were isolated from cells 0, 4, 12, 24, and 48 h
after they were transferred from nutrient-replete medium to
medium devoid of P. Using cDNA-based arrays, the levels of
transcripts at each of the time points were compared to those
of CC-125 cells grown in nutrient-replete TAP medium (0 h).
Transcript levels were filtered for significant elevation or dim-
inution at one or more of the time points following the initia-
tion of P starvation. The significance of the changes observed
was tested using Student’s t test. Venn diagrams were con-
structed to show the numbers of genes for which the levels of
transcripts changed by �2-fold (Fig. 1A), �2.5-fold (Fig. 1B),
and �3-fold (Fig. 1C), specifically in CC-125, in the psr1-1
mutant, or in both strains. We chose to concentrate on those
transcripts that exhibited a change of 2.5-fold or more follow-
ing exposure of cells to P deprivation conditions. Table 1 shows

the genes encoding the transcripts that changed by �2.5-fold in
either wild-type cells or psr1-1 cells; to be included in the table,
this change had to be observed for at least one point during the
time course of P deprivation, and it had to pass Student’s t test
for significance. The transcripts of 235 genes exhibited changes
of �2.5-fold in wild-type cells during P deprivation, corre-
sponding to somewhat less than 10% of the genes on the array.
Of these, transcripts of 152 genes differentially accumulated in
wild-type cells, but not in the psr1-1 mutant; such genes are
candidates for being directly regulated by PSR1. Furthermore,
there were 29 transcripts in psr1-1 cells, but not in wild-type
cells, that changed in abundance during P deprivation. The
genes encoding these transcripts most likely respond to sec-
ondary stress conditions that result from the inability of psr1-1
cells to acclimate properly to P deficiency. An additional 83
transcripts differentially accumulated in both CC-125 and the
psr1-1 mutant during P deprivation, with the majority (53)
being regulated in the same direction (either up or down) in
the two strains, suggesting that PSR1 is not involved (or has
minimal involvement) in the control of these genes. There was
one transcript that increased by 	2.5-fold in CC-125 and de-
creased in the psr1-1 mutant; conversely, there were 30 tran-
scripts that increased by 2.5-fold in the psr1-1 mutant and
decreased in the wild-type strain. These responses may also be
primary or secondary responses to PSR1 production in the cell.

The genes in Table 1 are categorized according to the pu-
tative functions of their protein products, and within each
category, those genes with similar patterns of transcript accu-
mulation are grouped together. The subset of genes for which
transcripts increase or decrease in wild-type cells, but not in
the psr1-1 strain during P starvation, may be controlled either
directly or indirectly by PSR1. Among the genes in the cate-
gory characterized by increased transcript abundance following
P deprivation of wild-type cells are those encoding putative
high-affinity Pi transporters, similar to Pho89 and Pho84 of S.
cerevisiae; the C. reinhardtii genes encoding these transporters
are designated PTB2, PTB4, and PTA3. The PTB2 transcript
level increased 20-fold or more during P deprivation. These Pi

transporters may contribute to the high-affinity Pi uptake ac-
tivity that has been associated with P-starved cells (24, 46).

FIG. 1. Genes that exhibit altered transcript abundance during P deprivation. Proportional Venn diagrams representing genes in microarray
experiments with altered transcript levels during P starvation are shown. The areas of the circles and of the overlapping regions are directly
proportional to the numbers of genes represented. The total number of genes in both the wild type and the psr1-1 strain that reached or surpassed
the threshold ratio is shown above each overlapping diagram; the numbers below each diagram distinguish the genes altered in wild-type versus
psr1-1 cells. (A) Transcript levels altered by �2-fold; (B) transcript levels altered by �2.5-fold; (C) transcript levels altered by �3-fold.
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A second set of six genes that may be under PSR1 control
encode potential “electron valves,” which are enzymes that
may serve to protect the cell against oxidative damage resulting
from overexcitation of the photosynthetic and respiratory elec-
tron transfer chains. Genes in this category encode AOX1, an
isoform of a mitochondrial alternative oxidase, PTOX1, a ter-
minal oxidase present in the plastid, and HYD2, an iron hy-
drogenase that can serve as an alternative electron acceptor for
PS I. Interestingly, the transcripts for a plastid-targeted iso-
form of the glyceraldehyde-3-phosphate dehydrogenase (GAP;
Calvin cycle enzyme) gene, GAP1, and for a starch phosphor-
ylase gene, GPLV, also increase in a PSR1-dependent manner.
Increasing carbon fixation coupled with the synthesis and stor-
age of starch is another way that the cell can eliminate excess
reductant generated by photosynthetic electron transport and
diminish the probability of producing reactive oxygen species.

There are also 26 transcripts that increase in a PSR1-inde-
pendent manner during P deprivation; the levels of these tran-
scripts change to a similar extent in wild-type cells and the
psr1-1 mutant following the imposition of P deprivation. A
number of genes encoding proteases and chaperones, listed
under the heading “proteolysis/stress-related proteins” in Ta-
ble 1, behave in this fashion. While we cannot formally rule out
the possibility that genes which are regulated similarly in both
the wild-type and psr1 mutant strains may respond to the cen-
trifugation and washing steps that precede the induction of P
deprivation, in many cases elevated levels of the transcripts
from these genes were observed at earlier time points following
P starvation in the psr1-1 mutant than in wild-type cells. Also,
many of the responses were sustained over the 48-h time
course of P deprivation. This suggests that these responses are
neither induced by mechanical stress nor under PSR1 control
but that the management of P resources (e.g., scavenging P
from external and internal stores) in the mutant may be less
effective than that in wild-type cells, which in turn can result in
more rapid manifestation of PSR1-independent P deprivation
responses. The levels of many transcripts encoding proteins
required for photosynthesis also declined to similar extents in
both strains. Overall, while a distinct subset of genes that
respond to P deprivation conditions appears to be controlled
by PSR1, a similar number of genes that are differentially
expressed during P starvation are regulated by mechanisms
that do not involve this transcription factor.

