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Abstract: Nitrite plays an important role in the nitrogen metabolism of most cells, 

including Chlamydomonas reinhardtii. We have shown that vegetative cells of C. reinhardtii 

are attracted by nitrite. The Nia1nit2 mutant with defects in genes encoding the nitrate 

reductase and regulatory protein NIT2 respectively was found to exhibit normal chemotaxis 

to nitrite. The data suggest that chemotaxis events appear to be specific and independent of 

those involved in nitrate assimilation. Unlike vegetative cells and noncompetent 

pregametes, mature gametes did not show chemotaxis to nitrite. Just like gamete formation, 

the change in chemotaxis mode is controlled by the sequential action of two environmental 

cues, removal of nitrogen from the medium and light. Comparative analysis of wild-type 

and RNAi strains with reduced level of phototropin has indicated that switch-off of 

chemotaxis towards nitrite is dependent on phototropin. The studies revealed individual 

elements of the phototropin-dependent signal transduction pathway involved in the  

blue-light-controlled change in chemotaxis mode of C. reinhardtii during gamete formation: 

three protein kinases, one operating against signal flux and two that promote signal 

transduction. We have proposed a working model for the signaling pathway by which blue 

light controls chemotaxis towards attractants, which are nitrogen sources, during 

pregamete-to-gamete conversion of C. reinhardtii. 
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1. Introduction 

Algae use light not only as a source of energy for photosynthesis but also as a source of environmental 

information to regulate a variety of processes, including pigment biosynthesis, chloroplast movement, 

circadian rhythms, transport activity, cell cycle, motile behaviour and development [1–9]. One of these 

phenomena, the differentiation of vegetative cells into sexually mature cells has been widely studied in 

Chlamydomonas and may proceed in two steps [10]. The depletion of a usable nitrogen source induces 

sexually incompetent gametes, named pregametes in the dark [11]. In a second step, these pregametes 

may be converted into mating-competent gametes by light irradiation [12]. The flavin-based blue light 

receptor phototropin (Phot) in C. reinhardtii controls the progression of the sexual life cycle of this 

green alga [6]. Phot in C. reinhardtii also functions in transcriptional regulation [13] and in the control 

of phototaxis that desensitizes the eyespot when blue light intensities increase [14]. The interacting 

proteins of Phot involved in downstream signaling are not known in this alga. Analysis of the signaling 

pathway by which light controls the conversion of pregametes to gametes using pharmacological 

compounds suggests the participation of protein kinases and cAMP in this signaling cascade [15]. 

Thus, a protein kinase C (PKC)-like activity operates against signal flux while a protein tyrosine 

kinase (PTK) stimulates signal flux. The intracellular accumulation of cAMP, either by feeding or by 

the use of phosphodiesterase inhibitors, inhibited the light-dependent conversion of pregametes to 

gametes suggesting a role of this cyclic nucleotide as a negative regulator. 

In C. reinhardtii, vegetative cells, pregametes and mature gametes are motile. Vegetative cells and 

mating incompetent pregametes exhibit chemotaxis towards ammonium and nitrate [2,16,17]. Chemotaxis 

to these ions enables vegetative cells to orient themselves towards the nitrogen sources. Gametic 

differentiation has been shown to be associated with changes not only in the cells’ biochemistry and 

subcellular morphology [10] but also in chemotactic behavior [2]. Mature gametes are not attracted by 

ammonium and nitrate [2,17]. Like the development of mating competence, the loss of chemotaxis 

requires the action of two environmental signals: lack of a nitrogen source and blue light. We have 

shown that the photoreceptor, which mediates the loss of chemotaxis to these attractants during 

gametogenesis, is Phot [17,18]. Ammonium, nitrate and another nitrogen source, nitrite, also play an 

important role in sexual differentiation of C. reinhardtii [19]. Vegetative cells only in the absence of 

these nitrogen sources initiate the program of sexual differentiation [12,20]. We suggest that loss of 

chemotaxis towards nitrogen sources by gametes may be one of prerequisites to their successful 

mating at locations accessible to light. However, chemotactic behaviour to nitrite has not been 

characterized. Therefore, the goals of this study were to (1) test chemotaxis to nitrite during sexual life 

cycle; (2) analyze the involvement of Phot in control of chemotaxis to nitrite; and (3) reveal individual 

elements of the signal transduction pathway involved in the blue-light-controlled change in chemotaxis 

to nitrite and nitrate. For the analyses, we used RNAi strains with reduced levels of phototropin, 

chemotaxis assay and pharmacological compounds known to target defined signaling steps. Our results 

demonstrate that vegetative cells and pregametes of C. reinhardtii are attracted by nitrite and signals 

generated by activation of phototropin feeds into a linear signal chain that switches off chemotaxis 

towards ammonium, nitrate and nitrite. 
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2. Results  

2.1. Nitrite as Chemoattractant 

Earlier experiments showed that C. reinhardtii vegetative cells were attracted to nitrate [17]. We 

wondered whether C. reinhardtii exhibits chemotaxis to nitrite. Strain CC-124 (nia1, nit2) accumulated 

in capillaries containing KNO2 (Figure 1). The peak accumulation of the cells was observed when the 

capillary contained 5 mM of KNO2. The threshold concentration (the lowest concentration needed to 

elicit an observable response) was approximately 0.5 mM. At the same time C. reinhardtii did not 

react chemotactically to KCl and KH2PO4. It means that nitrite but not potassium acts as an attractant 

for chemotactic response.  

