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Responses of photosynthetic organisms to sulfur starvation include (i) increasing the capacity of the cell for
transporting and/or assimilating exogenous sulfate, (ii) restructuring cellular features to conserve sulfur
resources, and (iii) modulating metabolic processes and rates of cell growth and division. We used microarray
analyses to obtain a genome-level view of changes in mRNA abundances in the green alga Chlamydomonas
reinhardtii during sulfur starvation. The work confirms and extends upon previous findings showing that sulfur
deprivation elicits changes in levels of transcripts for proteins that help scavenge sulfate and economize on the
use of sulfur resources. Changes in levels of transcripts encoding members of the light-harvesting polypeptide
family, such as LhcSR2, suggest restructuring of the photosynthetic apparatus during sulfur deprivation.
There are also significant changes in levels of transcripts encoding enzymes involved in metabolic processes
(e.g., carbon metabolism), intracellular proteolysis, and the amelioration of oxidative damage; a marked and
sustained increase in mRNAs for a putative vanadium chloroperoxidase and a peroxiredoxin may help prolong
survival of C. reinhardtii during sulfur deprivation. Furthermore, many of the sulfur stress-regulated tran-
scripts (encoding polypeptides associated with sulfate uptake and assimilation, oxidative stress, and photo-
synthetic function) are not properly regulated in the sacI mutant of C. reinhardtii, a strain that dies much more
rapidly than parental cells during sulfur deprivation. Interestingly, sulfur stress elicits dramatic changes in
levels of transcripts encoding putative chloroplast-localized chaperones in the sacI mutant but not in the
parental strain. These results suggest various strategies used by photosynthetic organisms during acclimation

to nutrient-limited growth.

Sulfur (S) is an essential element present in proteins, lipids,
and various metabolites. It is critical for the association of
metal ions to proteins (electron carriers and redox controllers)
and is a component of metabolites that function in photopro-
tection (14, 29) and signal transduction (such as in symbiosis)
(45). Because most organisms have limited S storage, their
growth and development is dependent upon a continuous sup-
ply of this nutrient from the environment. The majority of
accessible S in soil solutions is in the form of the SO,*~ anion.
However, in some cases the majority of soil SO,>~ may not be
readily available to the biota, since the SO, anion is often
complexed with cations as insoluble salts that are tightly ad-
sorbed onto the surface of soil particles or exists as a soluble
anion that rapidly leaches through the soil matrix. Further-
more, a large proportion of soil SO, may be covalently
bonded to organic molecules in the form of sulfate esters and
sulfonates.

The acquisition of SO,>~ by plants and microorganisms is
facilitated by specific transport systems. Following uptake, the
anion is either used for the direct sulfation of compounds or is
reduced and converted to cysteine and methionine, which is
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incorporated into both proteins and specific cellular metabo-
lites (1, 25, 41, 49). Cysteine is also an important building block
for the synthesis of both glutathione and phytochelatins. The
former serves as a source of reductant for many physiological
processes and as an antioxidant that enables cells to withstand
oxidative stress (34, 35), while the latter helps combat heavy
metal toxicity (16, 63).

S can be limiting in the environment and strongly influence
ecosystem composition. It may also limit plant productivity in
certain agricultural settings (27, 28, 57), which can result in
reduced quality and yields of seeds, and upon severe S limita-
tion, the growth of the plant may be stunted. We have used the
unicellular alga Chlamydomonas reinhardtii to identify and elu-
cidate S limitation responses. C. reinhardtii synthesizes a prom-
inent, extracellular arylsulfatase (ARS) in response to S limi-
tation (26, 44). An ARS associated with the proteinaceous cell
wall of the alga has been purified to homogeneity and charac-
terized (12). This ARS polypeptide has at least three O-linked
oligosaccharides, is very stable in the extracellular space (sta-
bility may be conferred on the polypeptide by oligosaccharide
decorations), and is synthesized as a preprotein with a signal
sequence that is cleaved as it is exported from the cell (11). The
extracellular location of ARS allows it to hydrolyze soluble
SO,*" esters in the medium, releasing free SO,*~ for assimi-
lation by the cells. Two ARS genes arranged in tandem, but in
the opposite orientation on the C. reinhardtii genome, have
been described (11, 40), but the gene family may contain a
number of additional members.

There are several transcripts, in addition to those encoding
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ARS, that are synthesized by C. reinhardtii in response to S
deprivation. Some of these transcripts encode enzymes in-
volved in the uptake and assimilation of SO,*~ (62). Levels of
mRNAs for enzymes of the SO, assimilation pathway in
plants also increase during S starvation (15, 42, 47, 52). S
starvation of C. reinhardtii causes a dramatic increase in the
V..o and a decrease in the K, for SO,>~ transport (61). Eu-
karyotic organisms have multiple systems for SO;  uptake,
and generally high-affinity SO,>~ uptake increases when they
are deprived of S (3, 4, 17, 24, 61). Recently, a C. reinhardtii
gene encoding a putative SO,*~ transporter was isolated and
appears to be activated during S-limited growth (J. Davies,
personal communication), but genes encoding potential SO,>~
transporters (designated SULTRI, SULTR2, and SULTR3)
have also been identified in cDNA and genomic databases
(http://genome.jgi-psf.org/chlre2/chlre2.home.html). The sub-
cellular locations of these putative protein products have not
been determined. Furthermore, in C. reinhardtii there are
prominent extracellular polypeptides of apparent molecular
masses of 76 kDa (designated extracellular polypeptide 76, or
ECP76) and 84 kDa (ECP84) that have been shown to be
synthesized in response to S deprivation (51). The deduced
ECP76 and ECP84 polypeptide sequences have significant sim-
ilarity to those of various cell wall proteins but contain either
no or few S-containing amino acids (between mature ECP76
and ECP84 there is only a single S-containing amino acid).
These results suggest that a highly regulated process tailors the
protein-rich cell wall of C. reinhardtii for S deprivation.