Genes potentially regulated by P availability based on
genomic sequences. To analyze the expression of C. reinhardtii
genes involved in the acquisition of Pi from the environment
(specific responses), we surveyed the draft genome sequence
for genes encoding potential secreted phosphatase enzymes
and Pi transporters. A single gene encoding a potential phos-
phatase and multiple genes encoding potential Pi transporters
were identified. Changes in the levels of the transcripts from
these genes were examined using qPCR following exposure of
cells to P starvation.

(i) PHOX, a calcium-dependent alkaline phosphatase. Us-
ing TBLASTN, we identified a gene on scaffold 86 of the C.
reinhardtii version 3 genome sequence with strong similarity (E
value 
 0.0) to the PHOX alkaline phosphatase gene of Volvox
carteri (18), as shown in the alignment in Fig. 2. PHOX is likely
to be the abundant, inducible, extracellular alkaline phospha-
tase of C. reinhardtii that was characterized by Quisel et al.

(39). This enzyme has a molecular mass of �190 kDa, and its
activity was demonstrated to be Ca2� dependent and to peak
in the basic pH range. The gene model on scaffold 86
(fgenesh1_pg.C_scaffold_86000013) has 57% identity with the
PHOX gene of V. carteri (Fig. 2). A sequence gap on the
genome scaffold coincides with a region close to the C-terminal
end of the predicted C. reinhardtii protein that is missing in the
alignment with V. carteri PHOX. Furthermore, no other sig-
nificant matches to PHOX were identified in the genome.
These results suggest that C. reinhardtii may have a single
PHOX gene homolog and that this single gene is interrupted by
a sequence gap in the draft genome sequence.

(ii) Pi transporter type B family (Pho89 homologs). At least
eight potential homologs of the gene for the Saccharomyces
cerevisiae Pho89 high-affinity Na�/Pi symporter are present in
the C. reinhardtii genome (Fig. 3). Two additional gene models
with significant similarity to the PTB genes were not included
in this analysis, as the sequences used for the gene model
predictions were of poor quality. Interestingly, pairs of these
genes (PTB2 and PTB3, PTB9 and PTB12, and PTB4 and
PTB5) are in close proximity and have the same 5�-to-3� ori-
entation in the genome, suggesting that they may have arisen
from relatively recent gene duplications (Fig. 3A). The amino
acid sequence identity is 96% between PTB2 and PTB3, 97%
between PTB9 and PTB12, and 96% between PTB4 and PTB5.
PTB6 is more closely related to PTB4, PTB5, PTB9, and
PTB12 (69 to 71% identity) than to PTB2 and PTB3 (38%
identity), and PTB1 is the most diverged member of the family,
containing a large insertion of 1,107 amino acids and only
exhibiting 34 to 43% identity to the other PTB polypeptides
(when this insertion is excluded from the alignment) (Fig. 3B).
This large, hydrophilic loop in PTB1 was described previously
by Kobayashi et al. (24), who isolated the gene in a screen for
arsenate-resistant C. reinhardtii mutants. The sequence identi-
ties of the C. reinhardtii PTB proteins to Pho89 from S. cerevi-
siae range from 19 to 23%, but the alignments show regions
that are highly conserved between the yeast and algal proteins,
especially at the N and C termini (data not shown).

(iii) Pi transporter type A family (Pho84 homologs). The C.
reinhardtii genome contains genes for four potential homologs
(PTA1 to PTA4) of the S. cerevisiae Pho84 high-affinity H�/Pi

cotransporter (Fig. 4). Three of the PTA genes are on the same
scaffold (Fig. 4A), again suggesting that the expansion of this
gene family is evolutionarily recent. The PTA3 and PTA4
proteins are the most similar, with 88% identity, but all of the
PTA polypeptides are highly conserved, with a minimum of
73% sequence identity (Fig. 4B). Only 20 to 21% of the amino
acids are conserved between the PTAs and Pho84, but a num-
ber of highly conserved motifs are located throughout the
entire length of the sequences, with the exception of the very
N- and C-terminal regions (data not shown).

Expression of PHOX, PTB, and PTA genes. qPCR analyses
were performed to confirm the changes in transcript levels
observed on the microarray and also to determine whether
potentially P-regulated genes identified from the genomic se-
quence are controlled at the level of mRNA abundance. As
previously noted, microarray analyses revealed increased
PTB2, PTB4, and PTA3 mRNA levels in wild-type cells, but not
in the psr1 mutant, during P starvation (Table 1). For PTB2
and PTB4, peak increases in transcript abundance occurred at
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24 h following the transfer of cells to medium devoid of P, with
a slight decline in the level after 48 h; therefore, we considered
24 h to be an appropriate starvation time to examine transcript
abundance for other members of the Pi transporter gene fam-
ilies. The qPCR results for transcripts encoded by PHOX and
the different PTB and PTA gene family members from both
wild-type cells and the psr1-1 mutant after 24 h of P starvation
are presented relative to those for the same transcripts in
wild-type cells or psr1-1 mutant cells in the logarithmic phase
of growth under Pi-replete conditions (0-h references).

As shown in Table 2, for wild-type cells (CC-125) transcripts
encoding many of the predicted transporters increased after
24 h of P deprivation. Significant increases in PTB2, PTB3,
PTB4, and PTB5 mRNAs were observed for wild-type cells
after 24 h of P deprivation, with little increase or a declining
abundance in the psr1-1 mutant subjected to the same condi-
tions. These results demonstrate that PSR1 is involved in con-
trolling the abundance of these transcripts and that this control
is probably exerted at the level of transcription (since PSR1 is

a MYB domain-containing transcription factor). Interestingly,
PTB2-PTB3 and PTB5-PTB4 are contiguous, with the tran-
script from the proximal gene of each pair (PTB2 and PTB5)
being most strongly elevated after 24 h of P starvation. No
significant increase in the level of PTB1 mRNA was observed
during P stress, which is in agreement with the report of Koba-
yashi et al. (24), and the PTB6 transcript could not be detected
(data not shown).

