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Changes in flagellar length are correlated with changes in
the expression of a set of genes, many encoding flagellar protein subunits, collectively referred to as “the flagellar genes.”
When flagella regenerate after loss, a large specific set of
flagellar RNAs increases transiently (42) in a response regulated both transcriptionally (18) and posttranscriptionally (2).
When flagella shorten during isobutylmethyl xanthine treatment, abundances of several flagellar RNAs decrease to below
basal expression levels; when flagella elongate after release
from treatment, those abundances rebound (23). Little is
known about correlations between flagellar elongation and
gene expression changes in response to Li⫹ treatment. Recently, Wilson and Lefebvre (50) showed that RNAs of two
flagellar genes, RSP3 and PF20, decrease in abundance when
flagella elongate during Li⫹ treatment, but several questions
remain about the correlation of flagellar RNA abundance
changes with changes in flagellar length. Unknowns include the
kinetics of the abundance changes, their source (transcriptional, posttranscriptional, or a combination of mechanisms),
the regulatory sequences involved, and the identities of the
genes regulated, i.e., whether the entire set or only a subset of
flagellar genes is coordinately up- or down-regulated in response to changes in flagellar length.
Aside from its effects on C. reinhardtii flagellar lengths, Li⫹
affects several signal transduction pathways in vertebrate and
invertebrate cells and plants (51). One of the best-known effects is in the therapeutic control of bipolar disorder in humans
(15). Although several pathways are implicated in humans and
other systems, the signaling and gene regulatory mechanisms
through which Li⫹ exerts its effects are still not yet fully understood (13, 14, 25).
We report here studies on Li⫹-induced flagellar elongation
and the increases in abundance of three flagellar mRNAs encoding ␣1- and ␤2-tubulin and pcf3-21 in response to Li⫹.
Their induction is a primary response to the addition of Li⫹
that does not require protein synthesis. In addition, we have

Cilia and flagella are motile organelles used for the clearance of fluids by lung and oviduct tissue and for swimming by
unicellular eukaryotes and sperm. Modified cilia also aid in the
transduction of light, chemical, and mechanical signals by sensory epithelial cells. Recently, defects in ciliary structure and
function have been linked to several human diseases and syndromes such as polycystic kidney disease, obesity, and diabetes
(33, 34). Indeed, cilia and the primary cilium found on almost
every vertebrate cell may be fundamental to sensing and transducing information from the extracellular environment into
biochemical signals that affect cell behavior (44).
The green alga Chlamydomonas reinhardtii is central to research in this area (38). Characterization of several C. reinhardtii mutants has led to the identification of components of
intraflagellar transport (IFT), the mechanism by which cilia
and flagella are assembled and disassembled (3, 20, 30, 33, 47,
50). During its life cycle, C. reinhardtii alters the lengths of its
flagella, disassembling the subunits, resorbing them in preparation for mitosis and meiosis, and regrowing them after the
completion of these processes or after they are shed in response to extracellular cues (12). Several chemicals also alter
the lengths of C. reinhardtii flagella: treatment with isobutylmethyl xanthine, sodium pyrophosphate, or low Ca2⫹/high
Na⫹ concentrations causes flagella to shorten (22, 23, 32, 43,
45), whereas treatment with Li⫹ causes flagella to elongate
beyond their normal length (28, 48, 50). Presumably, IFT shuttles flagellar protein subunits up and down the flagellum during both naturally occurring and chemically induced assembly
and disassembly.
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Lithium (Liⴙ) affects the physiology of cells from a broad range of organisms including plants and both
vertebrate and invertebrate animals. Although its effects result presumably from changes in gene expression
elicited by its interaction with intracellular signal transduction pathways, the molecular mechanisms of Liⴙ
action are not well understood. The biflagellate green alga Chlamydomonas reinhardtii is an ideal genetic model
for the integration of the effects on Liⴙ on signal transduction, gene expression, and aspects of flagellar
biogenesis. Liⴙ causes C. reinhardtii flagella to elongate to ⬃1.4 times their normal length and blocks flagellar
motility (S. Nakamura, H. Tabino, and M. K. Kojima, Cell Struct. Funct. 12:369–374, 1987). We report here
that Liⴙ treatment increases the abundance of several flagellar mRNAs, including ␣- and ␤-tubulin and
pcf3-21. Liⴙ-induced flagellar gene expression occurs in cells pretreated with cycloheximide, suggesting that
the abundance change is a response that does not require new protein synthesis. Deletion analysis of the
flagellar ␣1-tubulin gene promoter showed that sequences necessary for Liⴙ-induced expression differed from
those for acid shock induction and contain a consensus binding site for CREB/ATF and AP-1 transcription
factors. These studies suggest potential promoter elements, candidate factors, and signal transduction pathways that may coordinate the C. reinhardtii cellular response to Liⴙ.
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identified regions of the ␣1-tubulin gene promoter that are
necessary for its induction by Li⫹ and are distinct from promoter sites previously shown to be required for gene induction
during flagellar regeneration after acid shock (35).
MATERIALS AND METHODS