There are a number of factors that control the assimilation
of SO,>~ and the regulation of genes involved in that assimi-
lation. O-acetylserine, the carbon backbone used for the syn-
thesis of cysteine, functions as a positive effector for the tran-
scription of genes encoding enzymes that participate in the
uptake and assimilation of SO,*>~ (22) in both bacteria and
vascular plants (20, 50). Increases in O-acetylserine levels ap-
pear to occur when Arabidopsis thaliana plants are starved for
S or provided with excess N (19). In C. reinhardtii, specific
regulatory elements, including SAC1 and SACS3, control S de-
privation responses (8-10). A number of physiological re-
sponses of C. reinhardtii to S limitation require the SACI
protein (8). The sacl mutant of C. reinhardtii exhibits abnormal
SO,? uptake and is unable to synthesize extracellular ARS, as
well as other extracellular proteins, in response to S depriva-
tion. Furthermore, there was little or no induction of ECP76,
ECP84, and ATS1 (encoding ATP sulfurylase, the enzyme that
activates free SO,*~, allowing reduction to occur) genes in a
sacl null mutant background (51, 62). The responses of the
sacl mutant to P and N limitation appear normal. The inability
of the sac! strain to properly respond to S limitation is also
reflected in a rapid decline in the viability of mutant cells
following exposure to S deprivation (8); the decreased viability
is sensitive to environmental light levels and the activity of
photosynthetic electron transport. Since the sac/ mutant can-
not properly control photosynthetic activity during S depriva-
tion, it may accumulate reactive oxygen species, which could
cause extensive cellular damage, and the electron transport
chain would become hyperreduced (e.g., a highly reduced plas-
toquinone pool), which could have adverse affects on the con-
trol of metabolic processes.

Interestingly, the SACI gene product is predicted to be a
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polypeptide with similarity to anion transporters (reference 9
and our unpublished work). The deduced SAC1 polypeptide
sequence and phenotype of the sacl mutant have some simi-
larities with the Snf3 polypeptide of yeast and the phenotype of
the snf3 mutant, respectively. Snf3 is a yeast transporter-like
regulatory protein that governs expression of genes involved in
hexose utilization (37, 38). The putative regulatory functions of
SAC1 and Snf3 raise the possibility that polypeptides that
originally functioned in binding and transporting various sub-
strates into cells may have evolved into regulatory elements.

In this study we used microarray analyses to obtain a ge-
nome-based picture of C. reinhardtii responses to S limitation
and to determine how the sac! lesion alters S deprivation-
triggered changes in gene expression. The results presented
are discussed in the context of physiological changes that may
be elicited by S limitation and the regulatory circuits that may
operate during S starvation.

MATERIALS AND METHODS

Cell culture. The C. reinhardtii arginine auxotroph CC425 and the sacl mutant
(carrying ars5-5) (8) were cultured in S-replete, Tris-acetate-phosphate (TAP)
medium to mid-logarithmic phase on a rotating platform (120 rpm) and contin-
uously illuminated (80 wmol of photon m~? s~ ') at 25°C. To assay global changes
in transcript levels in response to S deprivation, the cells were harvested at room
temperature (5,000 X g, 5 min), washed twice with TAP medium without S, and
resuspended in TAP medium without S to 5 X 10° to 10 X 10° cells per ml. The
cultures were maintained on a rotating platform, illuminated with 80 pwmol of
photon m~2s~ ! for 2, 4, 8, 12, and 24 h, and then rapidly cooled in liquid N, and
harvested by centrifugation (5,000 X g, 5 min, 4°C).

RNA preparation. Cell pellets were resuspended in 3 ml of extraction buffer
(50 mM Tris, 300 mM NaCl, 0.5 mM EDTA, 2% sodium dodecyl sulfate [SDS],
pH 8.0, that had been treated with 0.1% diethyl pyrocarbonate), followed by the
addition of 5 pl of proteinase K (40 pg/ml). The suspension was gently agitated
for 30 min at room temperature and then extracted with an equal volume of
phenol-chloroform (1:1) until the aqueous phase became clear. Nucleic acid in
the aqueous phase was precipitated with 2 volumes of ethanol, dried, and dis-
solved in diethyl pyrocarbonate-treated double-distilled H,O (ddH,0O). RNA
was purified by adding an equal volume of 4 M LiCl to the nucleic acid solution,
incubating the solution on ice for 8 h, and collecting the precipitated RNA by
centrifugation at 10,000 X g for 15 min. Two RNA preparations for each time
point were generated from independent experiments. RNA samples were further
purified with the RNeasy MiniKit (QIAGEN, Valencia, Calif.).