Figure 1. Reaction of vegetative cells of strain CC-124 to nitrite (KNO2) (■), nitrate 

(KNO3) (■), KCl (■) and KH2PO4 (■). Data are means ± SD of 5 independent experiments.  

 

We were surprised that the CC-124 strain, which does not express many of the genes required for 

nitrate/nitrite assimilation (Nia1, Nrt2.1, Nrt2.2, Nii1, Nar2 and Nar1.1) [21], showed normal 

chemotactic responses both to nitrite and nitrate. These data suggest that nitrate assimilation is unlikely 

to play a role in mediating the chemotaxis to nitrate/nitrite. These results were supported by the 

competition tests when both media, in the bath and in the capillary, contained the second attractant of 

the same concentration (5 mM KNO2 or 5 mM KNO3) (Figure 2). Nitrate completely prevented 

chemotaxis to nitrite. Additionally chemotaxis to nitrate was also affected by nitrite. These data 

indicate that the same components may be shared in the control of chemotaxis to both anions nitrate 

and nitrite. 

2.2. Role of Light in Change of Chemotaxis to Nitrite during Gametogenesis 

The ability of unicellular organisms to differentiate in response to nutrient availability is essential to 

their survival in a changing environment [22]. The initial step in the sexual life cycle of C. reinhardtii 

is gametogenesis. During gametogenesis, vegetative cells are transformed into mating-competent 

gametes. Effective formation of mating ability depends on removal of nitrogen from the medium and 

on the presence of light [10]. 

We wondered next if pregametes and gametes react chemotactically to nitrite. Figure 3 shows that 

pregametes are attracted to nitrite. Even though acetate as source of carbon and energy was present in 

the nitrogen-free medium, cells were not capable to complete the program of differentiation and were 
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not competent for mating. The results demonstrate that nitrogen deprivation is not enough to change 

the mode of chemotactic behavior to nitrite. Additionally the data indicate that light is not essential for 

chemotaxis towards nitrite. 

Figure 2. Effect of nitrate and nitrite to the chemotactic responses of CC-124 vegetative 

cells in different media. Vegetative cells in TAP-N (■); TAP-N supplied with nitrate  

(5 mM) (■), and TAP-N supplemented with nitrite (5 mM) (■) were assayed for 

chemotaxis to 5 mM nitrite or 5 mM nitrate as indicated. Data are means ± SD of  

3 independent experiments. 

 

Figure 3. Chemotactic responses of pregametes (●) and gametes obtained from 

pregametes (○) towards 5 mM nitrite. Vegetative cells of mt
−
 were resuspended in TAP-N 

at time 0. The percentage of mating (Δ) is given for a comparison. At the times indicated, 

cells were mixed with an excess of sexually competent mating partner, and incubated in the 

dark. After 1h, the cells were fixed by the addition of glutaraldehyde and relative mating 

was determined as described in the Experimental Section. Data are means ± SD of 

triplicate determination from a representative experiment. 

 

Upon incubation in the light, pregametes are converted into mating-competent gametes [23].  

We next tested whether these two environmental signals might also act on change of chemotaxis to 

nitrite sequentially. For these tests, pregametes, generated from vegetative cells by incubation in the 

dark without a utilizable nitrogen source, were exposed to light. As shown in Figure 3, light induced 

the switch-off of to chemotaxis in cells. Therefore, chemotactic behavior to nitrite may be differentiated 

according to the development of competence ability. We assume that chemotaxis towards nitrite, nitrate 

and ammonium in gametes can be blocked by using identical light-dependent signaling pathways.  
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2.3. Effect of Reduced Phototropin Levels on the Kinetics of Changes in Chemotaxis to Nitrite 

Absorption of blue light by phototropin results in the activation of signaling pathways that control 

the switch-off of chemotaxis to ammonium and nitrate during gametogenesis [17,18]. RNA-interference 

strains with reduced levels of the blue-light receptor phototropin showed an attenuated inactivation of 

chemotaxis to these attractants. To determine if phototropin was involved in changes in chemotactic 

activity to nitrite, we tested behavior of two strains that exhibited reduced phototropin levels. The 

RNAi20 strain, having severely reduced phototropin levels [18], exhibited a switching-off of 

chemotaxis at a fluence rate of 60 μmol m
−2

 s
−1

, however, with a delay of about 2 h when compared to 

the parental wild-type strain CC-124 (Figure 4).  

Figure 4. Chemotaxis of strains CC-124 (A); RNAi20 (B) and RNAi30 (C) to nitrite. 

Pregametes, generated from synchronously growing cells by incubation in TAP-N  

medium in the dark for 18 h, at time 0 were shifted into white light at the fluence rates  

of 60 µmol m
−2

 s
−1

 (○) and of 30 µmol m
−2

 s
−1

 (●). Relative amounts of phototropin in 

different transformants harbouring RNAi constructs as compared to the strain CC-124 (D). 

