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Most freshwater flagellates use contractile vacuoles (CVs) to expel excess water. We have used Chlamydomonas reinhardtii as a
green model system to investigate CV function during adaptation to osmotic changes in culture medium. We show that the con-
tractile vacuole in Chlamydomonas is regulated in two different ways. The size of the contractile vacuoles increases during cell
growth, with the contraction interval strongly depending on the osmotic strength of the medium. In contrast, there are only
small fluctuations in cytosolic osmolarity and plasma membrane permeability. Modeling of the CV membrane permeability in-
dicates that only a small osmotic gradient is necessary for water flux into the CV, which most likely is facilitated by the aqua-
porin major intrinsic protein 1 (MIP1). We show that MIP1 is localized to the contractile vacuole, and that the expression rate
and protein level of MIP1 exhibit only minor fluctuations under different osmotic conditions. In contrast, SEC6, a protein of the
exocyst complex that is required for the water expulsion step, and a dynamin-like protein are upregulated under strong hypo-
tonic conditions. The overexpression of a CreMIP1-GFP construct did not change the physiology of the CV. The functional im-
plications of these results are discussed.

In hypotonic media, cells/organisms take up water by osmosis.
Water uptake occurs only if the water potential inside the cell is

more negative than that outside the cell. The amount of water
taken up in a given time depends on (i) the water potential gradi-
ent between the medium and the cell interior, (ii) the surface area
of the plasma membrane (PM), and (iii) the extent to which the
PM is permeable to water. Cells can use three strategies to prevent
bursting caused by the osmotic influx of water in a hypotonic
environment. First, organisms can modify the composition of its
interior, its surface area, and/or its PM permeability to limit water
uptake. Second, organisms can use a cell wall to generate a cell wall
pressure potential (turgor) to balance the osmotic water potential,
as many algae, plants, and fungi do. However, many unicellular
protists do not possess a rigid cell wall. Instead, these protists use a
third strategy: they employ water pumps called contractile vacu-
oles (CVs) to remove excess water. CVs are specialized vacuoles
that slowly accumulate water during diastole and periodically ex-
pel the liquid rapidly into the medium (systole) (1–4).

Although CV morphologies and behaviors differ among vari-
ous organisms (see Komsic-Buchman and Becker [5] for a recent
comparison of the contractile vacuoles of a variety of protists), the
basic mechanism (water uptake into the CV by osmosis) appears
to be conserved between different eukaryotes. The same proteins/
cellular processes have been implicated in CV function in Amoeba,
Dictyostelium, Paramecium, Trypanosoma, and green algae (e.g.,
proton pumps and aquaporins) (3, 4, 6). However, we still do not
know anything about what other factors (ion transport systems)
are needed to build up the necessary osmotic gradient in any
system.

Water channels (known as aquaporins) often facilitate osmotic
water flow across membranes. Aquaporins can increase the per-
meability of the osmotic membrane to water approximately 100-
fold compared to that of a pure phospholipid bilayer (7, 8). Aqua-
porins can be regulated, for example, by phosphorylation at the C
terminus (9). Clear evidence has been presented for the presence
of aquaporins in the CV membrane of Amoeba proteus (10), Dic-
tyostelium discoideum (11), Leishmania major (12), and Trypano-

soma cruzi (13). The genome of Chlamydomonas reportedly con-
tains two putative aquaporins: major intrinsic proteins 1 and 2
(MIP1 and MIP2) (14). Moreover, Anderca et al. (15) reported the
ability of MIP1 to facilitate the transport of glycerol, but not water,
when expressed in yeast. In spite of this result, the authors sug-
gested in the same paper that MIP1 functions in vivo as a water
channel in CVs. In support of this suggestion, we demonstrated
previously that CreMIP1 is localized in the CV membrane in Chla-
mydomonas when tagged with green fluorescent protein (GFP) as
a reporter protein (3).

Chlamydomonas is an established green algal model system
(16–18). Cells contain two CVs, which are located at the anterior
end of the cell close to the basal bodies (19). The ultrastructure of
the Chlamydomonas CV has been investigated in some detail (3,
19, 20). At the end of diastole, the CV has a spherical shape ap-
proximately 2 �m in diameter. During systole, the CV collapses
and fragments into smaller vesicles/vacuoles that vary in size (100
to 200 nm). These vacuoles then fuse with each other to form a
new large, spherical CV at the end of diastole. As in other systems,
proton pumps have been implicated in CV function in Chlamy-
domonas (20). We recently isolated Chlamydomonas CV mutants
through insertional mutagenesis and demonstrated that the exo-
cyst component SEC6 is required for CV function (3). However,
not much is known about the basic physiology of CV function/
osmoregulation in Chlamydomonas. Here, we describe the basic
regulation of CV activity in Chlamydomonas and its adaptation to

Received 8 July 2014 Accepted 8 September 2014

Published ahead of print 12 September 2014

Address correspondence to Burkhard Becker, b.becker@uni-koeln.de.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00163-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/EC.00163-14

November 2014 Volume 13 Number 11 Eukaryotic Cell p. 1421–1430 ec.asm.org 1421

http://dx.doi.org/10.1128/EC.00163-14
http://dx.doi.org/10.1128/EC.00163-14
http://dx.doi.org/10.1128/EC.00163-14
http://ec.asm.org


media of different osmotic strengths. We also discuss the role of
aquaporins in osmoregulation in Chlamydomonas.