The 390-nt-long pcf3-21 probe protected 350 nt of pcf3-21 RNA. The full-length
380-nt pcf8-13 probe protected 320 nt at the 3⬘ end of the pcf8-13 RNA. All
probes contained sequences from the cloning vector that distinguish them in size
from the protected RNA fragments.
Plasmid constructions for promoter mapping. Plasmid constructions of the
␣1-tubulin gene were described previously (35). In short, we tagged the ␣1tubulin gene by a 233-bp deletion between the EcoRV and MluI restriction sites
in the coding region of the ␣1-tubulin gene to produce ␣1-tub⌬. In addition to
the tag, different lengths of 5⬘-flanking sequence were deleted from ␣1-tub⌬ to
generate progressively shorter constructs containing from ⫺276 bp to ⫺16 bp
upstream of the transcription start site. The 5⬘ end of each deletion construct was
blunted, and a BamHI linker was ligated into it. The ARG7 selectable marker
gene was inserted in a 5⬘-to-3⬘orientation upstream of the 5⬘ end of the tagged
␣1-tubulin genes (see Fig. 4). In one construct (⫺276⌬ ␣1-tub⌬/ARG7), the
promoter sequences between bp ⫺156 and ⫺122 upstream of the ␣1-tubulin
transcription start site were also deleted. The set of cyc6/ars constructs was
prepared by the insertion of ␣1-tubulin promoter fragments at the SalI restriction enzyme site upstream of the cytochrome c6 promoter and the arylsulfatase
reporter gene (35, 37).
Transformation and screening. The argininosuccinate lyase-deficient strain
(CC-1931) of C. reinhardtii (11) was used as a recipient for 0.8 g of linearized
␣1-tub⌬/ARG7 plasmids or 4 g and 2 g of circular ␣1tub/cyc6/ars and
pARG7.8/gem plasmids, respectively (35). Before transformation, the ␣1-tub⌬/
ARG7 plasmids were linearized with the restriction enzyme EcoRI such that the
tagged ␣1-tubulin gene was flanked at its 5⬘ end by the ARG7 gene and at its 3⬘
end by vector (Fig. 4). Cells, at 1 ⫻ 107 to 3 ⫻ 107 cells/ml, were transformed by
the glass bead method (19) and spread onto SGII medium plates lacking arginine
(8, 39). Colonies appeared 7 to 10 days after transformation. Transformed cell
lines were cultured and analyzed either as pools or as individual cell lines that
showed basal expression of the tagged ␣1-tubulin gene, as previously described
(35). Our previous results indicate that pooled and individual cell lines can be
used interchangeably in ␣1-tubulin gene induction analyses (35).
Sequence analysis of the ␣1-tubulin promoter. We analyzed sequences between bp ⫺122 and ⫺85 of the ␣1-tubulin promoter with the Transfac (v7.0)
database (http://www.gene-regulation.com), which consists of a large number of
nucleotide distribution matrices, each containing aligned binding sequences for
a known transcription factor (36). MatInspector 6.2 computer software was used
to compare to the matrices in the Transfac database.