 

At a fluence rate of 30 µmol m
−2

 s
−1

, the wild-type strain showed a distinct decrease in the 

chemotaxis index after 3 h in nitrogen-free medium; with the RNAi20 strain this was observed only 

after 5 h. At a fluence rate of 60 µmol m
−2

 s
−1

, the strain RNAi30 exhibited kinetics of loss of 

chemotaxis to nitrite that was essentially the same as those observed for the wild-type strain  

(Figure 4C). At a fluence rate of 30 µmol m
−2

 s
−1

, however, this strain showed a reduced loss of 

chemotaxis when compared to parental strain CC-124. As in the case of chemotactic behavior to 

ammonium, the kinetics observed for strain RNAi30 were faster than those for strain RNAi20 and thus 

were intermediate between those of the wild-type strain and RNAi20. As shown earlier [18], both 

strains exhibited reduced levels of phototropin, although the Phot levels of the RNAi20 strain were 
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distinctly lower than those of RNAi30. Thus, the kinetics of the loss of chemotaxis to nitrite 

approximately correlates with the level of Phot protein detected by specific antibodies. We conclude 

that phototropin is the photoreceptor used by blue light to control the switch-off of chemotaxis in 

response to nitrite during gametogenesis.  

2.4. Effects of Pharmacological Compounds on the Kinetics of Changes in Chemotaxis to Nitrite in the 

Strain RNAi20 

Analysis of the signaling pathway by which light controls the switch-off of chemotaxis to ammonium 

suggests the participation of protein kinases and cAMP in this signaling cascade [24]. To determine 

whether the switch-off of chemotaxis to ammonium and nitrite is controlled by identical key 

phototropin-controlled signaling components, we analyzed chelerythrine, staurosporine, papaverine, 

IBMX (3-isobutyl-1-methylxanthine) and db-cAMP, compounds shown to activate loss of chemotaxis 

to ammonium [24], for their ability to compensate for the slowed-down loss of chemotaxis seen in 

strain RNAi20. 

Staurosporine at low concentrations is a specific inhibitor of PKC, as is chelerythrine. After 

addition of staurosporine or chelerythrine, the kinetics of loss of chemotaxis to nitrite in the light 

observed for strain RNAi20 were faster than those seen without treatment (Figure 5A).  

Figure 5. Effects of various pharmacological compounds on the light-induced loss of 

chemotaxis towards nitrite in pregametes of phototropin-reduced strain RNAi20. (A) Effect 

of staurosporine (♦), chelerythrine (●) or SC-9 (▲) on the loss of chemotaxis in 

pregametes of RNAi20 that were shifted into white light at time 0; (B) Treatment with 

papaverine (●), IBMX (♦) or db-cAMP (■) on the loss of chemotaxis in pregametes of 

RNAi20 that were shifted into white light at time 0. Compounds were added to pregametes 

10 min prior to start of illumination. The concentrations used were 1 μM for chelerythrine, 

50 μM for papaverine, 50 μM for IBMX, 20 nM for staurosporine and and 200 μM for  

SC-9. Non-treated cells (●) were used as control. The fluence rate was 60 µmol m
−2

 s
−1

. 
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Both inhibitors at the concentrations used did not influence cellular motility (data not shown). 

Treatment of pregametes with the naphthalene sulfonamide SC-9, a PKC activator, specifically inhibited 

loss of chemotaxis to nitrite in the light (Figure 5A). The combined data suggest that a PKC-like 

component may be involved in signaling that results in the loss of chemotaxis to nitrite. 

Treatment of pregametes with two phosphodiesterase inhibitors, papaverine and IBMX, assumed to 

result in elevated levels of cAMP, switched off chemotaxis towards nitrite more rapid than in untreated 

cultures and similar to those observed for the parental strain (Figure 5B). An increase in cAMP levels 

as a result of phosphodiesterase inhibition by papaverine and IBMX is known to activate protein 

kinase A (PKA) [15]. An involvement of cAMP in the control of chemotaxis is supported by the 

observation that the feeding of db-cAMP caused a faster switching off of chemotaxis than that seen 

without treatment (Figures 4A and 5B). These results suggest that a PKC and a PKA, targeted by 

staurosporine and compounds that elevate cAMP levels, respectively, may be components of the  

same signaling pathway that is involved in the control of the switch-off of chemotaxis to nitrite via 

phototropin-perceived blue light. The same results were obtained also for effects of these 

pharmacological compounds on the kinetics of changes in chemotaxis to nitrate (Figure 6). 

Figure 6. Effects of various pharmacological compounds on the light-induced loss of 

chemotaxis towards nitrate in pregametes of phototropin-reduced strain RNAi20. (A) Effect 

of staurosporine (♦), chelerythrine (●) or SC-9 (▲) on the loss of chemotaxis in 

pregametes of RNAi20 that were shifted into white light at time 0.; (B) Treatment with 

papaverine (●), IBMX (♦) or db-cAMP (■) on the loss of chemotaxis in pregametes of 

RNAi20 that were shifted into white light at time 0. Compounds were added to pregametes 

10 min prior to start of illumination. The concentrations used were 1 μM for chelerythrine, 

50 μM for papaverine, 50 μM for IBMX, 20 nM for staurosporine and and 200 μM for SC-

9. Non-treated cells (●) were used as control. The fluence rate was 60 µmol m
−2

 s
−1

. 