Fluorescent labeling of probe. Total RNA served as the template for labeling
c¢DNA by direct incorporation of Cy3-dUTP or Cy5-dUTP (Amersham Pharma-
cia Biotech, Piscataway, N.J.) by using reverse transcription. RNA (10 pg total)
was denatured at 70°C for 10 min in the presence of 1 pg of Oligo(dT)12-18
(Invitrogen, Carlsbad, Calif.) in a reaction volume of 23 pl. The reaction was
cooled on ice prior to the addition of 8 pl of 5X Superscript II reverse tran-
scriptase buffer (Invitrogen), 1 wl of 0.1 M dithiothreitol, 4 wl of deoxynucleoside
triphosphates (10 mM dTTP, 25 mM dATP, 25 mM dGTP, and 25 mM dCTP),
2 ul of Superscript II reverse transcriptase (200 U/ul), and 2 pl of 1 mM
Cy3-dUTP or Cy5-dUTP. The reaction was incubated at 42°C in a thermocycler
(MJ Research, Waltham, Mass.) for 2 h and then stopped by the addition of 2 pul
of 500 mM EDTA and 2 pl of 500 mM NaOH. The alkalinized solution was
incubated at 70°C for 10 min to degrade RNA prior to neutralization by the
addition of 2 pl of 500 mM HCI. The Cy5-dUTP-labeled probe from each time
point following the initiation of starvation was combined with the Cy3-dUTP-
labeled control RNA (zero time; unstarved cells), purified with a QiaQuick PCR
purification kit (QIAGEN), and recovered in 17 pl of ddH,O. Incorporation of
the fluorescent dyes into cDNA was visualized with a Typhoon 8600 (following
electrophoresis of the cDNA on a 0.8% agarose gel). It should be emphasized
that the reference RNA was isolated from our parental strain (CC425) prior to
S deprivation (0 h). Samples prepared from S-deprived (2, 4, 8, 12, and 24 h)
CC425 and the unstarved (0 h) and starved (2, 4, 8, 12, and 24 h) sac] mutant
were compared to this sample. The dye labeling was reversed in a separate
experiment, and the experiments were duplicated with independently isolated
RNA samples.
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Microarray preparation. C. reinhardtii cDNA clones from the Core (TAP
light, TAP dark, HS+CO,, and HS) and Stress I Libraries (NO5;~ to NH," [30
min, 1 h, 4 h], NH," to NO;~ [30 min, 1 h, 4 h], TAP without N [30 min, 1 h,
4 h], TAP without S [30 min, 1 h, 4 h], and TAP without P [4 h, 12 h, 24 h]) were
sequenced (48), and the sequences generated from the 3’ ends were assembled
into 2,761 unique contigs that were used to construct a microarray. Further
details of the “2.7-k array ” are given at the website http://nostoc.stanford.edu
/jeff/lab/chlamyarray/index.html and in both Table 1 and Table S1 in the supple-
mental material. The 3’ sequences were amplified with a universal primer (for-
ward primers: 631u24, 5'-CGACTCACTATAGGGCGAATTGGG-3', 1 bp
longer than the T7 primer; or M13-21, 5'-TGTAAAACGACGGCCAGT-3")
and a specific reverse primer designed to anneal to the first strand of each clone
in a region 200 to 500 bp away from 3’ end of the transcript. PCRs were
performed in a 96-well format according to the protocol 94°C for 2.5 min, 94°C
for 30 s, 62°C or 50°C for 30 s, and 72°C for 1 min for 40 cycles. The quality and
specificity of the amplification products were determined by electrophoresis on a
1% agarose gel followed by visualization of nucleic acid by ethidium bromide
staining; 96.6% of the clones gave a single product of the expected size. The PCR
products were cleaned by ethanol precipitation and dissolved in 40 .l of 3X SSC
(1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate), and 5 pl was transferred
from the 96-well microtiter plates to printing plates, which were in the 384-well
microtiter format (MJ Research). Printing plates were wrapped with moistened
paper towels, sealed with Saran Wrap, and stored at —20°C until they were used.
PCR products were arrayed from the 384-well microtiter plates onto CMT-
gamma amino propyl silane slides coated with y amino propyl silane (Corning
Microarray Technology, Corning, N.Y.) by using an Omnigrid microarrayer
(GeneMachines, San Carlos, Calif.) with ChipMaker 2 pins (TeleChem Interna-
tional, Sunnyvale, Calif.). Array spots were ~150 wm in diameter, and the
center-to-center distance was 212.5 pm. Four complete cDNA sets were printed
onto each slide, with each set consisting of eight subsets of 349 spots each (18
rows by 20 columns). Printed slides were baked at 80°C for 2 h and cross-linked
by UV irradiation in the Stratalinker 1800 (Stratagene, La Jolla, Calif.) at a total
power of 300 mJ. The arrays were blocked by incubating them for 15 min in a
succinic anhydride-NaBO, ™ solution. This solution was freshly prepared by dis-
solving 5 g of succinic anhydride (Sigma, St. Louis, Mo.) in 315 ml of N-methyl-
pyrrolidinone and adding 35 ml of 0.2 M NaBO, "~ (boric acid dissolved in ddH,O
and made pH 8.0 with NaOH). The arrays were then soaked for 2 min with gentle
agitation in 95°C ddH,O, immersed in 95% ethanol (high-performance liquid
chromatography grade) for 1 min, and dried by centrifugation for 5 min in a
SpeedVac Plus model SC210A (Savant, Holbrook, N.Y.). The arrays were stored
in a desiccator at room temperature until they were used.

Hybridization, washing, and scanning. Arrays were prehybridized in 3X SSC-
0.1% SDS-10-mg/ml bovine serum albumin for 20 min at 50°C, followed by
immersion of the slides into ddH,O and then isopropanol for 2 min each. Slides
were dried by centrifugation for 5 min in a SpeedVac. The hybridization solution
was prepared by adding 15 pl of 2X hybridization buffer [6X SSC, 0.2% SDS,
0.4-pg/pl poly(dA), 0.4-pg/pl tRNA] to 15 pl of the labeled probes, followed by
passage of the probe through a QiaQuick PCR purification column. The probe
solution was incubated at 95°C for 3 min, cooled to room temperature, applied
to a prehybridized microarray, covered with a LifterSlip (Erie Scientific Com-
pany, Portsmouth, N.H.), placed in a hybridization chamber, and hybridized at
50°C for 16 h. Following hybridization, the slides were washed for 5 min each in
successive solutions A (2X SSC, 0.1% SDS), B (1X SSC), and C (0.05X SSC) at
room temperature and dried by centrifugation in a SpeedVac Plus model
SC210A (Savant) for 5 min. The arrays were scanned at 532 and 635 nm in an
Axon GenePix 4000A scanner (Foster City, Calif.) at 10-pm resolution. Photo-
multiplier tube voltages were adjusted to minimize background and saturation of
the hybridization signals. Images of the fluorescence at 532 nm for Cy3 and 635
nm for Cy5 were recorded and analyzed for eight complete sets of all cDNAs
(four sets on each of two slides). RNA samples used to synthesize the probes that
were hybridized to the slides were from independent experiments.

Data selection and analysis. Microarray images representing spot intensities
from scanned slides were imported into the GenePix Pro 3.0 program (Axon
Instruments) and quantified. Spot positions were defined according to a pre-
defined microarray layout that was subsequently adjusted by eye to help optimize
spot recognition. Spot signals that were distorted by dust or locally high back-
grounds were not included in the analyses. The data were imported into the
Stanford Microarray Database (13, 46) and normalized by using that database’s
standard computed algorithm (for details, see http:/genome-www.stanford.edu
/microarray/). The experiment identification numbers within the database are
31781 to 31790, 37207, 37266 to 37269, 37271 to 37276, and 37356.

Only those spots with an intensity/background ratio of >2 in either channel,
and with a minimum normalized net intensity for the median (channel 1 net
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median intensity or normalized channel 2 net median intensities) of >350 in at
least one of the two channels, were included in the analysis. Log, of the 635
nm/532 nm normalized ratio for the median was retrieved. Genes for which the
transcripts appeared to increase or decrease by =3-fold (averaged ratio per array
over the duplicate samples) during S deprivation, for =4 of the 8 array sets
analyzed, and for at least two of the time points following the imposition of S
deprivation were chosen for further analysis. Gene annotations were retrieved
from the Unigene Set stored in the Chlamydomonas EST database (http://www
.biology.duke.edu/chlamy_genome/unigene.html) and further confirmed manu-
ally by BLAST analyses by using the Chlamydomonas Genome Sequence Data-
base (http:/genome.jgi-psf.org/chlre2/chlre2.home.html), the predicted gene
models within the database, and NCBI protein databases. All alignments were
visually inspected.