RESULTS
ⴙ

Li causes flagellar elongation and loss of motility. C. reinhardtii strains treated with 50 mM Li⫹ elongated their
flagella from about 9 m to 13 m (about 1.4 times the
length of control flagella) (Fig. 1A) and stopped swimming,
confirming previous reports (9, 28, 50). Flagella were not
elongated on control cells treated with 50 mM NaCl or 50
mM KCl (Fig. 1B).
In addition, Li⫹-treated cells showed kinked flagella or flagella with small “bulbs” located at the tips or along the flagella
(Fig. 1D). In extreme cases, the axonemes were presumably
completely coiled inside the flagellar membrane to form one or
two large bulbs. The number of kinked and bulbed flagella
increased with the duration of Li⫹ treatment (Fig. 1C). Elongated, kinked, and bulbed flagella were observed in both C.
reinhardtii strains examined and also on cells treated with Li
acetate rather than LiCl.
Liⴙ increased RNA abundances of flagellar genes. RNA
abundances of ␣1- and ␤2-tubulin and pcf3-21 increased in
cells treated with Li⫹, whereas pcf8-13 RNA abundance was
unchanged. After a lag of 45 to 90 min, tubulin RNA abundances increased about fivefold to a plateau by 180 min (Fig. 2
and 3A and B, open bars). The pcf3-21 RNA abundance increased about sixfold to reach its highest levels in the first 45
min after the addition of Li⫹ and then decreased at later times
(Fig. 2 and 3C, open bars). The abundance of pcf8-13 RNA did
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Cell cultures. The C. reinhardtii arg7 strain (CC-1931) and strain 137c (CC124) were obtained from E. Harris at the C. reinhardtii Genetics Center (http:
//www.chlamy.org). Cells were grown in liquid medium I (39), with continuous
aeration, at 25°C on a cycle of 14 h of light/10 h of dark. For growth of the arg7
strain, L-arginine (50 g/ml; Sigma) was added to medium I (12). For promoter
mapping studies, pooled and individual arg7::ARG7 cell lines were grown in
medium I. Cell cultures were grown to a density of 1 ⫻106 to 4 ⫻106 cells/ml. Cell
density was determined with a Neubauer counting chamber (Clay-Adams, Parsippany, NJ).
Cell treatments and flagellar length measurements. Cells were collected by
centrifugation (1,000 ⫻ g for 5 min), resuspended to 2 ⫻107 to 4 ⫻107 cells/ml
in fresh medium I, and allowed to recover from collection for 2 h at room
temperature with gentle mixing at ⬃100 rpm on a rotary platform shaker.
Lithium was then added from a 5 M LiCl (Sigma) aqueous stock to a final
concentration of 50 mM. Control treatments of 50 mM NaCl, KCl, or Li acetate
were made by dilution from 5 M, 1 M, and 1 M stocks, respectively. Cycloheximide (Sigma) was added from a 2-mg/ml aqueous stock to a final concentration
of 10 g/ml, which blocks ⬎95% of protein synthesis in C. reinhardtii (2).
Flagella on cells fixed at the indicated times by the addition of an equal volume
of 2% glutaraldehyde were measured with an ocular micrometer mounted on a
Zeiss phase-contrast light microscope. Differential interference contrast images
of bulbed flagella were produced with a Zeiss Axioplan II microscope using 63⫻
or 10⫻ 1.4-numerical-aperture Axioplan objectives.
Total RNA isolation. Cells in 1 ml of concentrated culture were collected by
centrifugation at 8,000 ⫻ g for 10 s. Pellets were lysed, and RNA was isolated by
an acid-guanidine thiocyanate-phenol-chloroform method as described previously (6, 35). Concentration and quality of the RNA were determined by A260–280
measurement using a UV spectrophotometer (Beckman).
RNase protection assay. RNA abundances in control and experimentally
treated cells were measured by RNase protection assays performed as previously
described (35). Total C. reinhardtii RNA (5 g) was hybridized overnight with 3
to 5 ng of in vitro-transcribed, [␣-32P]UTP-labeled, antisense RNA probes. After
RNase digestion, protected RNA fragments were dissolved in 5 l of loading
buffer (8% sucrose and 0.025% each bromphenol blue and xylene cyanol) and
run at 0.6 mA/cm (constant current) on 4% nondenaturating polyacrylamide gels
(1, 40), which preserve the integrity of long, protected fragments and reduce
background. For denaturing gels, protected RNA fragments were resuspended in
5 l of standard formamide loading buffer, heated to 95°C for 5 min, immediately
chilled in ice water, and run on 6% polyacrylamide–8 M urea gels (40). Dried
gels were exposed to X-ray film (Fuji). Autoradiographs were scanned, and band
optical densities were measured with Quantity One version 2.2 software from
Protein⫹Dna ImageWare Systems (Huntington Station, NY).
The change in RNA abundance was expressed as the factor by which RNA
abundance in treated cells changed from that in untreated cells. Measured
optical densities for untreated samples at all time points for a single experimental
set were averaged to yield an average untreated optical density. To derive
relative RNA abundance, we divided the optical density for each time point by
the average untreated optical density. Relative RNA abundances for each time
point in different biological replicates were averaged, and standard deviations
were calculated. To express the RNA abundance change (n-fold) after treatment
as the change over that in untreated samples, we divided the average relative
RNA abundance of each time point after treatment by the average relative RNA
abundance of untreated cells.
Probes. All probes were antisense RNA that protected parts of the ␣1-tubulin,
␤2-tubulin, pcf3-21, and pcf8-13 RNAs from RNase cleavage. Tubulin gene
products are localized in both flagella and the cell body; localization of the
pcf3-21 gene product is unknown. Expression of the pcf3-21 gene was assayed
because, like tubulin, its mRNA product is strongly induced after acid shock (5,
42). The pcf8-13 gene encodes a G-protein-like ␤ subunit that is expressed at
constant levels after acid shock (5, 41) and also during Li⫹ treatment, as reported
here; its localization in the cell is unknown. Full-length ␣1-tubulin RNA probes
were 742 nucleotides (nt) (for promoter mapping experiments shown in Fig. 5
and 6) and 323 nt (for RNase protection assays shown in Fig. 2 and 3), whereas
the protected RNA fragments after RNase treatment were 710 and 170 nt,
respectively. The ␤2-tubulin probe (232 nt) protected 217 nt of ␤2-tubulin RNA.
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FIG. 1. Effect of Li⫹ on flagellar length and morphology.
(A) Lengths of 25 straight flagella on randomly chosen cells treated
with LiCl (circles) or lithium acetate (triangles) per time point were
measured with an ocular micrometer and averaged. Bars show the
standard deviations of the samples. NT, not treated. (B) Average
lengths of 25 flagella on cells randomly chosen to be treated with 50
mM LiCl (circles), 50 mM KCl (squares), or 50 mM NaCl (triangles).
Bars show the standard deviations of each sample. In this experimental
series, flagella on LiCl-treated cells formed bulbs after 45 min and
were not measured at later times. (C) Percentage of cells with bulbed
flagella determined by scoring between 58 and 164 cells per time point
for rolled or straight flagella. For each time point, the total number of
cells with bulbed flagella was divided by the total number of cells
counted. Circles indicate measurements in experiment 1; triangles
represent measurements in experiment 2. (D) Differential interference