 

We next tested genistein, a protein Tyr kinase inhibitor that negatively regulated the loss of 

chemotaxis to ammonium in the light [24]. Addition of genistein to pregametes of RNAi20 completely 

prevented the light-induced switch-off of chemotaxis to nitrite (Figure 7). We assume that phototropin 
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and protein kinases are components of a linear signaling pathway that is involved in the control of the 

switch-off of chemotaxis. 

Figure 7. Treatment of pregametes of strain RNAi20 in the light with combinations of 

pharmacological compounds that either activate or inhibit the loss of chemotaxis in 

pregametes towards nitrite (■) and nitrate (■). Compounds were added to pregametes  

10 min prior to start of illumination at the fluence rates of 60 µmol m
−2

 s
−1

 for 2 h. The 

genistein concentration was 200 μM. The concentrations used for other compounds were 

the same as those given in the legend of Figure 5. Non-treated cells were used as control. 

 

In order to gain information on the sequence of the protein kinases in this signaling pathway, we 

employed a combined application of the activators and inhibitors defined above. Since chelerythrine 

and staurosporine activated loss of chemotaxis in RNAi20, we used these compounds in combination 

with genistein that prevented loss of chemotaxis to nitrite in the light (Figure 7). Genistein completely 

blocked the activation seen with PKC inhibitors chelerythrine and staurosporine. This implies that the 

target of genistein in the signaling pathway is located downstream from the PKC. Genistein, however, 

did not prevent the switch-off of chemotaxis to nitrite promoted by addition of papaverine, IBMX or 

db-cAMP in pregametes. This indicates that a cAMP-targeted PKA operates downstream from the PTK 

inactivated by genistein. The effects were registered only when the assays were performed within 6 h 

after removal of the nitrogen source from the medium. No effect of the inhibitors on chemotaxis to 

nitrite in vegetative cells was observed. The effects monitored in pregametes of RNAi20 thus appear 

not to be caused by interference of these compounds with the signaling mechanism of chemotaxis  

(data not shown).  

We were also interested in determining whether this signaling pathway is identical to that for the 

control of blue-light-mediated loss of chemotaxis to nitrate (Figure 7). Taken together these studies 

suggest that (i) a PKC-like component with a role as negative regulator is involved in the control of 

chemotaxis to nitrite/nitrate; (ii) a PTK transduces the signal downstream from the PKC-like 

component; (iii) a PKA transduces the signal downstream from the PTK. 
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3. Discussion 

Ammonium is the preferred nitrogen source and chemoattractant for the unicellular green alga 

Chlamydomonas reinhardtii. In the absence of ammonium, vegetative cells can utilize nitrate and nitrite. 

In C. reinhardtii nitrate is also a signalling molecule that controls chemotactic behaviour [17]. Here we 

have shown that vegetative cells of C. reinhardtii sense nitrite and are attracted by this anion as well 

(Figure 1). Potassium did not act as an attractant for motile cells.  

In an effort to identify if components of nitrate transport/assimilation are required for chemotaxis to 

nitrate/nitrite, the strain CC-124 with defects in nitrate reductase and NIT2 protein was tested. It was 

found to exhibit normal chemotaxis to nitrite and nitrate (Figure 1). In Chlamydomonas, the NIT2 

transcription factor, which contains GAF and Leu zipper domains, is required for nitrate regulation of 

gene expression [25]. The data suggest that chemotaxis events appear to be specific and independent of 

those involved in nitrate assimilation. This conclusion is supported by the facts, that (1) nitrate 

competitively inhibits the nitrite chemotactic activity and vice versa (Figure 2) and (2) pregametes, 

cells generated in the dark, also demonstrated normal chemotactic activity (Figure 3). More recently, in 

Arabidopsis, nitrate transporter NRT1.1 (CHL1) was identified as a nitrate sensor at high nitrate 

concentrations [26]. It was demonstrated that NO3
−
 transport activity is not required for the sensing 

function of CHL1. There exists a single copy of NRT1 in the C. reinhardtii genome [27]; whether  

or not this NRT1 protein has a transceptor function as proposed in plants or any other function remains 

to be addressed in C. reinhardtii. Nitrate transporters NRT2.1 and NRT2.2 were shown to be key elements 

for sensing at low nitrate concentrations to activate gene expression for nitrate assimilation [28]. These 

transporters dependent on NIT2 activation are however dispensable for nitrate/nitrite sensing  

in chemotaxis. 