At each time point, for each gene, a one-way ¢ test was conducted to assess the
significance of the relative transcript abundance levels. Each ¢ test considered the
unaveraged (but normalized) log, data for each gene. The following t-score
threshold levels were set: for a = 0.05, df(1), t = 12.6; and for o = 0.10, df(7),
t = 2.8. The 2.8 t value represents the least stringent significance measure, where
each sample is considered to be independent of all others. The 12.6 ¢ value
represents the most stringent significance measure, where the test is considered
to have only two independent samples. The + and — patterns displayed in Table
1 depict the least stringent threshold (+ = 2.8), although both are reported in the
larger Table S1 in the supplemental material.

A significance analysis of microarrays (SAM) (39, 55) was also used to correct
for false discovery rates. All eight replicates (two biological replicates by four
on-array replicates) at each time point were analyzed separately, and the median
false discovery rate was set as close to 1 as possible in order to compare results
between time points. The SAM results, which are reported in Tables S3 and S4
in the supplemental material, were largely congruent with the results reported in
Table 1, although SAM selected fewer genes.

RESULTS

Modulation of transcript abundance in response to S depri-
vation. Among the 2,761 cDNA fragments included on the
microarray, 2,565 were amplified as 3’ fragments of cDNAs
and had the expected sizes, while the characteristics of the
remaining 196 PCR products were not acceptable (no band,
multiple bands, or smearing along the lane) and were excluded
from analysis. The number of genes represented on the array is
probably about one-sixth of those present on the C. reinhardtii
genome and may be biased toward highly expressed genes, as
the microarray was designed from expressed sequence tags
(ESTs) selected at an early stage of the EST sequencing
project (48). Since the cDNA library from S-starved cells was
among the first to be sequenced, there is also presumably some
bias toward genes whose transcripts increase during S starva-
tion. The RNA used for synthesizing labeled cDNA to probe
the array was isolated from cells at five different times (2, 4, 8,
12, and 24 h) following the imposition of S deprivation. We
analyzed both the parental strain, CC425 (Chlamydomonas
Genetics Center), and the sacl mutant (carrying ars5-5; equiv-
alent to CC3794; this strain was generated by mutagenesis of
CC425). The reference for all time points for the parental cells
and the sac/ mutant (including the sacl zero time) was RNA
from the parental strain isolated at time zero (after pelleting
the cells by centrifugation and just as SO,>~ was eliminated
from the medium).

There were 171 cDNAs for CC425 and 132 for the sacl
mutant for which transcripts exhibited a =3-fold alteration
(ratios were either =3 or =0.33) for at least 4 of the 8 array
sets analyzed and two of the five time points sampled following
the imposition of S deprivation (Fig. 1, left panel). Forty-seven
of the selected clones were common to CC425 and the sac!
mutant. If the cutoff was set to select genes for which transcript
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FIG. 1. Interloping diagrams showing the number of genes from CC425 (left circles) and the sac/ mutant (right circles) that respond to
S-deprivation conditions. Left panel, transcript levels altered =3-fold; right panel, transcript levels altered =2-fold.

abundance changed =2-fold (Fig. 1, right panel), more genes
were selected, but the proportion of regulated genes for both
strains remained similar. All of the CC425 and sacl mutant
common transcripts were regulated in a similar direction (e.g.,
those that increased in CC425 also increased in the sac/ mu-
tant), although the kinetics and the extent of the changes could
be somewhat different.

These results demonstrate that S deprivation leads to exten-
sive changes in transcript abundance (transcripts from >20%
of the CC425 genes represented on the array exhibit a change
of twofold or more), reflecting a change in the physiological
state of the cell. Furthermore, while the sac/ mutant is defec-
tive for the control of a number of genes, there are still 30% of
the sulfur-responsive genes in CC425 (126 out of 429) that
appear to be properly regulated in this strain. We performed
further analyses of those cDNAs for which the transcripts
changed =3-fold; the levels of all of these transcripts at the
different times following S deprivation are shown in Table 1.
This table also contains the data for a number of other genes,
providing information relevant to the discussion of S depriva-
tion responses. The data presented are an average of eight
replicates in two separate experiments. The direction of
change is indicated in the table for each time point (by + or —)
when judged significant based on a ¢ test. The ratio values for
all of the genes represented on the array is available in the
supplemental material (Table S1).

Genes involved in sulfur assimilation. Most transcripts for
genes encoding polypeptides involved in the acquisition or
assimilation of SO,*~ increased following the imposition of S
deprivation conditions. Relative transcript abundance for all of
the genes in this category is presented in Table 1 (under the
heading Sulfur metabolism); the data are also visually depicted
in a bar graph presented as Fig. 2. Genes from this group that
have been previously studied encode ARSI, ATP sulfurylase
(ATS1), and ECP76; transcripts from these genes were previ-
ously shown to increase in response to S deprivation (7, 51, 62).
Elevated levels of these transcripts were observed by 2 h fol-
lowing the imposition of S deprivation. Temporal changes in
the levels of these transcripts during S deprivation, as deter-
mined from analyses of the microarrays, were consistent with
the evaluations of transcript levels by RNA blot hybridizations
(7,51, 62). This category also contains genes for all steps of the