not change significantly during the experiment (Fig. 2 and 3D,
open bars).
Flagellar RNA abundances increased in cells treated with
Liⴙ plus cycloheximide. In cells treated with Li⫹ plus cycloheximide (Fig. 3A, hatched bars), the increase in abundance of
␣1-tubulin RNA showed kinetics that were similar to those in
cells treated with Li⫹ only (Fig. 3A, open bars). The increases
in ␤2-tubulin and pcf3-21 RNA abundance were larger in cells
treated with Li⫹ plus cycloheximide (Fig. 3B and C, hatched
bars) than in cells treated only with Li⫹ (Fig. 3B and C, open
bars). Cells treated with cycloheximide but not with Li⫹
showed a 50% decrease in flagellar RNA abundances (Fig. 3A
to C, black bars). Flagellar length increased, and bulbs appeared in Li⫹ treatments, with and without cycloheximide, but
not in the cycloheximide-only treatment (not shown). The
abundance of pcf8-13 RNA did not change significantly during

contrast images of C. reinhardtii cells untreated (NT) or treated with
Li⫹ for the times indicated on each panel. Arrows point to flagellar
bulbs. The inset in lower left panel shows a ⫻4 enlargement of a
flagellum in the process of coiling.
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FIG. 2. Autoradiograph of a representative RNase protection assay. Bands represent protected RNA fragments of ␣1- and ␤2-tubulin,
pcf3-21, and pcf8-13 RNAs. Times in minutes at which total RNA was
isolated from nontreated (NT) and Li⫹-treated (Li⫹) cells after the
addition of Li⫹ are indicated by numbers (45 to 360). Cells were
treated, and RNA was isolated and analyzed as described in Materials
and Methods.
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treatment with Li⫹, cycloheximide, or both (Fig. 3D). These
results demonstrate that new protein synthesis is not required
for the Li⫹-induced flagellar RNA abundance increase, although blocking protein synthesis does affect the magnitude of
the flagellar RNA abundance change.
Mapping of Liⴙ response elements in the ␣1-tubulin promoter. RNase protection assays measure RNA levels, which
are the combined product of both transcriptional and posttranscriptional activity. To investigate the role of transcriptional
activity in the Li⫹-induced increases in the abundance of RNA,
we created a set of tagged ␣1-tubulin constructs with progressively shorter promoter sequences (Fig. 4) and introduced
them into cells by transformation. Abundance levels of the
resident and tagged ␣1-tubulin RNAs were measured simultaneously in the same RNA samples isolated from stably transformed cell lines by RNase protection (representative autoradiographs are shown in Fig. 5), and inductions were calculated
for both the tagged and resident ␣1-tubulin genes at the indicated times (Fig. 6). This experimental design ensures that all
tagged gene transcripts were subjected to the same posttranscriptional regulation as resident gene transcripts so that
differences in abundance reflect differences in transcriptional activity from the different promoters. In this experimental series, expression of the control pfc8-13 gene (Fig.
6A to E, hatched bars) was constant in all experiments,
varying less than twofold between time points in all cell lines
examined (Fig. 5 and 6).

The resident and tagged ⴚ276, ⴚ276⌬, and ⴚ176 ␣1-tubulin genes are induced similarly during Liⴙ treatment. Pooled
arg7::ARG7 cell lines transformed with ⫺176 ␣1-tub⌬/ARG7
and ⫺276⌬ ␣1-tub⌬/ARG7 plasmids induced the tagged ␣1tubulin gene (black bars) and the resident ␣1-tubulin genes
(open bars) to the same levels (Fig. 6A and B). The same
results were obtained by analysis of an individual cell line
transformed with plasmid ⫺276 ␣1-tub⌬/ARG7 (constructs 1
to 3) (Table 1 and Fig. 6B). Although the ⫺176 tagged gene
was induced somewhat less than the resident gene at 135 and
180 min in Li⫹, this difference was not statistically significant,
as determined by a two-tailed t test. These results suggest that
regulatory elements necessary for the response to the Li⫹ are
located within 176 nt upstream of the ␣1-tubulin transcription
start site.
The tagged ⴚ122 ␣1-tubulin gene shows reduced induction
during Liⴙ treatment. Deleting the ␣1-tubulin promoter region to contain ⫺122 bp upstream of the transcription start site
decreased the induction of the tagged ␣1-tubulin gene (black
bars) to about 55% of induction levels of the resident ␣1tubulin gene (construct 4) (Fig. 6C, open bars, and Table 1).
This difference between tagged and resident gene induction is
statistically significant for time points between 45 and 270 min,
as determined by a two-tailed t test (P ⬍ 0.05), but was not
significantly different at 360 min of Li⫹ treatment.
Tagged ⴚ85, ⴚ56, and ⴚ16 ␣1-tubulin genes are not induced by Liⴙ but are expressed at basal levels. Cell lines
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FIG. 3. Effect of cycloheximide on Li⫹-treated wild-type (ARG7) cells. Cells were treated with Li⫹ (open bars), cycloheximide (black bars), or
both Li⫹ and cycloheximide (hatched bars) or not treated (NT). RNA was isolated and analyzed by RNase protection assays as described in
Materials and Methods. The average of two independent experiments is shown with brackets. Average RNA abundances of treated samples were
normalized to an average of RNA abundances of four nontreated samples. (A) ␣1-tubulin RNA; (B) ␤2-tubulin RNA; (C) pcf3-21 RNA;
(D) pcf8-13 RNA.
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transformed with ⫺85 and ⫺56 ␣1tub⌬/ARG7 plasmids
showed an increase in resident RNA abundance but no increase in tagged ␣1-tubulin RNA abundance during Li⫹ treatment (constructs 5 to 7) (Fig. 5 and 6D and E and Table 1).
Instead, the tagged RNA abundances in Li⫹-treated cells from
45 to 270 min (Fig. 6D and E, black bars) were decreased to
about 50% of those in control samples (Fig. 6D and E). At 360
min, the abundance of tagged RNA in the Li⫹-treated sample
was either the same as that in the nontreated sample, as in ⫺56
␣1tub⌬/ARG7 transformed cell lines, or somewhat elevated, as
in ⫺85 ␣1tub⌬/ARG7 transformed cell lines (constructs 5 and
6) (Fig. 6D and E, black bars, and Table 1). Analysis of an
individual cell line transformed with the ⫺16 ␣1-tub⌬/ARG7
plasmid also revealed basal expression but no induction in
Li⫹-treated samples (construct 7) (Table 1). These results suggest that additional sequences upstream of bp ⫺85 and contained within bp ⫺122 and ⫺85 are necessary for ␣1-tubulin
gene induction by Li⫹.
None of constructs 8 to 10 in Table 1, including one with the
␣1-tubulin promoter sequence from bp ⫺276 to ⫹75, con-