MATERIALS AND METHODS
Strains used. Chlamydomonas sp. strains CC-3395 (arg7-8 cwd mt�) (21)
and UVM4 (cwd mt� arg7) (22) and four individual UVM4-MIP1GFP
strains were used (UVM4-MIP1GFP-1 was published previously [3];
UVM4-MIP1GFP-2 to UVM4-MIP1GFP-4 were obtained according to
the previously published methods). Culture conditions were as described
previously (3), except that fresh cultures were inoculated every 7 days to
keep the cell growth in log phase (see Fig. S2 in the supplemental mate-
rial). For all experiments, 5-day-old cultures (cell density of 106 to 107

cells/ml) were exposed for 2 days to media with different osmotic
strengths, i.e., Tris-acetate-phosphate (TAP) either diluted with distilled
water (TKA X-CAD; Thermo Electron LED GmbH, Niederelbert, Ger-
many) or augmented with sucrose. The osmolarity of all media was deter-
mined using a freezing-point depression osmometer (Osmomat 010;
Gonotec, Berlin, Germany).

Light microscopy. Light and fluorescence microscopy were per-
formed as described by Komsic-Buchmann et al. (3), with 5 to 7 �l cell
suspension on each slide. We performed a titration analysis to determine
the cytosolic osmolarity of Chlamydomonas sp. strain CC-3395. Cells were
incubated for 2 days in media of increasing osmolarity and observed for
the presence of CVs.

Calculation of the water permeability coefficient, Pf. We used the
following equations, adapted from references 23 and 24, to determine the
water permeability coefficient (Pf) of the cell and CV membrane, respec-
tively: for osmotic pressure, � � RT � C � 2.436 liter MPa mol�1, where
C is the osmotic potential of the solution and RT is room temperature
(20°C); for osmotic pressure difference, �� � �1 � �2; for water flux (J*;
in �m3 s�1), J* � efflux per cell per min/60; for the permeability of the
membrane to water (LP; in �m s�1 MPa�1), LP � J*/(�� � A), where A
is surface area; for water permeability (Pf; in �m s�1), Pf � (LP � RT)/VW,
where VW is the partial molar volume of water, 0.000018 m3 mol�1.

Subcellular localization of CreMIP1. A peptide consisting of the 15
C-terminal amino acids of MIP1 was used to generate the 	-CreMIP1
antibody in rabbits generated in cooperation with Agrisera (Vännäs, Swe-
den). The immune serum was purified by affinity chromatography.

For Western blotting, the proteins were extracted from 15 ml of a
Chlamydomonas culture. The cells were lysed with SDS buffer supple-
mented with cOmplete Ultra tablets (2�, EDTA free; Roche, Mannheim,
Germany) and heated for 3 min at 95°C. Dithiothreitol (DTT) was added
to the supernatant after centrifugation (final concentration, 100 mM).
Ten micrograms of protein per sample was separated on a 12% SDS-
PAGE gel (25) and transferred to a polyvinylidene difluoride (PVDF)
membrane (Immobilon-P; 0.45 �m; Millipore, Darmstadt, Germany).
Antibodies were diluted in 2% and 5% milk powder in Tris-buffered
saline (TBS). The following primary antibodies were used: 	-CreMIP1
(rabbit; 1:10,000; Agrisera, Vännäs, Sweden), 	-GFP (mouse; 1:5,000;
Roche, Mannheim, Germany), 	-Arf1 (rabbit; 1:5,000; Agrisera, Vännäs,
Sweden). The following secondary antibodies were used: 	-mouse (1:
50,000) and 	-rabbit (1:80,000) conjugated to horseradish peroxidase
(HRP; Sigma, St. Louis, MO). Proteins were detected with chemilumines-
cence (SuperSignal West Femto maximum sensitivity substrate; Thermo
Scientific, Waltham, MA) using the LAS-4000 mini luminescent image
analyzer (Fujifilm Europe GmbH).