sulfate assimilation pathway, including two distinct sulfite re-
ductases (SIR! and a distinct unannotated SIR gene; note that
the transcript from the SIR3 gene, which encodes another type
of sulfite reductase, did not increase), the two ATP sulfuryl-
ases, and adenylyl sulfate reductase. Surprisingly, the single
adenosine-S-phosphosulfate kinase gene present in the ge-
nome was not induced, suggesting that 3’-phosphoadenosine-
5'-phosphosulfate synthesis does not become limiting under
sulfur stress conditions. Transcripts for UDP-sulfoquinivoso
synthase (SQD1) and for a sulfolipid synthase (SQD2a), which
probably utilizes sulfite for the synthesis of sulfolipids in the
thylakoid membranes, increase during S starvation. In addi-
tion, the transcripts for serine acetyltransferase (SAT) and
O-acetylserine(thiol)lyase (OASTL), which are involved in the
biosynthesis of cysteine, are upregulated, as is the transcript for
cysteine dioxygenase (963076G10), which converts cysteine to
cysteine sulfinic acid (58) and may be involved in reclaiming S
from amino acids. Furthermore, there is a rise in the levels of
transcripts encoding a selenobinding protein (SBDP), which
may be critical for sequestering selenate (by binding it and
depositing it in the vacuole and/or facilitating its excretions), a
potentially toxic SO, analog. Selenate would be more likely
to accumulate in S-starved cells since the transport machinery
of such cells would have a high affinity for SO,*>~ (and poten-
tially selenate) and an elevated capacity for its uptake. It is also
possible that the SBDP is involved in acclimation of cells to
selenate deprivation (most selenate in the culture medium
would originate as contamination from the sulfate stock solu-
tion), allowing for efficient acquisition when the levels of
selenate are low in the environment. Recent work strongly
suggests the presence of a number of selenoproteins in C.
reinhardtii (36). The transcripts corresponding to the two array
elements for SBDP (clone identification numbers 894020C12
and 963027A09) behave similarly and appear to represent the
same gene. Finally, two genes coding for SAC1-like polypep-
tides are also induced (SACI itself is not on the array).
These results demonstrate that transcripts from most genes
involved in the acquisition, assimilation, and utilization of
SO,?~ (almost all of those known to be on the array; note that
none of the sulfate transporter genes are on this array) in-
crease during S deprivation and that SO,*~ is likely scavenged
from external and internal stores. Furthermore, as observed in
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FIG. 2. Bar graph showing changes in transcript levels for genes involved in sulfur metabolism in CC425 (top graph) and the sac/ mutant
(bottom graph) during S deprivation. The responses, shown as the change (n-fold) relative to RNA from CC425 at time zero (which is set at 0),
at the different times following S deprivation are given in different colors, as indicated on the graph, and the different genes represented encode
the following proteins: 1, arylsulfatase (ARS1); 2, sulfite reductase (SIR1); 3, sulfite reductase (no gene or protein designation given); 4, sulfite
reductase (SIR3); 5, ATP sulfurylase (ATS1); 6, ATP sulfurylase (ATS2); 7, 5'-adenylyl sulfate reductase (APR); 8, adenosine 5'-phosphosulfate
kinase (AKN2); 9, serine O-acetyltransferase (SAT1); 10, O-acetyserine(thio)lyase (OASTLA4); 11, cysteine dioxygenase (CDO1); 12, UDP-
sulfoquinovose synthase (SQD1); 13, UDP-sulfoquinovose:diacylglycerol sulfoquinovosyltransferase (SQD2a); 14, extracellular polypeptide 76
(ECP76); 15, selenium-binding protein (SBDP); 16, selenium-binding protein (SBDP) (15 and 16 represent the same gene); 17, SAC1-like protein;
and 18, SACl-like protein.

the lower panel of Fig. 2, there was very little increase in the Photosynthesis genes. Many transcripts encoding proteins
levels of many of these transcripts in the sacI mutant, suggest- involved in photosynthesis decline by 12 to 24 h of S depriva-
ing that these genes may be under the control of SACI (either tion in both wild-type cells and the sacI mutant. This decline is
directly or indirectly). often more severe in the sacl mutant strain, although the levels
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FIG. 3. Influence of S deprivation on the abundance of transcripts encoding proteins that function in photosynthesis in both CC425 and the
sacl mutant strains. The average values represented on the graphs are for each time point for all of the transcripts listed in the different categories,
given below. All of the values are relative to the time zero value of RNA from CC425, which is set at 1. Transcripts encode the following proteins.
(A) PS I: PSAD (963047E03), PSAE (894083B07), PSAF (894041HO01), PSAG (894065A07 and 894100A05), PSAH (894014A05), PSAK
(894086C09), PSAL (894004A09), and PSAO (894019E07). (B) PS II (oxygen-evolving complex): PSBO (894068A11), PSBP (894006E05), and
PSBQ (963041E04). (C) LHC: LHCA1 (963024B11), LHCAZ2 (963047H05), LHCA3 (894033H06), LHCAS (963042A01 and 894041D11), LHCA6
(894044B07), LHCA7 (894076B06), LHCAS8 (894087C09), LHCA9 (894078C01), LHCBM1 (963069C06), LHCBM3 (894080G01), LHCB
(894052A01), and LHCB4 (894062E07). (D) Photosynthetic electron transport: PETC (894100F04), PETE (894069E01), PETN (894089E08),
PETF1 (894017C09), PETF5 (963046B11), PETM (963053C08), PETO (963092G08 and 894002C07), and FNR (963025F07). (E) LI818r-1

(894097E05).

of these transcripts are somewhat lower in the mutant strain
even under nutrient-replete conditions. The graphs presented
in Fig. 3 represent an average of the change in transcript
abundances of genes encoding subunits of the different com-
plexes of the photosynthetic apparatus; the values for the tran-

script levels used in these analyses are presented in Table 1
(under Photosynthesis) and Table S1 in the supplemental ma-
terial. On average, the levels of transcripts for genes encoding
subunits of photosystem I (PS I) (Fig. 3A; Table 1), PS II (Fig.
3B; Table 1), cytochrome b, (Fig. 3C; Table 1), light-harvest-
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ing complex (LHC) polypeptides (Fig. 3D; Table 1), and chlo-
roplast ATP synthase (Table 1) either increase slightly or stay
approximately the same as the level observed for nutrient-
replete CC425 cells during the first 8 h of S deprivation. How-
ever, after 12 and 24 h, the transcript levels usually decline to
25 to 50% of the prestress level (Fig. 3). The only exceptions
on the whole microarray were the PSBR and PSBP3 genes (the
changes in transcript levels for these genes did not make the
threefold cutoff but were added to Table 1), coding for PS II
polypeptides that remained nearly constant in both strains over
the time course. For PS II and cytochrome by, some of the
genes (PSB28 and PETO) declined before the others, suggest-
ing that they may play a role in the inactivation or disassembly
of these complexes under stress conditions.

Interestingly, nearly all of the transcripts encoding compo-
nents of the photosynthetic complexes exhibited an earlier and
more pronounced decline in the sac/ mutant than in the pa-
rental strain, and this decline could be highly significant even
after 2 h of S starvation. These results suggest that SAC1 may
influence the stoichiometry of complexes involved in the pho-
tosynthetic electron transport chain, possibly in an indirect
manner. The overall rapid downregulation of photosynthesis
genes during S deprivation of the sac/ mutant may reflect the
extreme stress that this strain experiences as it is unable to
acclimate to S deprivation.