During sexual differentiation, C. reinhardtii changes its chemotactic behavior not only to ammonium 

and nitrate but also to nitrite (Figure 3). Unlike vegetative cells and noncompetent pregametes, mature 

gametes did not show chemotaxis to nitrite. This change in chemotactic behavior requires the 

sequential action of two environmental cues: nitrogen deprivation and light. Thus, cells starved for 

nitrogen in the dark (pregametes) still exhibit chemotaxis (Figure 3). Irradiation of pregametes causes 

both a loss of chemotaxis to nitrite and a gain of mating competence. We conclude that chemotaxis of 

Chlamydomonas towards inorganic nitrogen sources is a property of vegetative cells and pre-gametes 

but not of gametic cells. 

We show here that a reduction in phototropin levels led to a delay in the light-induced switch-off of 

chemotaxis not only to ammonium [18] and nitrate [17] but also to nitrite (Figure 4). By using a strain 

strongly reduced in phototropin (RNAi20), we discovered a compensation of this defect upon 

application of compounds that appeared to activate signal flux: the PKC inhibitors (staurosporine or 

chelerythrine) or the PKA activators (phosphodiesterase inhibitors or db-cAMP) (Figures 5 and 6). 

These protein kinases are thus proposed to be downstream components of the phototropin-activated 

signaling pathway that controls the switch-off of chemotaxis to nitrite and to nitrate. In this pathway, a 

PKC-like component is proposed to act as negative regulator that attenuates transduction of the light 

signal. Since genistein inhibited the switch-off of chemotaxis to nitrite/nitrate induced by staurosporine 

or chelerythrine, a PTK appears to be positioned downstream from the PKC-like activity (Figure 7).  

A PKA may be positioned downstream from this PTK since conditions that resulted in a rise of 
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intracellular cAMP levels, and thus in an activation of PKA, could be shown to promote the switch-off 

of chemotaxis even when PTK was inhibited by genistein (Figure 7). Thus, this signaling pathway is 

identical to that proposed for the control of blue-light-mediated loss of chemotaxis to ammonium [24].  

The combined data have been summarized in a model (Figure 8). We assume that at least three 

protein kinases are components of a linear phototropin-dependent signalling chain controlling the 

switch-off of chemotaxis. In some respects this blue light signaling pathway shares features with the 

one required for the formation of sexual competence [29,30]. Both processes employ the same 

photoreceptor and at least two components, PKC and PKT, of the downstream signalling pathway. 

Why does Chlamydomonas exhibit this intriguing coupling of phototropin-dependent light control for 

disappearance of chemotaxis towards the nitrogen sources and for gamete formation? It was shown 

that ammonium and nitrate/nitrite interfered with gametic differentiation [2,10]. Therefore, in gametes, 

loss of chemotaxis towards nitrogen sources, which are known to play a key role in the repression of 

the gametic differentiation, may be viewed as one of the cellular adaptations to changing environmental 

conditions. Seen from this point of view, the coordinated but opposite regulation of chemotaxis 

towards ammonium, nitrate and nitrite and gamete formation may be of advantage for the alga.  

Figure 8. A model for the signaling pathway by which blue light controls chemotaxis 

towards nitrogen sources in C. reinhardtii during pregamete-to-gamete conversion. Black 

arrows indicate a stimulating effect of pharmacological compounds, T-lines indicate an 

inhibiting effect. Green arrows indicate stimulation of switch-off of chemotaxis, red T-line 

indicates exhibiting of switch-off of chemotaxis. 

 

4. Experimental 

4.1. Strains and Culture Conditions 

Chlamydomonas reinhardtii strain CC-124 (nia1, nit2, mt
−
) have been described elsewhere [31]. 

Another wild-type strain tested was CC-620 (mt
+
), obtained from Dr. S. Purton, University College 

London, GB. Strains RNAi20 and RNAi30 with reduced levels of phototropin [30] were obtained from 
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Dr. C. Beck. Cells were grown at 22 °C under a 12-h light/12-h dark regime in Tris-acetate-phosphate 

(TAP) medium [32] or in acetate-free TAP (TMP) medium.  

4.2. Reagents 

All pharmacological compounds were prepared as stocks and stored at −70 °C in the dark. 

Papaverine was dissolved in water. Other compounds were dissolved in DMSO when an organic 

solvent was required, or in TAP-N. Papaverine, 3-isobutyl-1-methylxanthine, chelerythrine, genistein, 

staurosporine, SC-9, and db-cAMP were purchased from Sigma. The components were tested at the 

concentrations that previously have been shown to be effective in mammalian or plant cell systems 

(Table 1) and affected pregamete-to-gamete conversion in C. reinhardtii [15]. All reagents used did 

not influence the cellular swimming speed (data not shown). 

Table 1. Pharmacological compounds that affect light control of chemotaxis. 