For electron microscopy (EM), Chlamydomonas cells were transferred
into high-salt medium (HSM) augmented with sucrose to reach an os-
motic strength of 64 mosM, and HEPES was added (1 mM final concen-
tration). Cell processing for Epon embedding was performed as described
previously (3). Cell fixation for LR-Gold embedding was performed si-
multaneously for 30 min at 4°C with formaldehyde, glutaraldehyde, and
aqueous osmium tetroxide simultaneously (final concentrations were 2%,
0.5%, and 0.05%, respectively). For easier handling, the dense cell suspen-
sions were injected after fixation into 1% Difco agar, noble (B&D, Heidel-

berg, Germany). Samples were washed and dehydrated in an ethanol se-
ries and embedded in LR-Gold. Ultrathin sections (60 nm) were cut with
a Leica microtome EM UC7 and a diamante knife (45° angle; Diatome).
Sections of LR-Gold-embedded cells were processed for immunogold lo-
calization according to Geimer (26). Antibodies were used at the follow-
ing dilutions: 	-CreMIP1, 1:200; 	-tubulin, 1:200 (positive control;
mouse IgG, clone 6 to 11b-1; Sigma, St. Louis, MO, USA); and 	-rabbit
and 	-mouse conjugated with 10-nm gold particles (1:25; Sigma, St.
Louis, MO, USA). All micrographs were taken with a transmission elec-
tron microscope (CM 10; Phillips, Eindhoven, The Netherlands) and a
digital camera (Orius SC200W 1; Gatan, Pleasanton, CA). Images were
analyzed using Digital Micrograph (Gatan, Pleasanton, CA) and Adobe
Photoshop CS4.

qPCR. Total RNA was isolated from 15 ml of each Chlamydomonas
culture using the peqGOLD plant RNA kit (Peqlab, Erlangen, Germany).
DNA was removed from the RNA with DNase I (Fermentas, Burlington,
Canada), and cDNA synthesis (RevertAid first-strand cDNA synthesis kit;
Fermentas) was conducted using 1 �g total RNA. Quantitative real-time
PCR (qPCR) primers were generated using either QuantPrime (27) or
Primer3 (28) or were generated manually and tested for an amplification
efficiency (E) of 0.9 � E � 1.1 and for specificity (melting curves with a
single peak and only one PCR product on a 2 to 4% agarose gel; primer
sequences are listed in Table S1 in the supplemental material). qPCR was
performed using the Applied Biosystems 7300 cycler (Foster City, CA,
USA) and SYBR green (KAPA SYBR fast qPCR mastermix for ABI Prism;
Peqlab, Erlangen, Germany) or Maxima SYBR green (Fermentas, Burl-
ington, Canada) with 2 �l 10-fold diluted cDNA (corresponding to 100 ng
of total RNA). Nontemplate controls were included each time, and every
real-time PCR assay was performed in duplicate. Quantification experi-
ments were repeated three to five times using RNA isolated from indepen-
dent cultures. Fold changes were calculated based on the relative 2���CT

method, using RPL34 as an internal standard.

RESULTS
Osmoregulation in Chlamydomonas sp. strain CC-3395. Initial
experiments showed that cellular water homeostasis and CV ac-
tivity are influenced by the growth status of the cells (see Fig. S1
and S2 in the supplemental material). Cells from cultures, which
were kept regularly in the exponential growth phase, exhibit less
variability in their cell and CV physiology. In contrast, cells that
were exposed to stationary phases (�7 days before subculturing)
exhibited, on average, a larger cell size and smaller CVs, with much
greater individual variability (see Fig. S2). Therefore, Chlamy-
domonas sp. strain CC-3395 was maintained in the exponential
growth phase for several weeks prior to all experiments. Cell size,
CV size, and CV contraction interval were determined and used to
calculate the water flux through the cell, the PM surface area, the
CV membrane surface area, and the CV volume (Fig. 1; see Mate-
rials and Methods for details). Cell size and CV size (Table 1) were
not correlated with the osmotic strength of the medium. In con-
trast, the CV contraction interval increased with increasing os-
motic strength (less osmotic pressure to the cells). The water flux
through the cell and the osmotic strength of the medium exhibited
a strong negative correlation (linear regression; r2 � 0.898, P �
0.0041) (Fig. 2). Doubling the medium osmolarity nearly halved
the water flux through the cells. Thus, cells mainly use changes in
CV activity to adapt to media of different osmotic strengths rather
than varying cytosolic osmolarity and/or the water permeability of
the plasma membrane. The extrapolation of the straight line ob-
tained by linear regression analysis indicates that the average cy-
tosolic osmolarity is approximately 170 mosM.

Under isotonic conditions, no CVs at all were observed in
Chlamydomonas. As shown in Fig. S3 in the supplemental mate-
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rial, the titration of CV activity yielded a cytosolic osmolarity of
approximately 173 mosM, which is in good agreement with the
value obtained by extrapolating the CV efflux to zero in Fig. 2.