In contrast to the results described above, the level of tran-
scripts for LhcSR2 (LI818r-1), an unusual member of the LHC
gene family with unknown functions, increased dramatically in
CC425 but not in the sac/ mutant during S deprivation (Fig.
3E; Table 1). Some of the LhcSR2 transcript data for the sacl
mutant is not shown in the figure because the normalized net
intensity for the median is below 350 pixels for both the red
and green channels, the criterion used to filter dim spots from
further analysis. One aspect of the SAC1-dependent responses
may be to restructure the light-harvesting apparatus to accom-
modate a reduction in electron flow caused by S deprivation;
LhcSR2 may be involved in this process.

Reorganization of C metabolism. A decline in photosyn-
thetic electron transfer is an early event in the suite of re-
sponses exhibited by C. reinhardtii during S starvation, occur-
ring even before the major complexes cease to be synthesized.
This result is exemplified by early declines in the levels of
mRNAs encoding plastocyanin, two ferredoxins, and a ferre-
doxin-thioredoxin reductase subunit. In addition, transcripts
for polypeptides associated with the Calvin-Benson cycle also
decline during S deprivation (PRK, RBCS1/2, TPI, and PGK),
while the level of serine hydroxylmethyltransferase mRNA be-
comes elevated, suggesting a stimulation of photorespiration,
which can participate in photoprotection (59).

There is an increase in the level of transcripts encoding
polypeptides of the oxidative pentose phosphate cycle (GND,
TALI, and 6-phosphogluconolactonase) and cytosolic glycer-
aldehyde 3-P dehydrogenase after a transient decline. In addi-
tion, two types of complementary changes are observed that
tend to reduce the redox pressure on the photosynthetic elec-
tron transfer chain, a predictable effect of cessation of growth
in an environment in which the cells are absorbing consider-
able excitation energy. First, transcripts for polypeptides that
function in starch synthesis accumulate; these include starch
synthase and starch phosphorylase. Second, the AOX4 (or
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PTOX1) transcript, which encodes a chloroplast alternative
oxidase, rapidly increases. This enzyme diverts electrons away
from the photosynthetic electron transfer chain when carbon
fixation is limited (5, 6). Together, these responses may serve
as electron valves that help control redox poising in the thyla-
koid membrane and allow for the maintenance of an appro-
priate cellular redox environment. Not all alternative electron
pathways are stimulated during S deprivation, as demonstrated
by the findings that levels of transcripts encoding the mito-
chondrial AOX1 and the chloroplast Fe-hydrogenase declined.

Stress genes. Several transcripts involved in limiting the
potential damage caused by oxidative stress increase in both
CC425 and the sacl mutant following exposure of the cells to
S deprivation. Within this group are transcripts encoding glu-
tathione peroxidase (GPX1; 963046E06), the chloroplast iron
superoxide dismutase (FSD1; 894081G12), a putative thiore-
doxin/periredoxin (894082E(09), and serine hydroxymethyl-
transferase (SHMT1; 963029F05) (Table 1). GPX helps limit
oxidative damage by catalyzing the reduction of H,O,, lipid
peroxides, and organic hydroperoxides, while the chloroplast-
localized FSD1 catalyzes the dismutation of superoxides which
can form when the photosynthetic apparatus is absorbing ex-
cess excitation energy.

Metabolic stress usually triggers activation of the chaperone
systems, which function in protein repair and remodeling.
However, each chaperone system will react differently, de-
pending on its functions, substrates, and subcellular localiza-
tion. Compared to the relatively stable transcript levels asso-
ciated with mitochondrial HSP70C, the modest increase in
mRNA associated with the chloroplast HSP70B isoform may
be significant with respect to the response of the organelle to
stress conditions. The observed increase in transcript accumu-
lation for VIPP1 (vesicle-inducing protein in plastids), a
coiled-coiled protein involved in the biogenesis of thylakoid
membranes (23), may be indicative of increased turnover of
thylakoid lipids and proteins during S deprivation. The tran-
script for HCF136, a chaperone of unknown function present
in the thylakoid lumen and necessary for PS II biogenesis (30),
significantly increases, as do transcripts encoding two of the
three chloroplast 22-kDa heat shock proteins. These HSP22
polypeptides are similar in sequence and are encoded by genes
oriented head-to-head on the genome. In contrast, the tran-
script encoding the CPN60 subunits of the chloroplast chap-
eronin exhibits a marked decline, suggesting a reduction in
chloroplast translation and the synthesis of organellar com-
plexes. The levels of transcripts for several peptidyl-prolyl cis-
trans isomerases of the cyclophilin family, involved in protein
folding and other functions, are reduced. Note also the dra-
matic decrease in the level of mRNA for the cytosolic
HSPI90A. The transcripts encoding several proteases of the
aspartic, cysteine, and serine (a chloroplast DEGP) types in-
crease in both CC425 and the sacl mutant during S deprivation
(Table 1 and Table S1 in the supplemental material). These
findings could reflect initiation of specific protease-dependent
regulatory processes and/or the need to redistribute the amino
acid resources of the cell. Furthermore, the finding that the
transcript levels for a number of these genes appear to be
properly regulated in the sacI mutant, at least over a short
term following the initiation of S deprivation, again suggests
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that some regulatory aspects of the acclimation response still
operate in the sacl mutant.

There are also several transcripts encoding stress-related
polypeptides that attain high levels in CC425 but not the sacl
mutant. One of these transcripts encodes a putative vanadium
chloroperoxidase (963032D03), an enzyme that reduces alkyl
peroxides, potentially repairing damaged molecules in the cell
(56). Other transcripts that exhibit a SAC1-dependent increase
encode an aspartyl aminopeptidase (963065A08), LCI5
(894082D09), which is also elevated during CO, limitation, and
the nucleosome assembly protein I-like protein (963046C02).
The levels of these transcripts may be directly controlled by
SACI, like those of most of the sulfur assimilation genes.