ferred Li⫹ inducibility on the cyc6/ars reporter gene, although
all constructs were expressed at basal levels. Therefore, although promoter sequences upstream of bp ⫺85 are necessary
for the ␣1-tubulin abundance change, other sequences in addition to the ⫺122 and ⫺85 sequence must also be required for
Li⫹-induced activation of the ␣1-tubulin gene.
Basal expression of tagged ␣1-tubulin genes. Control,
pooled cell lines transformed with ⫺176, ⫺276⌬, or ⫺122
␣1-tub⌬/ARG7 plasmids expressed tagged ␣1-tubulin RNA at
low but detectable basal levels that are comparable to resident
gene expression levels (Fig. 5 and 6A to C) and similar to
previously determined tagged gene basal expression levels in
pooled cell lines transformed with ⫺276, ⫺85, ⫺56, or ⫺16
␣1-tub⌬/ARG7 plasmids (35).
Sequence comparisons of tubulin promoters. Transfac database analyses revealed several potential binding sites for
known transcription factors located in the examined region.
Most strikingly, in the region between bp ⫺118 and ⫺110, we
found a significant number of matches to matrices containing
binding sequences for the transcription factors CREB/ATF
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FIG. 4. Tagged ␣1-tubulin gene constructions (␣1-tub⌬/ARG7). (A) An XbaI-BamHI restriction fragment containing the ARG7 gene was
inserted at the BamHI restriction enzyme site upstream of the 5⬘ end of the tagged ␣1-tubulin gene. The tagged ␣1-tubulin genes had various
lengths of 5⬘ sequence upstream of the transcription start site, indicated by negative numbers. (B) Structure of the resident ␣1-tubulin gene. The
742-nt antisense RNA probe used in RNase protection assays hybridizes to sequences in the 3⬘ end of both resident and tagged ␣1-tubulin RNAs,
as indicated above the gene in B, and protects fragments 710 nt from the resident ␣1-tubulin gene and 554 nt from the tagged ␣1-tubulin gene.
Symbols: ⫹⫹⫹ to ⫹⫹, relative magnitudes of the tagged-gene and resident-gene inductions; ⫹, basal level of expression; ⫹1, transcription start
site; ATG . . . , translation start site; 233bp⌬ and open box with ⌬, deletion that tags all ␣1-tubulin gene constructions; (⌬), deletion between bp
⫺156 and ⫺122 of the ⫺276⌬ ␣1-tub⌬/ARG7 construct; hatched boxes, ␣1-tubulin gene exons; black boxes, ␣1-tubulin gene introns; gray box,
ARG7 gene.

1416

PERIZ ET AL.

EUKARYOT. CELL

An additional difference in sequence requirements for Li⫹
and acid shock induction of the tagged ␣1-tubulin gene is
shown in Table 1. When ␣1-tubulin promoter fragments were
inserted upstream of the cyc6/ars reporter gene, none of the
constructs (constructs 8 to 10) (Table 1) containing sequences from bp ⫺276 to ⫹75 of the ␣1-tubulin promoter
supported cyc6/ars reporter gene induction during Li⫹ treatment. In contrast, the same constructs did support ␣1-tubulin induction after acid shock (35). Resident genes were
induced normally after treatment in all cell lines where
expression was measured.