In contrast, expression patterns of the PTA transcripts varied
considerably during P stress (Table 2). In wild-type cells, PTA1
transcript abundance was reduced 1,000-fold during P depri-
vation but only 2- to 6-fold in the psr1 mutant (depending on
whether the 24-h time point is compared to the wild-type or
psr1-1 0-h control), suggesting that PSR1 may play a role in the
repression of this gene. PTA2 and PTA3 mRNA levels declined
slightly or remained unchanged after P deprivation, whereas
PTA4 expression increased significantly in both the wild-type
and psr1 mutant strains. Interestingly, the level of the PTA4
transcript was 10- to 20-fold higher in P-starved wild-type cells

FIG. 2. Amino acid alignment of V. carteri and C. reinhardtii PHOX polypeptides. The diagram shows a CLUSTALW alignment of V. carteri
PHOX (accession no. CAA10030) and the predicted polypeptide encoded by gene model fgenesh1_pg.C_scaffold_86000013, corresponding to the
potential PHOX homolog deduced from the C. reinhardtii draft genome sequence. Black shading denotes sequence identity, and conservative
amino acid changes are shaded gray. Gaps introduced by the alignment program are represented by dots, while dashes indicate a gap in the C.
reinhardtii PHOX polypeptide sequence that is due to a missing nucleotide sequence on the genomic scaffold.
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FIG. 3. Pi transporter type B paralogs. (A) Schematic representation of the arrangement of PTB genes in the C. reinhardtii genome. The
direction of transcription is indicated by the direction of the arrows. Coding sequences are represented by light gray boxes or arrows, the connecting
lines correspond to introns, and dark gray boxes or arrows correspond to the 5� and 3� untranslated regions of each gene. The gene models for
PTB1 and PTB2 are based on BLASTN alignments with the cDNA sequences (accession no. AB074880 and AB074881, respectively); the other
gene models were assembled using a combination of GreenGenie gene structure prediction, TBLASTN alignments with PTB1 and PTB2, and
alignments of EST sequences. (B) CLUSTALW alignment of eight PTB proteins. A 1,107-amino-acid sequence between residues 252 and 1,358
which is not similar to any of the other PTB sequences was removed from the PTB1 sequence prior to construction of the alignment (represented
by dashes). Black shading denotes 100% sequence identity or conservative replacement in all sequences, dark gray shading with white letters
denotes sequence conservation in at least six of eight sequences, and light gray shading with black letters denotes sequence conservation in at least
four of eight sequences.
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than in P-starved psr1 cells. It is possible that PSR1 is partially
responsible for the induction of this gene, or alternatively, the
psr1 mutant may be unable to fully activate the expression of
PTA4 due to secondary stress responses that occur in the
mutant following the imposition of P deprivation. In sum, the
results suggest that the PTA transporters (except, perhaps, for
PTA4) are likely to not contribute significantly to the high-
affinity Pi transport activity observed soon after the imposition
of P deprivation. These transporters could be involved in trans-
port under nutrient-replete conditions or may modulate Pi

transport between specific cellular compartments. Alterna-
tively, it is possible that some of the PTA proteins transport
solutes other than Pi.

The qPCR analysis demonstrated that PHOX transcript lev-
els markedly increase by 24 h of P depletion (Table 2). This
increase is under the control of PSR1, and the extent of the
increase may reflect the very low basal level of the transcript
present in P-replete cells. To confirm that the C. reinhardtii
PHOX gene encodes the major inducible alkaline phosphatase
activity, immunoblot analysis was performed on whole-cell ex-
tracts from Pi-replete versus P-starved wild-type and psr1-1
mutant strains with antiserum raised to a V. carteri PHOX
peptide (Fig. 5) (18). The immunoblot revealed a polypeptide
of �190 kDa that cross-reacts with anti-PHOX antibodies; this
polypeptide was observed in extracts of wild-type cells starved
for P (but not in extracts of cells grown on complete medium),
and the band was not detected for the psr1-1 strain under any

FIG. 4. Pi transporter type A paralogs. (A) Schematic representing the arrangement of PTA genes in the C. reinhardtii genome. The PTA1,
PTA2, and PTA3 gene models are based on alignments with the cDNA sequences (accession no. AB074874, AB074875, and AB074876,
respectively); the PTA4 model was constructed based on similarity to the other PTA genes and to matching EST sequences. (B) CLUSTALW
alignment of four PTA proteins, as described in the legend to Fig. 3.

TABLE 2. Putative Pi scavenging-related transcript abundance
after 24 h of Pi deprivation

Gene

Fold change in transcript abundance

CC-125a
psr1-1 mutant
(compared to

CC-125 at 0 h)b

psr1-1 mutant
(compared to
psr1-1 mutant

at 0 h)c

Expt 1 Expt 2 Expt 1 Expt 2 Expt 1 Expt 2

PHOX 4420 5793 0.39 1.41 2.30 5.08
PTB1 1.00 1.60 0.59 1.72 1.62 1.80
PTB2 46.9 52.3 1.11 1.49 0.68 0.80
PTB3 6.96 11.6 NDd NDd NDd NDd

PTB4 14.7 15.5 0.28 0.37 0.73 1.04
PTB5 292 832 1.19 2.83 3.96 4.14
PTA1 0.0007 0.0012 0.16 0.19 0.55 0.80
PTA2 1.23 1.68 0.32 0.68 0.54 0.83
PTA3 0.48 0.53 0.36 0.48 0.62 0.97
PTA4 27.0 46.9 2.07 4.76 3.72 9.51
PSR1 3.48 42.2 0.07 0.60 NAe NAe

a Expression of transcripts from CC-125 grown for 24 h with Pi deprivation
relative to CC-125 control RNA at 0 h, as determined by quantitative real-time
PCR. Relative expression levels were calculated by the 2���CT method.

b Relative expression of transcripts from psr1-1 mutant grown for 24 h without
Pi compared to CC-125 control RNA at 0 h.

c Relative expression of transcripts from psr1-1 mutant grown for 24 h without
Pi compared to psr1-1 mutant RNA at 0 h.

d The PTB3 PCR product was not detected (ND) in the psr1-1 mutant. A
misprimed PCR product was sequenced and determined to be derived from
PTB2 (data not shown).

e NA, not applicable, since the PSR1 transcript was not detected in the psr1-1
RNA sample at 0 h.
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conditions tested. The cross-reacting band was not detected on
a control blot without the anti-PHOX antibody (data not
shown), excluding the possibility that residual alkaline phos-
phatase activity remained in the C. reinhardtii protein extract
after the proteins were transferred to the membrane (since an
alkaline phosphatase color reaction was used to detect the
secondary antibody). Together, these data strongly suggest that
C. reinhardtii PHOX encodes the major inducible alkaline
phosphatase activity of C. reinhardtii.