Compound Mode of action Effective concentration Reference 

Papaverine Phosphodiesterase inhibitor 50 µM [24,33] 

3-isobutyl-1-methylxanthine Phosphodiesterase inhibitor 50 µM [15,24] 

db-cAMP PKA activator 15 mM [34] 

Genistein PTK inhibitor 200 µM [15,24,35] 

Staurosporine PKA inhibitor 20 nM [15,36,37] 

Chelerythrine PKC inhibitor 1 µM [24,38] 

SC-9 PKC activator 200 µM [15,39] 

4.3. Generation of Pregametes and Gametes 

For the generation of pregametes, liquid cultures of synchronously growing cells at the beginning of 

the light period were washed twice with nitrogen-free medium (TAP-N or TMP-N), resuspended in the 

same medium at a density of 0.1–1.0 × 10
6
 cells/mL and incubated in the dark for 24 h. Gametes were 

obtained from pregametes by exposing them to light (fluence rate 60 µmol m
−2

 s
−1

) for 2 h. The light 

source used was a 500 W lamp (LOMO, Saint-Petersburg, Russia) mounted in a slide projector.  

4.4. Determination of Mating Competence 

The percentage of gametes was assayed by mixing the cells to be tested with a threefold excess of 

gametes of opposite mating type. Mating was allowed to proceed in the dark for one hour and stopped 

by adding glutaraldehyde (final concentration 0.5%). The number of biflagellate cells and quadriflagellate 

cells in the mating mixture was recorded microscopically. The percentage of mating competent 

gametes was calculated as described [11].  

4.5. Chemotaxis Assay 

Chemotactic responses were tested by counting the number of cells that in darkness swam into 

rectangular capillaries (260 µm × 450 µm) filled with 3 µL of medium containing either KNO2 or the 

tested source. This number was compared to the number of cells entering capillaries filled with 

nitrogen-free medium [40]. Capillaries were closed at one end with Parafilm. The other end was 
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submerged in the cell suspension for 10 min at 22 °C. In the competition tests KNO2 or KNO3 were 

added to the cell suspension so that the gradient of nitrate or nitrite was generated in the presence of 

second attractant. 

The chemotaxis index (CI) was calculated using the following ratio Equation (1): 

number of cells entering capillaries filled with medium containing the tested source 
(1) 

number of cells entering capillaries filled with nitrogen-free medium 

Switch-off of chemotaxis was recorded as 1.0. Data are means ± SD of triplicate determinations 

from a representative experiment from at least three different ones.  

4.6. Protein Isolation, SDS-PAGE and Immunoblot Analysis 

Chlamydomonas cells (2–4 × 10
6
 cells mL

–1
 in 100 mL) were collected by centrifugation (3000 g,  

5 min) and resuspended in 0.1 M DTT, 0.1 M Na2CO3. Then, 0.66 vol of 5% SDS, 30% sucrose  

were added. Homogenization of the suspensions was achieved by rapid shaking at room temperature 

for 20 min. The protein concentration was determined by staining with amido black, using BSA as a 

standard [41]. After separation of the proteins by SDS-PAGE on a 12% polyacrylamide gel [42], they 

were transferred to nitrocellulose membranes (Carl Roth, Karlsruhe, Germany) by a semidry blotting 

(Trans-blot SD BioRad). Blots were blocked in 5% milk in Tris-buffered saline solution with 0.1% 

Tween 20 prior to 1 h of incubation in the presence of primary antibodies. For this assay, an antibody 

directed against Chlamydomonas phototropin [6] was used. For a loading control, an antibody that 

reacts with the co-chaperone CGE1 [43] was employed. The dilutions of the primary antibodies used 

were as follows: 1:5,000 anti-Phot and 1:6,000 anti-α-CGE1. A 1:10,000 dilution of horseradish 

peroxidase-conjugated anti-rabbit serum (Sigma) was used as a secondary antibody. The peroxidase 

activity was detected by an enhanced chemiluminescence assay (Roche).  

5. Conclusions  

We have shown that vegetative cells of Chlamydomonas reinhardtii are attracted by nitrite. The 

data suggest that chemotaxis events appear to be specific and independent of those involved in 

nitrate/nitrite assimilation. Chemotaxis towards inorganic nitrogen sources is a property of vegetative 

cells and pregametes but not of gametic cells. Absorption of blue light by phototropin results in the 

activation of a signaling pathway that controls the switch-off of chemotaxis. These studies also 

revealed individual elements of the signal transduction pathway involved in the blue-light-controlled 

change in the chemotaxis mode of C. reinhardtii during gamete formation: three protein kinases, one 

operating against signal flux and two that promote signal transduction. 

Acknowledgments 

We thank Christoph Beck for providing antibodies against phototropin and Michael Schroda for 

providing antibodies against CGE1. This work was supported by grants from the Russian Foundation 

for Basic Research (No. 13-04-00087-a), and the Ministry of Education and Science of the Russian 

Federation (No. 8093). 



Plants 2014, 3 125 

 

 

Author Contributions 

Zhanneta Zalutskaya carried out chemotaxis assays and immunoblot analysis. Elena Ermilova 

supervised all work, carried out data analysis and wrote the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Byrne, T.E.; Wells, M.R.; Johnson, C.H. Circadian rhythms of chemotaxis and of methylammonium 

uptake in by Chlamydomonas reinhardtii. Plant Physiol. 1992, 98, 879–886. 

2. Ermilova, E.V.; Zalutskaya, Z.M.; Lapina, T.V.; Nikitin, M.M. Chemotactic behavior of 

Chlamydomonas reinhardtii is altered during gametogenesis. Curr. Microbiol. 2003, 46, 261–264. 