Regulation of CV activity. The analysis thus far used popula-
tion averages and revealed a very good correlation between water
transport through the cell and the osmotic strength of the me-
dium. However, as is evident from the standard errors of the
means (SEM) depicted for the different cell populations shown in
Fig. 2, we observed considerable variation of the water flux within
a population of cells. Figure 3 shows scatter plots for individual
cells in media of different osmotic strengths (32 mosM to 144
mosM) and depicts the relationship between CV properties and
cell size (expressed as cell surface area) as well as the mutual de-
pendence of CV volume and contraction interval. Because our
Chlamydomonas cultures are not synchronized, the cells vary
greatly in size (100 to 450 �m2 PM surface area). Interestingly,
only the CV volume correlated well with the PM surface area,
while the duration of the contraction interval strongly depended
on the osmolarity of the medium (Fig. 3). These observations
indicate that Chlamydomonas cells use CV size to compensate for
the increased water influx during cell growth and adjust the con-
traction interval to adapt the cellular water flux to the medium

osmolarity. Our results indicate that there is no correlation be-
tween CV size and contraction interval, each is regulated indepen-
dently. Different combinations of CV size and contraction inter-
val yield the same water flow through the cell, which explains in
part the variability of both parameters. However, it is noteworthy
that the correlation between CV size and contraction period im-
proves in strong hypotonic media, which indicates that the system
is approaching its limits (Fig. 3).

Permeability of the plasma membrane. Given the osmolari-
ties of cytosol and medium, the PM surface area, and the water
fluxes through the cell, it is possible to calculate the PM’s osmotic
permeability coefficient for water, Pf, in all tested media (Table 1).
The Pf values of the PM were very low (0.419 to 1.01 �m/s) in all
experimental conditions (Table 1). These very low values are in
the range of those for membranes reported to lack aquaporins
(29), indicating that no aquaporins are present in the PM of Chla-
mydomonas.

Water uptake into the CV. Current models regarding CV
function suggest that the uptake of water into the CV is mediated
by osmosis. Unfortunately, currently it is not possible to deter-
mine the osmolarity of the CV lumen in Chlamydomonas; never-
theless, it is possible to model the situation at and in the CV using
the determined water fluxes and CV membrane surface areas (cal-
culated from the size of the CV at late diastole). Figure 4 shows
combinations of osmotic gradient at the CV membrane and the
CV membrane permeability, which yield the determined water
fluxes for each osmotic condition. Based on the assumption that
the presence of an aquaporin increases the membrane permeabil-
ity by a factor of 100 (7), the Pf of the CV membrane is between
41.9 and 101 �m/s (Fig. 4, black striated box). As is evident from

FIG 1 Osmoregulation in Chlamydomonas reinhardtii. Water fluxes across
plasma and CV membranes are indicated. The CV on the left is representative
of early diastole. At the end of diastole, the large CV (right CV; approximately
2 �m in diameter) develops from small (diameter, 100 to 200 nm) vacuoles
(broken blue arrow). The CV on the right depicts the transition from diastole
to systole phase. The contractile vacuole associates closely with the PM and
expels liquid into the medium. During this process, the CV collapses and
fragments into numerous small vacuoles (broken red arrow). To sustain cell
size, water fluxes during the three water transport steps must be in equilibrium
(J1* � J2* � J3*). The comparison of the CV volume at the end of diastole to
the total volume of small vesicles (same amount of membrane material; diam-
eter, 100 to 200 nm) at the beginning of diastole indicates that at least 90% to
95% of the CV volume is discharged during a single CV cycle (assuming ideal
spheres for vesicles and the large CV). As the collapsed membrane material of
the CV rarely forms ideal spheres, the real percentage of discharge is even
higher. For simplicity, the CV volume at the end of diastole is used in all
calculations, which gives rise to a small overestimation (less than 5%) of water
flux and the calculated membrane permeability coefficient, Pf.

TABLE 1 Osmoregulation in Chlamydomonasa

Osmolarity of the
medium (mosM)

No. of cells
investigated

Cell surface
(�m2)

CV vol
(�m3)

CV contraction
interval (s)

Water efflux
(�m3/min
cell)

Osmotic PM
Pf (�m/s)

32 16 248.9 
 19.9 3.4 
 0.4 15.9 
 1.3 25.8 
 2.3 0.69
64 36 179.0 
 8.4 2.7 
 0.2 20.4 
 0.6 16.2 
 1.1 0.78
84 21 180.7 
 10.7 2.6 
 0.2 25.5 
 1.1 12.8 
 1.1 0.76
104 21 168.4 
 8.0 2.2 
 0.1 24.4 
 0.9 10.7 
 0.7 0.89
124 21 227.9 
 13.4 2.7 
 0.2 29.0 
 1.7 11.6 
 1.1 1.01
144 20 287.0 
 13.6 3.0 
 0.2 107.7 
 4.7 3.5 
 0.3 0.42
a Mean values and standard errors are given.