Expression of genes encoding potential “electron valves.”
The psr1 mutants were originally isolated based on their in-
ability to either perform high-affinity Pi uptake or synthesize
extracellular phosphatase activity following exposure of C.
reinhardtii to P starvation conditions (46, 54). The psr1-1 and
psr1-2 (two different alleles) mutants were able to down-regu-
late photosynthetic electron transport and did not show appar-
ent signs of photodamage or reduced viability relative to wild-
type cells, even after 10 days of growth without P. This is in
contrast to the phenotype of the sac1 strain, which is unable to
acclimate to sulfur deprivation; this mutant is very sensitive to
light conditions, and in the absence of sulfate, it dies under
moderate light intensities (50 to 100 �mol photons m�2 s�1)
(10). As a consequence, PSR1 was originally considered to
regulate specific and not general P deprivation responses.
However, as noted above, microarray analyses revealed that a
number of transcripts encoding proteins associated with con-
ditions of hyperstimulation of photosynthetic electron trans-
port increased and that these increases appeared to be under
PSR1 control. qPCR was used to establish a more quantitative
assessment of the levels of these transcripts during P depriva-
tion (Table 3). The AOX1 transcript increased three- to five-
fold in wild-type cells starved for P for 24 h relative to un-
starved cells. P deprivation had little effect on the level of this
transcript in the psr1-1 strain, corroborating the results of the
microarray experiments (Table 1). In contrast, the AOX2 tran-
script was not detected under any cell growth conditions used
(data not shown). The transcripts from both genes encoding
the plastid terminal oxidases (PTOX1 and PTOX2) (25, 38)
were detected by qPCR, but in contrast to the microarray
results, where a 13-fold upregulation of PTOX1 mRNA was
observed in wild-type cells after 48 h of P starvation (Table 1),
PTOX1 transcripts appeared to increase only 2.5- to 3-fold,
while the level of the PTOX2 transcript was not consistently
higher in wild-type cells starved for P than in unstarved cells. A

small change in PTOX2 transcript levels was also observed in
the psr1-1 mutant. The discrepancies between the microarray
and qPCR results may be a consequence of the fact that the
qPCR is much more sensitive than microarray analyses. For
example, the fluorescence signal of PTOX1 in the microarray
experiments was comparable to the background at most time
points. Consequently, even small changes in the abundance of
the transcript registered as large changes in the observed ra-
tios. HYD1 and HYD2 represent another pair of paralogous
genes that appeared to be differentially expressed during P
deprivation. Consistent with the microarray results, qPCR
measurements showed that the HYD1 mRNA did not change
over the course of P deprivation in wild-type cells. In contrast,
HYD2 mRNA abundance increased 8- to 13-fold in P-starved
wild-type cells. These observations support the inference
drawn from the microarray results that PSR1 may directly or
indirectly influence the expression of the HYD2 gene. The
abundance of both HYD1 and HYD2 declined severely (�5- to
10-fold) in the psr1-1 strain, possibly reflecting some contribu-
tion of PSR1 to the maintenance of basal levels of HYD ex-
pression. PSR1-dependent regulation was also observed for
two genes encoding the starch phosphorylase homologs
GPLV1 and GPLV2. Based on both microarray and qPCR
data, the GPLV1 transcript was elevated four- to ninefold in
wild-type cells after 24 h of P deprivation but remained ap-
proximately constant in the psr1-1 mutant during P depriva-
tion. Similarly, the GPLV2 transcript increased threefold in
wild-type cells and remained constant in the psr1-1 strain dur-
ing P deprivation. Therefore, in most of the cases that we have
examined, where transcript abundance for one member of a
gene family is potentially regulated by PSR1, the regulation of
the other is independent of PSR1.

Three genes encoding glyceraldehyde-3-phosphate dehydro-

FIG. 5. Immunodetection of PHOX. The immunoblot was created
by using anti-PHOX antiserum (18) and whole-cell extracts from ei-
ther P-replete (�) or P-deprived (24 h) (�) wild-type and psr1 mutant
cells.

TABLE 3. “Electron valve”-encoding transcript abundance
after 24 h of Pi deprivation

Gene

Fold change in transcript abundance

CC-125a
psr1-1 mutant
(compared to

CC-125 at 0 h)b

psr1-1 mutant
(compared to
psr1-1 mutant

at 0 h)c

Expt 1 Expt 2 Expt 1 Expt 2 Expt 1 Expt 2

AOX1 3.00 5.28 0.75 1.46 1.14 1.41
PTOX1 2.55 3.22d 0.19 2.23 0.14 1.48
PTOX2 1.22 3.35 0.08 0.69 2.21 3.31
GAP1 36.6 72.0 0.21 0.21 0.17 0.71
GAP2 4.14 5.90 0.27 0.41 0.36 0.64
GAP3 1.38 1.80 0.31 0.53 0.39 0.99
HYD1 1.19 1.57 0.11 0.16 0.08 0.15
HYD2 8.31 13.5 0.09 0.14 0.10 0.18
GPLV1 4.07 8.88 1.38 1.80 1.60 2.46
GPLV2 3.25 3.32 0.59 1.17 0.87 1.08
DHAR 4.77 6.50 1.57 3.03 3.11 3.73

a Expression of transcripts from CC-125 grown for 24 h without P1 relative to
CC-125 control RNA at 0 h, as determined by quantitative real-time PCR.
Relative expression levels were calculated by the 2���CT method.