There are also stress-associated transcripts that increase in
the sacl mutant but not in CC425. An increase in some of
these might reflect the fact that the mutant strain cannot ac-
climate to S deprivation, which could result in an extreme
stress response. Interestingly, some of the transcripts in this
category encode components of the ubiquitin and proteasome
protein degradation machinery. There is an increase in levels
of transcripts encoding two E2 ubiquitin-conjugating enzymes,
a SKP1-like E3 ubiquitin ligase and the proteosome «-6 sub-
unit (PAF1) (Table 1 and Table S1 in the supplemental ma-
terial). In the case of the chloroplast 22-kDa heat shock pro-
teins, the increase in their mRNA levels is much stronger in the
sacl mutant than in CC425; the increase is as high as 19- and
42-fold after 24 h of S deprivation in the mutant strain. Previ-
ous studies have suggested that the absorption of excitation
energy by the photosynthetic apparatus is lethal to the sac?
mutant strain during S deprivation, and death of the cells is
observed between 1 and 2 days after they are transferred to
medium devoid of S. In contrast, wild-type cells survive under
these conditions for prolonged periods of time (8). The sharp
increases in HSP22E and HSP22F transcript abundance occur
when the cells are beginning to lose viability.

Other significant changes. Examination of Table 1 shows
that there are significant declines in the levels of many tran-
scripts encoding chloroplast ribosomal polypeptides and that
this decline is often more pronounced in CC425 than in the
sacl mutant. Another intriguing case relates to the CHL27A
and CHL27B polypeptides (also known as CTH1 and CRD1
[31, 33]), two isoforms of the oxidative Mg-ProtoIX mono-
methyl ester cyclase involved in chlorophyll synthesis (53).
While transcripts for the latter severely decline in both strains,
transcripts for the former markedly increase, even after 2 h of
starvation. This increase is reduced to some extent in the sac/
mutant, suggesting that SACI participates in regulation of the
abundance of this mRNA. The expression patterns of these
genes appear to be orthogonal, with CHL27B being expressed
in Cu-limited, hypoxic conditions and CHL274 being ex-
pressed in Cu-replete, oxygenic conditions (33). Although the
CHL27B and CHL27A polypeptides are very similar and ap-
pear to have similar functions, they are not able to completely
substitute for each other with respect to the formation of
pigment-protein complexes in the photosynthetic apparatus
(32). CHL27B and CHL27A may have distinct functions in the
delivery of chlorophyll to different complexes of the photosyn-
thetic apparatus and help tailor pigment binding and photo-
synthetic function to different environmental conditions.

Another intriguing link with Cu metabolism is provided by
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the observation that the transcript for CUTAI, a chloroplast
copper-binding protein, is reduced in CC425 but significantly
elevated in the sac/ mutant. Also, while levels of transcripts for
many regulatory factors decrease during S deprivation, some,
including those encoding an AAA-type ATPase of unknown
function (894037G11), an elongation factor (894081B08), and
a RAB-type GTPase (963038D05), appear to increase. It
should be emphasized that the function of these potential gene
products need to be more clearly established before they can
be ascribed a role in the acclimation process.

Finally, it is interesting that numerous transcripts for genes
encoding polypeptides of unknown function increase dramat-
ically during S deprivation. The full list of those genes whose
transcripts satisfied the =3-fold filter is given in Table S2 in the
supplemental material. A short list of 10 of the unknowns that
exhibit very high transcript levels are given in Table 1 and
include 963016B04 (23-fold at 12 h), 963033D03 (24-fold at
12 h), 963032A08 (50-fold at 12 h), 963047F05 (18-fold at
12 h), 963096E10 (35-fold at 12 h), 894063D10 (15-fold at
12 h), 963027G01 (23-fold at 12 h), 963063B08 (22-fold at
12 h), 963068A11 (18-fold at 12 h), and 963032A01 (23-fold at
12 h). There are many other transcripts that exhibit statistically
significant increases in abundance during S deprivation, and
some of these appear to be under the control of SACI (e.g.,
894063D10). This result emphasizes how little we know about
acclimation processes and also presents us with the challenge
of identifying these unknown genes and defining their function
in the acclimation process.

DISCUSSION

Examination of gene expression using high-density DNA
microarrays is a potent means of examining how organisms
modulate gene activity in response to environmental condi-
tions. We have used this technology to explore the ways in
which C. reinhardtii acclimates to S deprivation. While there
are approximately 2,565 genes represented on the arrays used
for these experiments (slightly less because of some duplica-
tions on the array), the array elements were derived from
c¢DNAs defined in recombinant libraries from cells grown both
under nutrient-replete conditions (Core Library) and under S,
phosphorus, and nitrogen starvation conditions (Stress I Li-
brary) (48). Therefore, the microarray was likely to contain a
number of stress-responsive genes. This probability was sub-
stantiated by the findings that both the ARS and ECP76 genes
were represented on the array (present only in the Stress 1 and
not the Core Library); these genes only become active when C.
reinhardtii cells are starved for S (8, 11, 51). The presence of
numerous stress-related array elements was also substantiated
by the results of the experiments in which 171 of the repre-
sented genes exhibited a =3-fold change in gene expression in
C(C425 after the cells were placed into medium devoid of S; the
levels of transcripts encoded by many of these genes increased.

The patterns of gene expression in C. reinhardtii cells fol-
lowing S deprivation reveal both the general and specific re-
sponses that enable a cell to survive extended periods of time
under specific deprivation conditions. Furthermore, the use of
mutant strains with aberrant acclimation responses that die
much more rapidly than wild-type cells following the imposi-
tion of the stress are beginning to reveal extreme responses of
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cells when their normal acclimation responses become com-
promised. This is the case for the sacI mutant, which exhibits
rapid death (relative to wild-type cells) and an inability to
accumulate the ARS transcript and transcripts encoding many
other polypeptides during S deprivation (8).

There are a number of different generalizations that can be
made from the data presented in this study. First, the levels of
transcripts for many genes change substantially during S de-
privation. A number of the transcripts that are extremely sen-
sitive to S deprivation encode proteins involved in the conser-
vation, acquisition, and assimilation of SO,*~, including ARS,
ECP76, ATS, SAT, OASTL, polypeptides involved in sulfo-
lipid biosynthesis, a selenium-binding protein, and SAC1-like
polypeptides (which may be involved in regulation or in the
transport of SO, into the cell). Transcripts encoding a num-
ber of these polypeptides increase to well over 10-fold the level
observed in nutrient-sufficient cells. However, a number of
these transcripts are not detected in nutrient-replete cells (e.g.,
this is the case for the ARS and ECP76 transcripts), which
causes imprecision in the quantification, making the ratio val-
ues a semiquantitative estimate. Based on our experience, the
increase measured in the microarray analyses is often less than
that determined by using real time reverse transcription-PCR
(54). Furthermore, while in many instances changes in tran-
script levels reflect changes in corresponding protein and ac-
tivity levels, as has been shown for ARS and ECP76 (8, 51), this
correlation may not always hold. For example, even though
transcripts encoding the sulfolipid biosynthesis enzymes SQD1
and SQD2a accumulate during sulfur deprivation (Table 1),
the sulfolipid content of C. reinhardtii membranes appears to
decline (K. Sugimoto and M. Tsuzuki [Tokyo University of
Pharmacy and Life Science], personal communication).