FIG 2 Alteration of the water efflux per cell of Chlamydomonas reinhardtii in
response to media with different osmotic strengths. Error bars indicate stan-
dard errors of the means (SEM). The SEM of the data point (144/3.5) is too
small to be depicted in this diagram.

Osmoregulation in Chlamydomonas reinhardtii

November 2014 Volume 13 Number 11 ec.asm.org 1423

http://ec.asm.org


Fig. 4, only small osmotic gradients (15 to 25 mosM) are needed at
the CV membrane to achieve the required water flow.

Aquaporins in Chlamydomonas. The published genome of
Chlamydomonas (30) contains three putative aquaporins: MIP1
(Cre12.g549300.t1.2), MIP2 (Cre17.g711250.t1.2), and MIP3
(Cre01.g038800.t1.2). MIP1 and MIP2 have been characterized in
silico by Anderberg et al. (14); they are members of the algal
MIP-D subfamily (associated with the X intrinsic protein [XIP]
subfamily), and it has been suggested that they are glycerol (MIP1)
or water and glycerol (MIP2) transporters. MIP3 exhibits the
greatest similarity to plant small basic intrinsic proteins (SIPs)
(31), which generally are localized in the plant endoplasmic retic-
ulum (ER) membrane (32). MIP1 and MIP3 were readily detected
using reverse transcription-PCR, indicating that MIP2 is ex-

pressed only weakly, if at all, in our culture conditions. In keeping
with this result, there are no expression data available for MIP2 in
the databases.

MIP1 is localized to the CV. We raised a new rabbit polyclonal
antibody against a C-terminal, 15-amino-acid peptide (anti-
CreMIP1). As shown in Fig. 5A, the antibody specifically recog-
nizes a single band of approximately 43 kDa on Western blots
using whole-cell extracts from Chlamydomonas sp. strain CC-
3395 for SDS-PAGE and blotting, which is significantly larger
than the expected size (31.54 kDa; based on the sequence of the
published gene model [30]). Pretreatment of the protein samples
with N-glycosidase F did not increase the mobility of the protein
detected by the antibody, suggesting that the decreased mobility is
not due to N-glycosylation (not shown; see Discussion).

FIG 3 Relationship of CV properties to cell surface and their mutual dependence in Chlamydomonas reinhardtii. (A) CV contraction intervals versus cell surface
area. (B) CV size versus cell surface area. (C) Water efflux per cell versus cell surface area. (D) Relationship between CV volume and CV contraction interval.
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Cells were chemically fixed and LR-Gold embedded in order to
prepare them for immunogold electron microscopy using anti-
CreMIP1 (Fig. 6). Specific gold labeling was observed only at the
membranes of the CV. The labeling of the CV membrane was
homogenous, and the number of gold particles increased linearly
with the length of the CV membrane profile examined (not
shown). This finding indicated that MIP1 most likely is evenly
distributed on all membranes of the CV complex, whether it con-
sists of 100-nm to 200-nm vesicles or a large vacuole. A few gold
particles sometimes were observed on the Golgi complex (possibly
representing newly biosynthesized MIP1 en route to the CV), lytic
vacuoles, plastids, mitochondria, nucleus, and PM. However, the
labeling density was much lower for these compartments than on
the CV membrane (not shown). Controls using the secondary
antibody alone showed only weak, nonspecific labeling (not
shown).

The level of aquaporin expression does not differ in media of
different osmotic conditions. We investigated MIP1 protein lev-
els using Western blotting (Fig. 5A) and the level of MIP1 tran-
script using qPCR (Fig. 5B). No significant differences were ob-
served regarding MIP1 protein levels in cells exposed to different
osmotic conditions, even when we lowered the osmotic potential
to 0 mosM (i.e., distilled water; amazingly, cells survived for 2 days
in distilled water). The protein level fluctuated somewhat but ex-
hibited no clear pattern. However, our qPCR results indicated a
small but significant �2-fold downregulation of MIP1 (and
MIP3) in strong hypotonic media at 0 and 16 mosM. In contrast,
the SEC6 (Cre17.g744847.t1.1) transcript, known to be required
for CV function (3), exhibited a trend toward upregulation in
strong hypotonic media. In addition, a transcript coding for a
dynamin-like protein (Cre13g.569000.t1.1) was significantly up-
regulated. This protein is present in the same expression cluster as
MIP1 in Ning et al. (33); therefore, it might be involved in the CV
cycle, possibly during systole.

Overexpression of MIP1-GFP does not change the CV phys-
iology. To investigate the role of MIP1 in more detail, we charac-
terized four independent MIP1-GFP-expressing strains. Western
blotting (Fig. 7A and B) and qPCR analysis (Fig. 7C) confirmed
that all strains expressed CreMIP1-GFP in addition to CreMIP1
(compare MIP1-CDS with MIP1–3=UTR in the qPCR analysis,
where CDS is coding sequence and UTR is untranslated region).