b Relative expression of transcripts from the psr1-1 mutant grown for 24 h
without P1 compared to CC-125 control RNA at 0 h.

c Relative expression of transcripts from the psr1-1 mutant grown for 24 h
without P1 compared to psr1-1 mutant RNA at 0 h.

d PTOX1 transcripts were from CC-125 and the psr1-1 mutant grown for 48 h
without P1 relative to CC-125 or psr1-1 mutant RNA at 0 h.
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genases (GAPs) have been identified in the C. reinhardtii ge-
nome. The GAP1 and GAP3 polypeptides have N-terminal
extensions. GAP3 has been characterized biochemically and
encodes a subunit of the chloroplastic NADP-dependent GAP
that functions in the Calvin-Benson cycle (27). Although
GAP1 is predicted to be targeted to the mitochondrion, the
prediction has a low confidence score (TargetP score, 0.635),
and generally for C. reinhardtii, prediction programs are not
reliable in discriminating between mitochondrial and chloro-
plast targeting (12). GAP2 has no presequence and is likely to
encode the cytosolic form of the enzyme that functions in
glycolysis. GAP1 is the only member of this gene family that is
represented on the microarray, and the level of its transcript
appeared to increase five- to sixfold during P starvation in
wild-type cells, but not in the psr1-1 mutant (Table 1). Based
on qPCR, the GAP1 mRNA increased 37- to 72-fold in wild-
type cells after 24 h of P deprivation. The qPCR data suggest
that the GAP2 mRNA increases approximately four- to sixfold
in wild-type cells, but not in psr1-1 mutant cells. In contrast, the
GAP3 RNA abundance is relatively constant in both wild-type
cells and the psr1-1 mutant (Table 3). These results suggest

that GAP1 and GAP2, but not GAP3, are under the control of
PSR1 and also raise the possibility that PSR1 influences the
expression of glycolytic enzymes. Interestingly, although some
plants express a nonphosphorylating GAPN enzyme to “by-
pass” the NAD�- and Pi-dependent enzyme in glycolysis (11,
17) and although a GAPN gene homolog is present in the C.
reinhardtii genome, the mRNA from this gene declined 5- to
10-fold during P deprivation, independent of PSR1 (data not
shown). These results suggest that C. reinhardtii uses mecha-
nisms to regulate carbon flux through the glycolytic pathway
that are different from those described for vascular plants.

Sensitivity of psr1-1 mutant to high light intensity. The
discovery that the mRNAs of a variety of genes with a putative
electron valve function increased during P deprivation in a
PSR1-dependent manner raised questions concerning the role
that PSR1 might play in controlling general responses to P
deficiency. Therefore, we compared the sensitivities of the
psr1-1 mutant, wild-type cells, and a PSR1-complemented
strain to elevated light intensities during P deprivation (Fig. 6).
In moderate light (40 �mol photons m�2 s�1) on TA medium
supplemented with a limiting amount of a hydrolyzable Pi

FIG. 6. Light sensitivity of psr1 during P deprivation. (A) Comparison of growth of wild-type cells, psr1 mutant cells, and a psr1-complemented
strain on solid TAP medium (left panels) or TA medium supplemented with 10 �M glucose-1-phosphate (right panels). Plates were grown for 6
days under the indicated light intensities. (B) Graph showing viability of wild-type (solid line, circles) and psr1-1 (dashed line, triangles) cells during
growth in TA (P-free) medium at a constant light intensity of �700 �mol photons m�2 s�1.
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source (10 �M glucose-1-phosphate), the psr1-1 mutant sur-
vived but grew more slowly than wild-type cells or the comple-
mented strain and also arrested at a lower cell density. In
contrast, when the three strains were exposed to high light
intensities (700 to 800 �mol photons m�2 s�1) for 3 days
during P deprivation, the psr1-1 mutant became bleached and
died, while little loss of viability occurred for wild-type cells
and the complemented mutant (Fig. 6A). Viability staining of
cultures grown in liquid TA medium under high light intensi-
ties confirmed that 80 to 90% of psr1-1 cells died by day 6 of P
depletion, whereas 80% of the wild-type cells and the comple-
mented cells survived these conditions (Fig. 6B).

DISCUSSION

We have used genomic information to help elucidate the
effects of Pi starvation on gene expression in C. reinhardtii.
Microarray studies were used to identify genes that are either
positively or negatively regulated as cells become starved for P
and to define those genes that appear to be controlled by the
transcription factor PSR1 (46, 54). Similar microarray analyses
of P deficiency responses have been performed with Arabidop-
sis thaliana (19, 52). A few qualitative similarities are observed
between the responses in C. reinhardtii and those in plants,
including induction of genes encoding P-scavenging enzymes
and down-regulation of photosynthetic genes and genes in-
volved in cytoplasmic and chloroplast translation, along with
modulation of some genes involved in carbon metabolism (52).
Overall, the overlap between P deficiency-responsive target
genes in C. reinhardtii and those in plants appears to be limited,
perhaps reflecting differences in P storage and distribution
between the multicellular plants and the unicellular algae. It
should also be considered that all of the array experiments in
question were performed with subgenome arrays and that
some common target genes may not have been represented on
the plant or C. reinhardtii arrays.

In initial studies of psr1 mutants, no increased sensitivity to
moderate light intensities was observed, and accordingly, PSR1
was not considered to play a role in protecting cells against
photodamage. However, the microarray data demonstrated
that a class of genes encoding potential “electron valves” ap-
peared to be activated during P starvation in a PSR1-depen-
dent manner. These genes encode enzymes that assist in the
dissipation of potentially harmful species that may accumulate

as a consequence of photosynthetic and respiratory electron
transfer reactions under conditions that might restrict the use
of products generated by these reactions. Microarray analyses
identified transcripts from 210 genes that exhibited differential
accumulation during P deprivation of threefold or greater in
the wild-type and psr1-1 strains (Fig. 1). This represents ap-
proximately two-thirds the number of transcripts that exhibited
a threefold change during sulfur starvation (56), although
some transcripts are common between the two sets of data.
The commonality may reflect responses to general intracellular
stress conditions that may be generated by both types of nu-
trient deprivation.