DISCUSSION

and AP-1 (Fig. 7). Most matches occurred on the minus strand
and were homologous to the imperfect palindrome sequence
5⬘-TGACGTAA-3⬘ (Fig. 7). Criteria for the selection of these
matrices were a core similarity of 1 and a matrix similarity of
⬎0.85. To determine whether potential binding sites for those
transcription factors were present in other C. reinhardtii tubulin or flagellar gene promoters, we compared DNA sequences
from the C. reinhardtii genome database (http://www.jgi.doe.
gov/chlamy) to those from the Transfac database. Similarly
positioned sites in the upstream promoter of the pcf3-21 gene
and each ␣- and ␤-tubulin gene were found to be homologous
to matrices for CREB/ATF and AP-1. The presence of these
sites suggests possible mechanisms for the control of
expression of these genes in response to Li⫹ treatment.
Promoter sequences required for activation of the ␣1-tubulin gene by Liⴙ and by acid shock partially differ. Two regions
proved necessary for normal Li⫹-induced activation of the
␣1-tubulin gene. Table 1 shows a comparison of promoter
requirements for acid shock (35) and Li⫹-induced activation.
Deleting the sequences between bp ⫺176 and ⫺122 reduced
the induction response to either stimulus (constructs 1 to 4)
(Table 1). Further deletion of sequences between bp ⫺122
and ⫺85 completely abolished Li⫹-induced activation of the
tagged ␣1-tubulin gene, whereas acid shock-induced activation remained unchanged (construct 5) (Table 1). Deleting
the sequence downstream of bp ⫺85 completely abolished
induction by either stimulus (constructs 6 and 7) (Table 1).
These results suggest that elements located between bp
⫺176 and ⫺122 may be common to both responses, while
elements downstream of bp ⫺122 are distinct for acid shock
and Li⫹-induced responses.
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FIG. 5. Autoradiograph of a representative RNase protection assay. Bands show protected fragments of ␣1-tubulin resident and tagged
RNAs and pcf8-13 RNA isolated from pooled cell lines transformed
with ⫺176 ␣1-tub⌬/ARG7 plasmids and tagged RNA isolated from a
single ⫺85 ␣1tub⌬/ARG7 transformed cell line. RNA samples were
isolated from nontreated (NT) and Li⫹-treated (Li⫹) cells at the indicated times after the addition of LiCl to 50 mM.

Cellular responses to Liⴙ. Wild-type cells treated with Li⫹
elongate their flagella to ⬃1.4 times their original length over
6 h. This gradual flagellar elongation may arise from the inhibition of a flagellum-length control mechanism (28, 50), or,
because IFT is involved in flagellar assembly, Li⫹ may target
structural or regulatory components of the IFT system or the
mechanism of cilium-generated signaling (9, 21, 49). Recently,
Wilson and Lefebvre showed that Li⫹ inhibits C. reinhardtii
glycogen synthase kinase 3 (GSK3), suggesting a role for this
kinase in regulating flagellar assembly and length (50).
Flagella of Li⫹-treated cells also accumulated kinks along
their length and sometimes formed large bulbs in which the
axoneme was presumably coiled within the flagellar membrane. Bulbs were previously observed in Li⫹-treated cells (28)
and may be similar to the flagellar “disks” observed in the
loop-1 mutant (29). Some loop-1 mutant cells also had flagella
up to three times the normal length (29). Li⫹ may therefore
directly or indirectly affect the same genes and/or proteins that
are defective in loop-1 mutants. Although both kinks (called
bulbs by Wilson Lefebvre [50]) and bulbs (also called discs by
Nakamura et al. [29]) have been reported previously, the
mechanism by which Li⫹ induces these morphologies remains
unknown.
In our studies, flagellar elongation correlated with a gradual
increase, over 4.5 h, in abundance of three flagellar RNAs, ␣1and ␤2-tubulin and pcf3-21, to levels five- to ninefold above
basal levels in untreated cells. The kinetics of increase are
similar for ␣- and ␤-tubulin, and the abundance of pcf3-21
increases with different kinetics, while the abundance of
pcf8-13 RNA remains constant during this time interval. The
increase in abundance of the three flagellar RNAs indicates a
degree of specificity and coordinate gene regulation in the
response to Li⫹ stimulation. In contrast, Wilson and Lefebvre
previously reported a decreased abundance of two other flagellar transcripts, RSP3 and PF20, at 60 min of Li⫹ treatment
(50). The single time point used by Wilson and Lefebvre may
not truly reflect the timing and kinetics of the abundance
change occurring in these genes. An interesting alternative is
that Li⫹ may coordinate the expression of a set of genes that
includes only a subset of the flagellar genes. Global analysis of
Li⫹-induced gene expression will distinguish between these
possibilities.
Because the effect of Li⫹ on ␣1- and ␤2-tubulin and pcf3-21
RNA abundances was not blocked by cycloheximide, new protein synthesis is not required for these changes in abundance.
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Li⫹’s signaling and gene-inducing effects probably depend on
modifying the activity of proteins already present in the cell.
Tubulin and pcf3-21 RNA abundances increased to higher
levels and decreased more slowly in cells treated with Li⫹ plus
cycloheximide. In acid-shocked cells, cycloheximide treatment
does not block the induction of flagellar genes but instead
stabilizes flagellar RNAs, resulting in somewhat higher RNA
abundance levels and markedly slower degradation of accumulated RNAs (2). Cycloheximide may therefore have a
similar stabilizing effect on flagellar RNA abundances after
Li⫹ treatment.
Transcription and Liⴙ-induced RNA abundance increase.
The expression patterns of the tagged ␣1-tubulin gene constructs reveals that transcription plays a role, and indeed a