The strains expressed CreMIP1-GFP at different levels; it was
strongly overexpressed in two strains (UVM4-MIP1GFP-3 and
UVM4-MIP1GFP-4) (Fig. 7C).

The anti-GFP antibody detected two bands with apparent mo-
lecular sizes of approximately 54 kDa and 25 kDa. While the latter
is in good agreement with the known molecular mass of GFP (26.5
kDa), the upper band runs faster than expected for the MIP1-GFP
fusion construct (calculated size, 58.04 kDa) (see Discussion). Us-
ing the GFP antibody, overexpression of CreMIP1-GFP was easily
detected in two of the four strains at the protein level. We also
detected free GFP in the CreMIP1-GFP-overexpressing strains,
which indicates some cleavage of the CreMIP1-GFP construct in
these strains. Interestingly, the level of endogenous CreMIP1 pro-
tein (Fig. 7B) appears to decrease as CreMIP1-GFP levels increase
(Fig. 7A), although the expression level of endogenous CreMIP1
mRNA (Fig. 7B, MIP1–3=UTR) remained stable in all strains.

All CreMIP1-GFP-expressing strains showed a GFP signal at
the CV (Fig. 8), indicating that all strains contained MIP1-GFP in
the CV membrane. As expected from the Western blotting results,
we detected additional GFP fluorescence (most likely in the lytic
vacuoles and the cytoplasm) in UVM4-MIP1GFP-4 and, to a
lesser extent, in UVM4-MIP1GFP-3. Video microscopy showed
that the large vacuole shrinks asymmetrically (collapses toward
the PM) at the end of diastole. Moreover, CreMIP1-GFP is never
incorporated into the PM during systole (see Video S1 in the sup-
plemental material).

Despite the different expression levels of CreMIP1-GFP, three
of the four MIP-GFP-expressing strains did not differ in CV phys-

FIG 4 Mutual interdependence between the osmotic water permeability co-
efficient, Pf, and the osmotic gradient, �cCV/cytosol, at the CV membrane in
Chlamydomonas reinhardtii. The Pf values corresponding to several selected
osmotic gradients. �cCV/cytosol values were calculated based on the perfor-
mance of CVs in Chlamydomonas in different osmotic media. The striated box
indicates the suggested range for the Pf for the CV membrane (based on the Pf

of the PM [Table 1]).

FIG 5 Expression of the aquaporin CreMIP1 in response to different osmotic
media in Chlamydomonas reinhardtii. (A) Western blot. Whole-cell extracts of
Chlamydomonas were probed with an 	-CreMIP1 antibody (expected molec-
ular mass, 31.54 kDa) and an 	-Arf1 antibody (loading control; expected mo-
lecular mass, 20.59 kDa). (B) qPCR. **, P � 0.01; *, P � 0.05. Error bars
indicate SEM.
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iology compared with the parental UVM4 strain (Fig. 9). We ob-
served a significant change in CV pumping rate and size in only
one strain (UVM4-MIP1GFP-1, the strain with the lowest
CreMIP1-GFP expression rate), which compensated for each
other and yielded the same water flow.

DISCUSSION
Osmoregulation. The contractile vacuoles of Chlamydomonas
have been investigated before (19, 20, 34–36). Luykx et al. (19)
used Chlamydomonas reinhardtii strain 137c for their studies
(stock numbers CC-124 and CC-125). The 137c cells possess a
typical Chlamydomonas cell wall. In contrast, the CC-3395 strain
used in this study completely lacks a cell wall (21) (Fig. 6A and B).
However, the basic characteristics of the CV cycle are very similar
between the two strains, which suggests that the presence of a cell
wall does not play an important role in osmoregulation in Chla-
mydomonas. The two strains differ mainly with regard to their
cytosolic osmolarity: 173 mosM (CC-3395) versus 125 mosM
(137c). The latter is more similar to the cytosolic osmolarities
determined for other green algae (Scherffelia dubia, �93 mosM
[37]; Mesostigma viride, �85 mosM [38]). The reason for the in-
creased cytosolic osmolarity of CC-3395 compared to that of 137c
currently is not known.

Luykx et al. (19) observed that larger cells tend to have larger
CV; however, the authors did not perform a regression analysis,

and their results depicted in Fig. 2 (19) demonstrate only weak
relationships between CV size and cell size (most likely a satura-
tion curve) and CV interval and cell size. We observed a good
linear correlation between CV size and cell size and no relation-
ship between the contraction interval and the cell size. The ob-
served contraction interval is much longer in 137c than in CC-
3395 cells (28 s and 20 s, respectively, in TAP medium), which
might reflect the different cytosolic osmolarities determined for
the two strains. Both studies observed a decrease in the contrac-
tion interval when the osmotic strength of the medium is reduced,
which suggests that the contraction interval is centrally involved
in the adaptation process in all Chlamydomonas strains.