Many of the genes, including ARS1, ATS2, APR, SOD2a, and
ECP76, that are sensitive to S-limited growth conditions ap-
pear to be under SACI control, since there is no significant
increase in their transcript levels in the sac/ mutant at any time
point analyzed, even the early 2-h and 4-h time points. In other
cases (SAT1, OASTL4, ATS1, SIR1, CDOI, SQDI1, SBDP, and
genes encoding SACl-like proteins) an increase in transcript
levels is observed in the sacl mutant, but the increase is gen-
erally much more modest and less sustained than that in wild-
type cells. These results suggest that SAC1 may play a direct
role in the control of a number of genes. While other regula-
tory mechanisms may result in some changes in transcript
levels during the early phase of starvation, sustained expression
requires a functional SACI gene and may reflect the fact that
SACI is required to maintain cell vitality. There are a number
of other transcripts whose levels are potentially controlled by
SACI, some of which encode proteins that might function in
the chloroplast, including a putative vanadium chloroperoxi-
dase (although the similarity to other vanadium chloroperoxi-
dases is not that high), aspartyl amino peptidase, and a specific
light-harvesting polypeptide (LhcSR2; see below).

While the levels of transcripts from a number of genes dra-
matically change in CC425 and are no longer properly regu-
lated in the sacl mutant, it is clear that other genes are prop-
erly controlled in both the parental and the mutant strains. For
example, transcripts for genes encoding the chloroplast quinol
oxidase, the glutathione peroxidase, and the putative perire-
doxin Q increase to a similar extent in CC425 and the sac!
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mutant strain during the 24 h of S deprivation. Hence, regu-
latory elements other than SACI are involved in modulating S
deprivation-elicited changes in gene expression in C. rein-
hardtii. This result is not surprising, since there are mutations
in at least four other loci that result in a sac/ mutant-like
phenotype (J. Davies, S. Pollock, W. Pootakham, and A. R.
Grossman, unpublished data). Isolating the altered genes and
examining how lesions in these genes modulate global tran-
script levels during S deprivation will help define the nature of
the gene products and their potential relationships with each
other.

There are also many polypeptides for which the transcript
levels dramatically decline in CC425 during S deprivation. Per-
haps most striking is the finding that a number of transcripts
encoding proteins involved in photosynthesis and chloroplast
ribosomal polypeptides decline markedly in CC425 during S
deprivation. In the case of the chloroplast ribosomal protein
transcripts, the decrease is generally not nearly as great in the
sacl mutant. These results suggest that it might be critical to
control the activity of the chloroplast ribosomes during S de-
privation and that such control may be conferred to ribosomes
by changing the complement of ribosomal proteins. Changes in
ribosomal proteins have also been associated with nitrogen
starvation (21). Similarly, many transcripts for proteins in-
volved in photosynthesis decline in both CC425 and the sacl
mutant, but the decline is generally more precipitous in sacl
mutant cells. Such transcripts include those encoding polypep-
tides of PS I, PS II, the photosynthetic electron transport
chain, and the LHC. While the reason for the earlier decline in
the sacl mutant is not clear, it may reflect the inability of the
cells to scavenge S from the environment and tune cellular
metabolism to decreased nutrient availability, which could
elicit a highly stressed condition and nonspecific degradation
of many of the less stable transcripts.

A highly stressed state of the S-depleted sac! mutant is also
suggested by elevated levels of specific transcripts encoding
proteins associated with stress conditions. For example, the
sacl mutant exhibits a dramatic increase in transcripts encod-
ing two putative chloroplast 22-kDa heat shock proteins (18);
the increase in transcripts encoding these polypeptides in
CC425 is much less pronounced. This type of chaperone is
involved in preventing protein denaturation and aggregation in
plastids. Furthermore, sacI mutant cells exhibit an increase in
transcripts for proteins involved in proteolysis relative to
CCA425 cells, although the increases are not that marked. Some
of these transcripts encode proteins of the ubiquitin and pro-
teosome systems, including two E2 ubiquitin-conjugating en-
zymes, an E3 ubiquitin ligase, and a proteasome o-6 subunit
(Table 1). There is also a significant increase in a cathepsin Z
protease.

While, as mentioned previously, transcripts for many PS and
LHC polypeptides decrease to some extent in CC425 and more
dramatically in the sac! mutant during S deprivation, there is
one exception to this trend. The transcript encoding the Lh-
cSR2 polypeptide increases in CC425 nearly 20-fold relative to
the level observed in unstarved cells. This increase is not ob-
served in the sacl mutant (indeed, the level of the transcript is
so low in the sacl mutant at some of the time points following
S deprivation that we could not reliably quantify it). The tran-
script for this member of the LHC gene family has been pre-
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viously shown to be transiently expressed following the transfer
of cells from darkness to light, which would cause high light
stress (2, 43). Hence, the organism is retailoring the photosyn-
thetic apparatus to accommodate S deprivation conditions.
The inability of the sacl mutant to scavenge S and restructure
its metabolic machinery (e.g., the photosynthetic apparatus)
during S deprivation may cause severe functional and struc-
tural damage, especially within chloroplasts (which may be
reflected in the increase in the HSP22-related polypeptide).
This conjecture is supported by the facts that nutrient stress
causes dramatic changes in the activity of the electron trans-
port chain (60) and that the rapid death of the sac/ mutant
during S deprivation can be ameliorated by placing the strain
in the dark or blocking photosynthetic electron flow with spe-
cific inhibitors (8).

In sum, experiments presented in this report augment our
understanding of how photosynthetic organisms respond to S
deprivation and provide clues concerning processes that are
important for acclimation. This work also highlights the fact
that there are many genes of unknown function whose tran-
scripts markedly increase in response to S deprivation. Fur-
thermore, the study has revealed processes triggered when
cells are unable to acclimate to the limitation conditions and as
cell viability declines. It is now important to try to understand
some of the other changes in transcript levels that have been
observed (for which there are no obvious explanations) and
whether all of these changes are observed at the level of tran-
script abundance that reflects changes in protein accumulation
and activity.
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