3. Ermilova, E.V.; Zalutskaya, Z.M.; Nikitin, M.M.; Lapina, T.V.; Fernández, E. Regulation by light 

of ammonium transport systems in Chlamydomonas reinhardtii. Plant Cell Environ. 2010, 33, 

1049–1056. 

4. Furukawa, T.; Watanabe, M.; Shihira-Ishikawa, I. Blue and green light chloroplast migration in 

the centric diatom Pleurosira laevis. Protoplasma 1998, 203, 214–220. 

5. Herman, C.A.; Im, C.-S. Light-regulated expression of the gsa gene encoding the chlorophyll 

biosynthetic enzyme glutamate 1-semialdehyde aminotransferase in carotenoid-deficient 

Chlamydomonas reinhardtii cells. Plant Mol. Biol. 1999, 39, 289–297 

6. Huang, K.; Merkle, T.; Beck, C.F. Isolation and characterization of a Chlamydomonas gene that 

encodes a putative blue-light photoreceptor of the phototropin family. Physiol Plant. 2002, 115, 

613–622. 

7. Johnson, C.H.; Suzuki, L. Algae know the time of day: Circadian and photoperiodic programs.  

J. Phycol. 2001, 37, 933–942. 

8. Oldenhof, H.; Bisová, K.; van den Ende, H.; Zachleder, V. Effect of red and blue light on the 

timing of cyclin-dependent kinase activity and the timing of cell division in Chlamydomonas 

reinhardtii. Plant Physiol. Biochem. 2004, 42, 341–348. 

9. Hegemann, P. Algal sensory photoreceptors. Annu. Rev. Plant Biol. 2008, 59, 167–189. 

10. Beck, C.; Haring, M. Gametic differentiation of Chlamydomonas. Int. Rev. Cytol. 1996, 168,  

259–302. 

11. Beck, C.F.; Acker, A. Gametic differentiation of Chlamydomonas reinhardtii. Plant Physiol. 

1992, 98, 822–826. 

12. Treier, U.; Fuchs, S.; Weber, M.; Wakarchuk, W.W.; Beck, C. Gametic differentiation in 

Chlamydomonas reinhardtii: Light dependence and gene expression patterns. Arch. Microbiol. 

1989, 152, 572–577.  

13. Im, C.-S.; Eberhard, S.; Huang, K.; Beck, C.F.; Grossman, A.R. Phototropin involvement in the 

expression of genes encoding chlorophyll and carotenoid biosynthesis enzymes and LHC 

apoproteins in Chlamydomonas reinhardtii. Plant J. 2006, 48, 1–16. 



Plants 2014, 3 126 

 

 

14. Trippens, J.; Greiner, A.; Schellwat, J.; Neukam, M.; Rottmann, T.; Lu, Y.; Kateriya, S.; 

Hegemann, P.; Kreimer, G. Phototropin influence on eyespot development and regulation of 

phototactic behavior in Chlamydomonas reinhardtii. Plant Cell 2012, 24, 4687–4702.  

15. Pan, J.M.; Haring, M.A.; Beck, C.F. Dissection of the blue-light dependent signal transduction 

pathway involved in gametic differentiation of Chlamydomonas reinhardtii. Plant Physiol. 1996, 

115, 1241–1249. 

16. Ermilova, E.; Nikitin, M.; Fernandez, E. Chemotaxis to ammonium/methylammonium in 

Chlamydomonas reinhardtii: The role of transport systems for ammonium/methylammonium. 

Planta 2007, 226, 1323–1332. 

17. Ermilova, E.V.; Zalutskaya, Z.M.; Lapina, T.V. Сhemotaxis of Chlamydomonas reinhardtii to 

nitrate is changed during gametogenesis. Protistology 2009, 6, 79–84.  

18. Ermilova, E.V.; Zalutskaya, Z.M.; Huang, K.; Beck, C.F. Ptototropin plays a crucial role in 

controlling changes in chemotaxis during the initial phase of the sexual life cycle in Chlamydomonas. 

Planta 2004, 219, 420–427. 

19. Matsuda, Y.; Shimada, T.; Sakamoto, Y. Ammonium ions control gametic differentiation and 

dedifferentiation in Chlamydomonas reinhardtii. Plant Cell Physiol. 1992, 33, 909–914. 

20. Pozuelo, M.; Merchán, F.; Macías, M.I.; Beck, C.F.; Galván, A.; Fernández, E. The negative 

effect of nitrate on gametogenesis is independent of nitrate assimilation in Chlamydomonas 

reinhardtii. Planta 2000, 211, 287–292. 

21. Galvan, A.; Fernandez, E. Eukaryotic nitrate and nitrite transporters. Cell Mol. Life Sci. 2001, 58, 

225–233. 

22. Lengeler, K.B.; Davidson, R.C.; D’souza, C.; Toshiaki, H.; Shen, W.-C.; Wang, P.; Pan, X.; 

Waugh, M.; Heitman, J. Signal transduction cascades regulating fungal development and virulence. 

Microbiol. Mol. Biol. Rev. 2000, 64, 746–785. 