A major finding of this study is the low water permeability of
the PM, which also has been observed often for other protists
(summarized in reference 39). The low water permeability might
be an adaptation to their naturally hypoosmotic environment, as
it reduces the water flux into the cell. A low rate of water uptake
also is supported by the low cytosolic osmolarities observed for
many freshwater protists (e.g., green algae, as described above).
Water removal by CVs is energized by proton pumps in all inves-
tigated systems (see Introduction); thus, these adaptations prob-
ably are important to limit the energy consumed by this process.

A major difference between Chlamydomonas reinhardtii strain
CC-3395 and other well-investigated protists is that Chlamydomo-
nas only modifies the CV’s contraction interval to adapt to media

FIG 6 CreMIP1 is localized at the CV membrane in Chlamydomonas reinhardtii. Ultrastructure of Chlamydomonas reinhardtii. (A) Longitudinal section; (B)
cross-section through the two CV regions of a cell. (C to E) Immunogold localization of CreMIP1 at the CV membranes using 10-nm gold particles. BB, basal
body; C, chloroplast; CV, contractile vacuole; ER, endoplasmic reticulum; G, Golgi complex; LV, lytic vacuole; M, mitochondrion; N, nucleus; P, pyrenoid. Scale
bars are 500 nm (A), 200 nm (B), and 100 nm (C to E).
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of different osmotic strengths (constant cytosolic osmolarity and
water permeability of the PM). Even after 3 months of cultivation
in medium at 204 mosM, no active CVs were observed (not
shown). This differs completely from other investigated protists
(mainly ciliates) that use CVs for osmoregulation (summarized in
reference 39). For example, within 2 days the ciliate Paramecium
caudatum modifies its cytosolic osmolarity to reestablish a hyper-
tonic cytosol (39). In addition, many protists apparently modify
PM permeability and CV osmolarity while adapting to media of
different osmotic strengths (39). Therefore, Chlamydomonas uses
a much simpler system than other protists (fewer parameters to
adjust) to adapt to media of different osmotic strengths. This
might represent a major advantage for using Chlamydomonas to
analyze CV function and regulation.

Aquaporins and CV function. For immunization, we used the
C-terminal peptide (15 amino acids), which has no close similar
sequences in the predicted Chlamydomonas proteome. The affin-
ity-purified antibody recognized a single band in whole-cell ex-
tracts; however, the electrophoretic mobility of the endogenous
protein and CreMIP1-GFP were not as expected (see Results). At
first glance, the aberrant electrophoretic mobility observed for
CreMIP1 and CreMIP1-GFP appear to contradict each other (re-
duced versus increased mobility). However, it seems possible that
the 43-kDa band represents a CreMIP1 dimer. SDS-stable oli-
gomerization of aquaporins also has been observed in other sys-
tems (e.g., see reference 40). Therefore, the aberrant size of
CreMIP1-GFP (54 kDa versus the expected size of 58.04 kDa)
likely represents only an aquaporin monomer tagged with GFP.
However, it should be noted that the protein model for CreMIP1

FIG 7 Expression of the aquaporin CreMIP1 in different strains of Chlamydomonas reinhardtii UVM4 expressing CreMIP1-GFP fusion protein. (A) Western
blots. Whole-cell extracts of Chlamydomonas reinhardtii were probed with an 	-GFP antibody and an 	-Arf1 antibody (loading control; expected molecular
mass, 20.59 kDa). L, protein ladder. (B) Endogenous CreMIP1 (expected molecular mass, 31.54 kDa) is present in cell extracts of all cell lines. (C) qPCR. The
primer pair MIP1-CDS (CDS � coding sequence) detects all transcripts of MIP1 and MIP1-GFP, while the primer pair MIP1–3=UTR (UTR � untranslated
region) detects only transcripts of the endogenous MIP1. Error bars indicate SEM.

FIG 8 In vivo localization of CreMIP1 tagged with GFP in four different
cell lines of Chlamydomonas reinhardtii UVM4-MIP1GFP. Each row displays
the anterior region of the same cell in three different channels, as indicated
above the rows. DIC, differential interference contrast; Ex, excitation wave
length in nm.
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has not been experimentally confirmed. Additional work is
needed to clarify this question.