Pi-scavenging genes. A total of 10 potential Pi transporters
were identified in the C. reinhardtii genome (Fig. 3 and 4); at
least six are differentially expressed during P deprivation. The
transcripts for four of the PTB and one of the PTA genes
increased in abundance in P-starved cells. Increased levels of
these transcripts appeared to require PSR1. It is not clear
which of these transporters (or groups of transporters) con-
tributes most significantly to the high-affinity Pi uptake ob-
served in P-deprived cells. In S. cerevisiae, which grows best in
low-pH environments, the major secreted phosphatase, PHO5,
has an acidic pH optimum, and the dominant high-affinity
transporter is the Pho84 H�/Pi symporter (PTA type) (3, 6).
The S. cerevisiae Pho89 Na�/Pi cotransporter (PTB type) may
play a less significant role in Pi uptake, as it operates best in
alkaline conditions (29). However, the situation may be very
different for C. reinhardtii, which thrives in neutral or basic
environments and secretes a predominant alkaline phospha-
tase during P deprivation (39). This may, in part, explain the
bias towards activation of the PTB genes in C. reinhardtii; like
Pho89, the PTB enzymes would be expected to display superior
Pi uptake at an alkaline pH. Currently, there is no definitive
evidence regarding the cellular location of the PTB and PTA
proteins, but TargetP v1.01 predicts with high confidence that
all of the PTB proteins are routed along the secretory pathway
(Table 4), making these strong candidates for components of a
plasma membrane (or vacuolar membrane)-associated Pi star-
vation-inducible Pi uptake system. Based on both microarray
and qPCR analyses, PTB2 and PTB5 transcripts increase in
abundance 	20- and several hundredfold, respectively, follow-
ing exposure of cells to P deprivation conditions (Tables 1 and

TABLE 4. TargetP prediction of subcellular targeting of potential Pi transporters

Protein

TargetP scorea

Predictionb

Chloroplast Mitochondrion Secretory
pathway Other

PTA1 0.112 0.069 0.022 0.933 Any other location (RC 1)
PTA2 0.000 0.549 0.711 0.179 Secreted (RC 5)
PTA3 0.061 0.086 0.041 0.935 Any other location (RC 1)
PTA4 0.069 0.047 0.070 0.910 Any other location (RC 1)
PTB1 0.008 0.019 0.953 0.060 Secreted (RC 1)
PTB2 0.004 0.008 0.913 0.395 Secreted (RC 3)
PTB3 0.012 0.035 0.808 0.361 Secreted (RC 3)
PTB4 0.009 0.009 0.970 0.317 Secreted (RC 2)
PTB5 0.002 0.013 0.982 0.280 Secreted (RC 2)
PTB6 0.001 0.016 0.980 0.346 Secreted (RC 2)

a TargetP scores were determined as described previously (12).
b TargetP prediction, with reliability class (RC) indicated, from 1 to 5, where 1 indicates the strongest prediction.
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2). No change in Pi uptake characteristics was observed with a
ptb1 mutant of C. reinhardtii (15), implying that the gene prod-
uct is not essential for the elevated Pi uptake observed when
cells begin to experience P limitations. Congruent with this
result, the PTB1 transcript level does not respond significantly
to P deprivation conditions. Kobayashi et al. (24) have sug-
gested that PTB1 may be involved in intracellular Pi transport.
The paired genomic clusters of the PTB2/PTB3 and PTB4/
PTB5 genes, the high sequence identity between the members
of the pairs, and the presence of numerous, scattered PTB
gene fragments in close proximity suggest that this gene family
has undergone a recent expansion. The different patterns of
transcript abundance in response to P limitation defined for
the individual members of this gene family suggest that the
encoded proteins may play divergent roles in Pi uptake and
distribution within the cell.

The family of transporters designated PTA (Pho84 ho-
mologs) for C. reinhardtii has been designated Pht for A. thali-
ana. These proteins in A. thaliana have been implicated in both
high- and low-affinity Pi transport, and the genes encoding
these proteins are specifically expressed in plant roots (47). For
C. reinhardtii, only PTA2 is predicted to be routed through the
secretory pathway, and this prediction has a low confidence
score (Table 4). Furthermore, changes in transcript levels dur-
ing P deprivation were varied for the different PTA genes.
There was a strong PSR1-dependent decline in PTA1 mRNA
and no significant change in the level of the PTA2 transcript.
Microarray experiments suggested a PSR1-dependent increase
in PTA3 mRNA levels, but this observation was not confirmed
by qPCR measurements (Tables 1 and 2). In cases where the
qPCR and microarray data do not corroborate each other, we
generally find that the fluorescence signal of the corresponding
gene on the microarray is low (comparable to the background),
and this can result in faulty ratios. The PTA4 transcript in-
creased significantly in both wild-type and psr1-1 mutant cells
exposed to P deprivation, although the increase was consis-
tently higher for wild-type cells. We have previously demon-
strated that the activation of high-affinity Pi uptake in P-defi-
cient cells requires PSR1 (46). Therefore, in general, the
patterns of PTA transcript accumulation in wild-type and mu-
tant cells (except, perhaps, for PTA4) and the predicted sub-
cellular locations of the PTA polypeptides are not consistent
with a role for these transporters in P starvation-inducible Pi

uptake. It is more likely that the PTA gene products contribute
to either low-affinity Pi uptake or intracellular trafficking of Pi.
For example, PTA1 might encode a component of a low-affinity
Pi uptake system that is expressed under nutrient-replete con-
ditions and repressed when the cells are starved for P. A more
detailed biochemical approach needs to be initiated in order to
develop a precise understanding of the functions of the differ-
ent PTA and PTB transport proteins.