23. Treier, U.; Beck, C.F. Changes in gene expression patterns during the sexual life cycle of 

Chlamydomonas reinhardtii. Physiol. Plant. 1991, 83, 633–639. 

24. Ermilova, E.V.; Zalutskaya, Z.M.; Baibus, D.M.; Beck, C.F. Characterization of phototropin-

controlled signaling components that regulate chemotaxis towards ammonium in Chlamydomonas. 

Protistology 2006, 4, 301–310. 

25. Camargo, A.; Llamas, A.; Schnell, R.A.; Higuera, J.J.; Gonzáles-Ballester, D.; Lefevbre, P.A.; 

Fernández, E.; Galván, A. Nitrate signaling by the regulatory gene NIT2 in Chlamydomonas. 

Plant Cell 2007, 19, 3491–3503. 

26. Ho, C.H.; Lin, C.H.; Hu, H.C.; Tsay, Y.F. CHL1 functions as a nitrate sensor in plants. Cell 2009, 

138, 1184–1194. 

27. Fernandez, E.; Llamas, A.; Galvan, A. Nitrogen Assimilation and Its Regulation. In The 

Chlamydomonas Sourcebook, 2nd ed.; Harris, S., Ed.; Elsevier Press: Oxford, UK, 2009;  

Volume II, pp. 69–113. 

28. Llamas, A.; Igeño, M.I.; Galván, A.; Fernández, E. Nitrate signaling on the nitrate reductase gene 

promoter depends directly on the activity of the nitrate transport systems in Chlamydomonas. 

Plant J. 2002, 30, 261–271. 



Plants 2014, 3 127 

 

 

29. Pan, J.M.; Haring, M.A.; Beck, C.F. Characterization of blue light signal transduction chains that 

control development and maintenance of sexual competence in Chlamydomonas reinhardtii.  

Plant Physiol. 1997, 115, 1241–1249. 

30. Huang, K.; Beck, C.F. Phototropin is the blue-light receptor that controls multiple steps in the 

sexual life cycle of the green alga Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 2003, 

100, 6269–6274.  

31. Harris, E.H. The Chlamydomonas Sourcebook; Academic Press: San Diego, CA, USA, 1989;  

pp. 1–24. 

32. Gorman, D.S.; Levine, R.P. Cytochrome and plastocyanin: Their sequences in the photosynthetic 

electron transport chain of Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 1965, 54, 

1665–1669. 

33. Pasquale, S.M.; Goodenough, U.W. Cyclic AMP functions as a primary sexual signal in gametes 

of Chlamydomonas reinhardtii. J. Cell Biol. 1987, 105, 2279–2292. 

34. Lando, M.; Abemayor, E.; Verity, M.A.; Sidell, N. Modulation of intracellular cyclic adenosine 

monophosphate levels and the differentiation response of human neuroblastoma cells. Cancer Res. 

1990, 50, 722–777. 

35. Bowler, C.; Yamagata, H.; Neuhaus, G.; Chua, N.H. Phytochrome mediated signal transduction 

pathways are regulated by reciprocal control mechanisms. Genes Dev. 1994, 8, 2188–2202. 

36. Zhang, Y.; Snell, W.J. Flagellar adhesion-dependent regulation of Chlamydomonas adenylyl 

cyclase in vitro: A possible role for protein kinases in sexual signaling. J. Cell Biol. 1994, 125, 

617–624. 

37. Meggio, F.; Donella Deana, A.; Ruzzene, M.; Brunati, A.M.; Cesaro, L.; Guerra, B.; Meyer, T.; 

Mett, H.; Fabro, D.; Furet, P.; et al. Different susceptibility of protein kinases to staurosporine 

inhibition. Eur. J. Biochem. 1995, 234, 317–322. 

38. Herbert, J.M.; Augereau, J.M.; Gleye, J.; Maffrand, J.P. Chelerythrine is a potent and specific 

inhibitor of protein kinase C. Biochem. Biophys. Res. Commun. 1990, 172, 993–999. 

39. Ito, M.; Tanaka, T.; Inagaki, M.; Nakanishi, K.; Hidaka, H.N. (6-Phenylhexyl)-5-chloro-1-

naphthalenesulfonamide, a novel activator of protein kinase C. Biochemistry 1986, 25, 4179–4184. 

40. Ermilova, E.V.; Zalutskaya, Z.M.; Munnik, T.; van den Ende, H.; Gromov, B.V. Calcium in the 

control of chemotaxis in Chlamydomonas. Biol. Bratislava 1998, 53, 577–581. 

41. Popov, N.; Schmitt, S.; Matthices, H. Eine störungsfreie Mikromethode zur Bestimmung des 

Proteingahalts in Gewebshomogenaten. Acta Biol. Germ. 1975, 34, 1441–1446. 

42. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage 

T4. Nature 1970, 227, 680–685. 

43. Schroda, M.; Vallon, O.; Whitelegge, J.P.; Beck, C.F.; Wollman, F.-A. The chloroplastic GrpE 

homolog of Chlamydomonas. Two isoforms generated by differential splicing. Plant Cell 2001, 

13, 2823–2839. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