major one, in the Li⫹-induced changes in RNA abundance.
Two regions of the ␣1-tubulin promoter were found to influence its expression in the presence of Li⫹. Because cell lines
transformed with the ⫺176 ␣1-tub⌬/ARG7 construct and the
⫺276⌬ ␣1-tub⌬/ARG7 plasmid construct, which had deleted
sequences between bp ⫺156 and ⫺122, expressed the tagged
gene at levels of the resident gene, the region between bp ⫺176
and ⫺156 is important for enhancing the Li⫹-induced response. Deletion of the sequences downstream of bp ⫺122 of
the ␣1-tubulin promoter region led to the complete loss of
Li⫹-stimulated induction but not the loss of basal expression
levels of tagged ␣1-tubulin. Therefore, sequences necessary for
Li⫹ induction are located downstream of bp ⫺122, probably
between bp ⫺122 and ⫺85.
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FIG. 6. Expression of tagged ⫺176, ⫺276⌬, ⫺122, ⫺85, and ⫺56 ␣1-tubulin genes during Li⫹ treatment. RNA was isolated from cell lines at
the indicated times after the addition of LiCl. RNA was also isolated from nontreated cells at 45, 90, 180, and 360 min after the start of the
experiment. The average of the four nontreated RNA levels is designated NT. RNA abundances of Li⫹-treated samples were compared to the
average RNA abundances of control nontreated samples. Data for the induction of the resident (open bars) and the tagged (black bars) ␣1-tubulin
genes and the constitutive pcf8-13 gene (hatched bars) are shown. The brackets show the standard deviations for each time point. (A) Pool of 82
arg7 cell lines transformed with the ⫺176 ␣1-tub⌬/ARG7 plasmid. (B) Pool of 74 arg7 cell lines transformed with the ⫺276⌬ ␣1-tub⌬/ARG7
plasmid. (C) Pool of 76 arg7 cell lines transformed with the ⫺122 ␣1-tub⌬/ARG7 plasmid. One-half of each pool was Li⫹ treated, and one-half
was left untreated. Total RNA was isolated, and each set was tested twice by RNase protection assays as described in the text. Graphs in A, B,
and C represent the averages of data from four RNase protection assays. (D) ␣1-Tubulin expression in a single cell line transformed with the ⫺85
␣1-tub⌬/ARG7 plasmid, which was previously shown to induce the tagged ␣1-tubulin gene after acid shock (35). The graph represents the averages
of data from three RNase protection assays performed on control and Li⫹-treated samples. (E) The graph represents two RNase protection assays
performed on control and Li⫹-treated RNA samples isolated from a cell line transformed with the ⫺56 ␣1-tub⌬/ARG7 plasmid, which was
previously shown to not induce the tagged ␣1-tubulin gene after acid shock (35). The same result was obtained with another cell line transformed
with the ⫺56 ␣1-tub⌬/ARG7 plasmid.
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TABLE 1. Comparison of the ␣1-tubulin promoter requirements
for induction during lithium treatment and after acid shock
Transforming
constructa

Inductionb
Lithium

␣1-tubulin⌬/ARG7
1
2
3
4
5
6
7

⫺276
⫺276⌬
⫺176
⫺122
⫺85
⫺56
⫺16

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹
⫹
⫹

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫹⫹
⫹⫹
⫹
⫹

cyc6/ars
8
9
10

⫺276–⫺75
⫺276–⫺16
⫺85–⫺16

⫹
⫹
⫹

ND
⫹⫹/⫹⫹⫹c
⫹⫹

Acid shock

a
Constructs were described in Materials and Methods and in the legend of
Fig. 4.
b
Induction was determined as described in Materials and Methods. ⫹, basal
expression; ⫹⫹ and ⫹⫹⫹, expression induced by the indicated treatment; ND,
not determined.
c
Qualitative estimate.