The C. reinhardtii PHOX gene encodes a homolog of the
PHOX protein of V. carteri, and the level of mRNA encoding
this protein increases dramatically during P deprivation (Table
2). Immunological analyses using V. carteri PHOX antibodies
suggest that this protein represents the previously character-
ized secreted, Ca2�-dependent alkaline phosphatase of C.
reinhardtii (39).

C. reinhardtii also maintains internal stores of polyphosphate
in cytosolic organelles, akin to the polyphosphate bodies of

fungi and the acidocalciosomes found in trypanosomatids and
apicomplexan parasites (43). Although nothing is known about
the synthesis and regulation of polyphosphate in C. reinhardtii,
it is interesting that the mRNA encoding VCX1, a potential
vacuolar H�/Ca2� antiporter (Table 1), also increased during
P deprivation. In yeast, this protein is responsible for control-
ling cytosolic Ca2� levels in the presence of high extracellular
concentrations of Ca2� (30). This finding raises the possibility
that the VCX1 protein serves to maintain vacuolar sequestra-
tion of the Ca2� that is released from polyphosphate bodies in
the vacuole as Pi is enzymatically generated during P depriva-
tion-triggered polyphosphate degradation.

Stress-related gene expression. A number of transcripts en-
coding stress-related proteins increased during P starvation in
both the wild-type strain and the psr1-1 mutant; the levels of
these transcripts do not appear to be under PSR1 control.
These transcripts include those encoding two putative 22-kDa
chloroplast-localized heat shock proteins, a glutathione
S-transferase, an E3 ubiquitin ligase, and two protease ho-
mologs (Table 1, proteolysis/stress-related proteins). Chaper-
ones and proteases may be required to sequester and eliminate
misfolded or damaged proteins (9, 13). While most of these
transcripts only significantly increased at the final time point
following elimination of P from the growth medium (48 h) in
the wild-type strain, they became elevated by 12 h of P depri-
vation in the psr1-1 mutant. These results suggest that while
both strains show a generalized stress response, the mutant
senses more extreme stress conditions at earlier times after the
elimination of P from the medium; this more rapid response
may reflect the inability of the mutant to scavenge Pi from both
intracellular and extracellular resources.

A number of physiological responses have been shown to be
elicited by P starvation. With respect to photosynthetic activity,
there is a depletion of PS II reaction centers, accumulation of
QB nonreducing centers, increased nonphotochemical quench-
ing, and transition of the energy transfer characteristics of the
antenna chlorophyll from state I to state II. These character-
istics are indicators of excess excitation of the photosynthetic
apparatus and suggest that the photosynthetic electron trans-
port chain is hyperreduced, even under conditions of moderate
light intensity (53). Gene expression analysis supports this idea,
since, in addition to the P starvation-responsive chaperones
and proteases, we observed increases in some transcripts that
were also elevated at high light intensities (21). For example,
there was an increase in transcripts encoding the granule-
bound starch synthase I (STA2), which may help to relieve
excess excitation by stimulating starch synthesis, and LHCSR2,
a protein related to light-harvesting complex (LHC) antenna
proteins that may have a photoprotective function (Table 1)
(21, 41). The transcripts for these proteins are also elevated
during sulfur deprivation (56). Although the kinetics of in-
crease in STA2 mRNA were similar for wild-type cells and the
psr1-1 mutant, the increase in transcript abundance was ob-
served earlier in psr1-1 mutant cells than in wild-type cells (12
h versus 24 h). Furthermore, the increased transcript levels
were sustained in the mutant cells, even up to 48 h; at 48 h, the
mRNA level in wild-type cells dropped to below the 2.5-fold
threshold (Table 1). These results again suggest that the signal
transduction pathway that regulates some of the deprivation-
induced genes becomes active more rapidly and that the re-

VOL. 5, 2006 PHOSPHORUS STARVATION IN CHLAMYDOMONAS REINHARDTII 41



sponse is sustained longer following the initiation of P starva-
tion of psr1-1 than that of wild-type cells.

Electron valves and radical-scavenging enzymes. In addition
to potential stress-related transcripts that increase in both
wild-type cells and psr1-1 mutant cells, another set of tran-
scripts encoding proteins implicated in photoprotection is el-
evated exclusively in wild-type cells during P deprivation.
These photoprotective proteins may act as “electron valves”
that serve to drain electrons from the photosynthetic and mi-
tochondrial electron transfer chains, decreasing the potential
dangers associated with hyperreduction of electron carriers
and the generation of triplet chlorophyll molecules. An en-
hanced capacity for alternative respiration in iron-starved C.
reinhardtii has been reported previously (51), and mutants of
tobacco plants with a defective alternative oxidase were unable
to sustain normal respiratory rates upon P deprivation (37).
We observed increased transcript levels from the alternative
oxidase gene AOX1 in wild-type cells starved for P for 24 h. In
contrast, the psr1-1 mutant exhibited a transient increase in
AOX1 mRNA after 4 h of P deprivation, but this increase was
not maintained. Increased alternative oxidase activity during P
starvation may perform a number of functions, including pre-
venting the accumulation of reactive oxygen species in the
mitochondria, allowing continued flux of metabolites through
the tricarboxylic acid cycle for generating organic carbon
“backbones,” and controlling carotenoid biosynthesis and the
rate of ATP formation under conditions in which the availabil-
ity of Pi may be limiting (7, 23, 25). Increased levels of the
AOX1 transcript were previously reported during S starvation
(56), and upon transfer of cells from growth on ammonium to
growth on nitrate (1). Surprisingly, AOX1 is the only transcript
encoding a known mitochondrial protein that was significantly
upregulated in these experiments, suggesting that the control
of mitochondrial processes during P deprivation may be regu-
lated largely by posttranscriptional mechanisms.