Immunogold localization confirmed that CreMIP1 localizes to
the CV in Chlamydomonas, which supports the in vivo localization
of the GFP-tagged protein CreMIP1-GFP. Furthermore, we were
able to show that CreMIP1 was downregulated approximately
2-fold at the transcriptional level when cells were exposed to
strong hypotonic media but was unchanged at the protein level.
This indicates that CreMIP1 is regulated mainly at the protein
level. The observed decrease of MIP1 protein in the strongly
MIP1-GFP-overexpressing strains might support this. However,
we cannot rule out that an unknown process biased the Western
blot analysis or qPCR results. Additional work is needed to ad-
dress this question in detail.

The level of CreMIP1-GFP expression had no demonstrable
effect on CV physiology in any of the tested strains. The physiol-
ogy in three of the four strains tested did not change at all, while in
one strain the changes in CV size and interval compensated for
each other. As the three other strains did not show any modifica-
tion of the CV cycle, we believe that these changes were caused by
the insertion of the expression cassette. This leads us to question
the functionality of the aquaporin CreMIP1 when tagged with
GFP at the C terminus. The function of aquaporins can be modi-
fied by their oligomerization state (e.g., increased water permea-
bility upon oligomerization [41]). If our explanations for the ob-
served aberrant mobilities in SDS-PAGE are correct, then adding
GFP at the C terminus might prevent oligomerization and reduce
or even abolish water transport through CreMIP1-GFP. Another
possibility for the stable CV physiology of the four UVM4-
MIP1GFP strains is that the C terminus is involved in the regula-

tion of the aquaporin, for example, by phosphorylation (42, 43).
This hypothesis is supported by the presence of several putative
phosphorylation sites at the C terminus (not shown). Additional
work is needed to address this question.

Functional implications. Our findings have important impli-
cations for CV regulation. The water transport machinery resides
in all CV membranes (proton pumps, aquaporins, and other
transporters that generate the required gradient) and allows water
transport into the lumen of all vesicles/vacuoles. Therefore, the
water transport capacity of the CV is proportional to the entire
surface area of the CV membrane structures. During cell growth,
the size of the CV increases (more CV membrane material) and
more water is expelled per contraction interval (i.e., in the same
amount of time). However, the total CV membrane surface area
scales to the second power with CV size (radius), while the CV
volume scales to the third power. Thus, the larger CV cannot be
filled in the same amount of time unless the water transport ca-
pacity of the membrane is increased, which points to the regula-
tion of the water transport capacity of the CV membrane during
adaptation to cell growth. A similar argument can be made for an
increase of the water transport capacity of the CV membranes
during adaptation to different media. With more hypotonic pres-
sure to the cells, the CV’s contraction interval decreases, while the
CV size does not change. Therefore, the CV must be filled to the
same volume in a shorter period of time, which can only be
achieved by an increase of the water transport capacity. To sum-
marize, both adaptation processes involve the regulation of the
water transport capacity (i.e., aquaporin regulation and/or alter-
ation of the osmotic gradient). Similarly, more membrane fusion
events per unit of time are required to build a larger CV at a

FIG 9 Changes in the expression level of CreMIP1-GFP do not affect the CV physiology. (A) CV period. (B) CV volume. (C) Water efflux. (D) Cell size. ***, P � 0.001;
n � 20. Error bars indicate SEM.
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constant pumping rate during cell growth or a vacuole of the same
size in a shorter contraction interval during adaptation to a stron-
ger hypotonic medium. Because adaptation to media of less os-
motic strength requires more systole steps per minute (water ex-
pulsion and CV fragmentation), we can expect proteins involved
in these steps to be upregulated as well. Indeed, qPCR showed that
the Chlamydomonas SEC6 transcript (which is involved in exocy-
tosis) tended toward upregulation in media of low osmotic
strength (Fig. 5B). Similarly, the transcript that encodes a dy-
namin-like protein that might be involved in CV fragmentation
also is strongly upregulated (Fig. 5B). This suggests that at least
some of the protein machinery indeed is under transcriptional
control. Currently, we are performing transcriptome analyses to
identify putative members of the CV protein machinery through
expression studies using SEC6 and the aquaporin MIP1 as CV
markers.

Our results indicate that Chlamydomonas can independently
sense cell size and the osmotic strength of the medium, and this
ability allows the cell to adapt CV function to its changing needs.
Because the CV represents a built-in cellular sensor for osmoreg-
ulation in Chlamydomonas, Chlamydomonas might represent a
good model with which to investigate questions related to the
control of cell size as well as signal perception and transduction in
osmoregulation. These are important questions in modern biol-
ogy (44) that have yet to be resolved. For example, it still is not
clear which parameter cells actually sense (45). In plants, a histi-
dine kinase that compensates for a yeast osmosensor mutant has
been implicated as one component (46). BLASTp analysis using
this protein has detected several putative histidine kinases of un-
known function in Chlamydomonas (data not shown). Thus, it
seems possible that the green plants share an ancient osmoregula-
tory pathway and that Chlamydomonas is a useful model system in
which to study plant osmoregulation.
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