Although these studies have delineated sequences necessary
for Li⫹ induction of the ␣1-tubulin gene, no construct tested
was sufficient to drive the expression of the cyc6/ARS reporter
gene in response to Li⫹ treatment (constructs 8 to 10) (Table
1). Additional sequences downstream of bp ⫹75 may also be
required for Li⫹ induction, as in the critical regulatory element
within the 5⬘ untranslated region of the IC70 gene described
previously by Kang and Mitchell (16). Alternatively, Li⫹ induction could require an intact ␣1-tubulin basal promoter that
the cyc6 basal promoter cannot functionally replace. The ␣1tubulin promoter differs from the cyc6 promoter at least in that
the level of uninduced ␣1-tubulin basal expression is high relative to the barely detectable expression levels of the uninduced cyc6 gene (7, 35, 37).
Potential elements regulating Liⴙ-induced transcription.
Because the region between bp ⫺122 and ⫺85 was necessary
for changes in Li⫹-induced RNA abundance, we examined this
region for similarities to known transcription factor binding
sites. The region between bp ⫺118 and ⫺110 of the ␣1-tubulin
promoter has potential for binding C. reinhardtii homologs of
the vertebrate transcription factors CREB, AP-1, and ATF/
Jun, related subfamilies of transcription factors that form heterodimers among themselves and bind to closely related CRE
and AP-1 binding sites (10, 17). In vertebrates, Li⫹ modulates
activities of multiple signal transduction molecules such as
GSK3␤, protein kinase C, and cyclic AMP (4, 13, 14, 15, 26,
27). For example, GSK3␤ negatively regulates AP-1 and
CREB transcription factors, and Li⫹ inhibition of GSK3␤
leads to transcriptional activation by the increased binding of
AP-1 and CREB transcription factors (27, 31). It is possible
that similar mechanisms of action of Li⫹ operate in C. reinhardtii and vertebrates, despite their great evolutionary distance. The C. reinhardtii GSK3␤ homolog is involved in the
control of flagellar length, and its activity is inhibited by Li⫹
(50), suggesting the conservation of Li⫹ action across divergent species. Interestingly, CRE and AP-1 binding sites were
found upstream of the C. reinhardtii ␣- and ␤-tubulin genes as

FIG. 7. Analysis of the ␣1-tubulin promoter region from bp ⫺122
to ⫺85 using the Transfac database. The region between bp ⫺118 and
⫺110 (box) of the ␣1-tubulin promoter was shown to be homologous
to at least 15 matrices. Matrix consensus sequences that are homologous to the lower or upper DNA strand of the ␣1-tubulin promoter are
shown below or above the ␣1-tubulin sequence, respectively. Numbers
5⬘ and 3⬘ indicate sequence orientation. Capital letters designate
matches between the ␣1-tubulin promoter sequence and a matrix sequence. Letters in boldface type represent the core sequence of the
matrix. Listed to the right of the matrix consensus sequences are matrix
names. “V” designates the origin of the matrix sequence (vertebrate),
while the rest of the name describes a transcription factor that binds a
matrix and the quality of the matrix. The numbers preceding the matrix
sequence name describe the score similarity, with 1 being the highest
score match between matrix and the ␣1-tubulin sequence and 14 being
the lowest. Letter codes for nucleotide sequence ambiguity follow IUB
recommendations.
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Promoter
requirement

well as the pcf3-21 gene, and we demonstrate here that these
genes are induced by Li⫹. CRE and AP-1 binding sites were
also found in sequences that control the expression of the C.
reinhardtii glutathione peroxidase gene in response to singlet
oxygen, implicating the involvement of these factors in other C.
reinhardtii gene regulatory circuits (24). It is not yet known
whether a transcription factor(s) homologous to CREB, AP-1,
or ATF/Jun or coactivators of these factors binds to the ␣1tubulin promoter sequence at bp ⫺118 to ⫺110, although
database searches have shown the presence of C. reinhardtii
homologs of Fos, Jun, and coactivators of CREB. Determining
whether these C. reinhardtii homologs bind DNA at these sites
is of key importance in future studies.
Comparison of Liⴙ and acid shock responses. C. reinhardtii
responses to Li⫹ and acid shock stimuli differ in several ways.
Li⫹ signals sustained flagellar elongation over ⬃3 to 6 h, while
acid shock signals immediate loss followed by the regrowth of
flagella over ⬃2 h. Li⫹ signals sustained elevated expression of
at least three flagellar genes over 3 to 6 h, while acid shock
signals a rapid induction/deinduction of flagellar genes, which
returns to preshock levels within ⬃2 h. While sequences that
enhance the transcription of ␣1-tubulin in both Li⫹ and acid
shock lie upstream of bp ⫺122, other sequence elements responsive to these stimuli downstream of bp ⫺122 differ in their
sequence and location in the ␣1-tubulin gene promoter (Table
1). Also, the promoter region between bp ⫺85 and ⫺16 was
necessary and sufficient to confer inducibility after acid
shock upon the reporter gene cyc6/ars, while none of the
␣1-tubulin promoter fragments containing sequences were
sufficient for Li⫹-induced changes in RNA abundance.
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Thus, the kinetics of flagellum length change, the kinetics of
flagellar gene expression, and the promoter elements governing Li⫹- and acid shock-activated transcription differ
significantly. A global analysis of Li⫹-induced gene expression similar to that undertaken previously for acid shock
(46) will aid in defining the Li⫹-induced gene set and identifying the signaling pathway(s) and sensors involved in the
cellular response to Li⫹.
The effect of Li⫹ on both flagellar morphology and gene
expression in C. reinhardtii makes this organism a useful tool
for investigating the relationship between the regulation of
flagellar size and gene expression. Moreover, the diverse and
dramatic effects of Li⫹ on C. reinhardtii as well as the possible
conservation of mechanisms by which Li⫹ affects gene expression in mammals and C. reinhardtii make this organism a suitable model for determining the still elusive molecular mechanisms of Li⫹ action.
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