Increased levels of transcripts encoding PTOX1, a putative
plastid terminal oxidase, were also observed in wild-type P-
starved cells, but not in the psr1-1 mutant. The PTOX1 protein
may represent the terminal oxidase activity responsible for
chlororespiration (8, 38). This terminal oxidase may relieve
redox pressure associated with photosynthetic electron transfer
by withdrawing electrons from plastoquinol and combining
them with O2. PTOX1 is a homolog of a plastid terminal
oxidase in plants, encoded by the IMMUTANS gene, which is
also implicated in carotenoid synthesis (23), raising the possi-
bility that PTOX1 induction during P starvation in C. rein-
hardtii might play a role in the production of photoprotective
carotenoids.

A third potential electron valve that may increase during P
deprivation in cells with active PSR1 is the Fe hydrogenase,
encoded by HYD2 (HYDB). The C. reinhardtii hydrogenases
catalyze the transfer of electrons from PS I to water to produce
H2 gas under anaerobic/microaerobic conditions, and they are
believed to help reoxidize the plastoquinol pool when the cy-
toplasm of the cell is highly reducing, especially during anaer-
obic or hypoxic growth (14, 16, 20). The hydrogenase activity
might increase plastoquinol oxidation during P starvation, re-
lieving the block on linear electron transfer and helping to
prevent the production of reactive oxygen species. The activa-
tion of HYD2 gene expression might be a by-product of the

production of a microaerobic environment within cells as ox-
ygen evolution declines during P deprivation and respiration
consumes oxygen faster than it is being produced. However,
were this the case, it would be expected that HYD1 expression
would be induced as well, but this was not observed in either
microarray or qPCR experiments. HYD2 mRNA abundance is
much greater in wild-type cells than in the psr1-1 mutant (com-
pare transcript levels in Tables 1 and 3), suggesting that PSR1
plays a role in maintaining expression of this gene (or the
conditions required for its expression).

As discussed above, C. reinhardtii shows increased STA2
mRNA expression during P deprivation; the STA2 protein is
involved in the synthesis of starch. Elevating starch synthesis
can help control the accumulation of excess reductant in the
cell and limit the production of reactive oxygen species. How-
ever, P starvation of wild-type cells also leads to elevated
mRNA for both GPLV, encoding a starch phosphorylase, and
an alpha amylase gene. Both of these gene products are in-
volved in the conversion of starch to sugar. Therefore, the
starved cells may also have an increased capacity to actively
degrade storage starch, which could be important for main-
taining the flux through the starch synthesis pathway. Finally,
the transcript for dehydroascorbate reductase also increases in
P-starved wild-type cells but not in the psr1-1 mutant. This
enzyme is involved in recycling of ascorbate, an antioxidant
that plays an important role in scavenging reactive oxygen
species in the chloroplast. Together, the results presented
above demonstrate that increases in mRNAs for proteins that
have an electron valve function and that help the cells manage
an elevated redox state appear to be normal aspects of the P
starvation responses of C. reinhardtii. Although a causative
relationship between the activation of these pathways and re-
sistance to high light intensities remains to be established, it is
intriguing that conditions of high light intensity are lethal to
the psr1 mutant and that the transcripts from many of these
genes do not significantly increase in the psr1-1 mutant.

Photosynthesis. A number of genes represented on the array
encoding proteins with photosynthetic functions appear to be
differentially expressed during P starvation. While down-regu-
lation of PS II function and abundance has been demonstrated
previously (53), we did not observe changes in mRNA levels
for nuclear genes encoding structural subunits of PS II during
P starvation. Instead, transcripts from several LHCA genes,
encoding components of the LHC of PS I (LHC I), and PSAE
and PSAK genes, encoding subunits of PS I, declined in both
P-starved wild-type cells and psr1-1 mutant cells. A reduced
level of the CHL27 (CRD1) transcript was also observed.
CHL27 encodes a component of the chlorophyll biosynthetic
enzyme Mg-protoporphyrin IX monomethylester cyclase (49)
and has been reported to play a role in controlling the inter-
action between the PS I reaction center and LHC I. Therefore,
reduced levels of CHL27 protein would be expected to result in
a weaker energetic connection between the LHC I antennae
and core PS I (32). The transcripts for proteins that are minor
subunits of the cytochrome b6/f complex, i.e., PETO and
PETN, also appear to decline in wild-type cells, with the PETM
and PETC transcripts showing similar trends (although the
level of the PETM and PETC mRNAs only declined by 50%
over the time course [see Table S1 in the supplemental mate-
rial]). Indeed, transcripts encoding all PSB, PSA, and PET
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proteins represented by elements on the array declined in both
wild-type cells and the psr1-1 strain.

Aberrant gene expression in the psr1-1 mutant. Twenty-nine
transcripts exhibited increased accumulation in psr1-1 but not
wild-type cells during P starvation (Fig. 1). The increased levels
of these transcripts may be a consequence of the more extreme
stress conditions experienced by the psr1-1 mutant than by
wild-type cells since the mutant would not be able to properly
acclimate as P levels in the medium declined. The aberrant
metabolic status of the mutant strain may also trigger specific
signaling pathways in addition to more general stress response
pathways. Increased levels of transcripts encoding phytoene
synthase, a key regulatory enzyme in carotenoid biosynthesis,
and homogentisic acid geranylgeranyl transferase, an enzyme
required for tocopherol biosynthesis, may reflect the cell’s re-
sponse to elevated reducing conditions and a greater tendency
to form reactive oxygen molecules, both of which are associ-
ated with nutrient deprivation conditions (34). Interestingly,
the psr1-1 mutant also exhibited increased mRNAs for a subset
of genes associated with sulfur acquisition and assimilation
(Table 1, sulfur metabolism). This finding may reflect a change
in the energy status of the cell and the inability of the mutant
to efficiently take up and activate SO4

2�. However, since we
observed an increase in transcript levels for only a subset of the
genes associated with sulfur-deficient conditions, it is possible
that there is a more specific link between the P and S depri-
vation pathways. Understanding these links may help us to
decipher the networks of interactions among stress responses
and the hierarchy of responses observed.
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