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Fig. 3. Phyotene synthtase gene in [ts7-211 and genetidphenotypic differences
from the other /ts7 alleles. (A) Structure of the Chlamydomonas PSY gene and
the mutation in /ts7-2717 (mid). DNA and amino acid sequences in the vicinity of
the mutation in exon 2 in the wild-type and /ts7-211 genomes (Top) are
shown. For the rescue experiment, /ts1-211 was transformed with a 6,000-kb
DNA fragment containing the PSY gene, which was cloned into pSI103
plasmid (Bottom) (42). (B) Domain structure of PSY. The P159] mutation in
Its1-211 occurs in the catalytic domain of PSY. Mutations in the previously
reported PSY null mutants are also shown as follows: In /ts7-30, W123 is
substituted for a stop codon, whereas in /ts1-202 (previously called FN68), a
frameshift occurs (16). (C) Part of the carotenoid-biosynthesis pathway in
Chlamydomonas modified from ref. 19. PSY (boxed) synthesizes phytoene
from geranylgeranyl-diphosphate. p-Carotene and lutein, the two major
carotenoids in Chlamydomonas analyzed in Fig. 2D, are underlined.
(D) Growth phenotypes of the wild type, /ts7-211, and two PSY null mutants.
Cell suspensions from each mutant containing ~10° cells were spotted onto
TAP-agar plates and incubated in the light (~50 umol photons-m=2sec™";
Top) or dark (Bottom) for 3 d.

To confirm the presence of a lens effect in “green” cells, we
observed the wild-type and the lts-211 cells under a microscope
by using sideways illumination (Fig. 54). Regardless of the location
of the eyespot, a small, bright area appeared on the side of each cell
edge opposite the light source. Furthermore, we observed images of
an object in the light path of the microscope, which were formed by
the cellular lens effect (Fig. 5B, Fig. S4, and Movie S1). These
observations indicate that even a normally pigmented cell body acts
as a convex lens. The redox-dependent reversal of phototactic sign
in lts1-211 and the three eye mutants suggests that the carotenoid
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layers of the eyespot play a crucial role in determining the photo-
tactic sign in Chlamydomonas (Fig. 6).

Discussion

Screening for Chlamydomonas mutants defective in phototactic
sign switching resulted in the isolation of ltsI-211, a weak-allele
mutant of the PSY gene. The mutant cells contained low
amounts of carotenoids, and most lacked detectable eyespots.
These cells displayed phototaxis against light stronger
than ~5 pmol photons-m~2s~", but its sign was opposite to that of
wild-type cells with or without the application of redox reagents,
which strongly biases the sign of phototaxis. Interestingly, all
previously known eye mutants also exhibited the same phenotype
after redox-reagent treatment.

Previously isolated eye mutants were reported to exhibit weak or
no phototaxis. The eyel mutant exhibits weak phototaxis because of
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Fig. 4. All eyespot-deficient mutants show a redox-dependent sign of photo-
taxis opposite to that of the wild type. (A) Cell images, dish phototaxis assays, and
polar histograms of eye?-1, eye2-1, and eye3, with or without treatment with
redox reagents (12 bins of 30°; n = 24-56 cells per condition). (B) Phototactic index
calculated as an average value of cosd measured in A. After treatment with redox
reagents, all eyeless mutants showed signs of phototaxis opposite to those of
strains with eyespots (wild type and fts7-211R) and same as fts7-211 (Fig. 20).
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Fig. 5. The Chlamydomonas cell body has a lens effect. (A) Wild-type and /ts7-
211 cells were observed with bright-field illumination (Left) or with sideways
illumination (Middle and Right; yellow arrows indicate the direction of illumi-
nation). A small bright area is observed in each cell on the side opposite the
light source. (B) The letter “P" (for “photo”) set on a field stop ring of the
microscope was imaged through the cells of both strains by the lens effect. The
letter “P" appeared on each cell as the plane of focus was moved from the cells
(Left) to above the cells (Right). (C) The setting of the microscope and a hy-
pothetical optical path are shown. |, image; L, cell as a lens; O, object.

the less precise orientation of the cells’ swimming direction (21).
The eye2 mutant also exhibits weak phototaxis because it is ~100-
fold less sensitive to light than the wild type (22). The eye3 mutant
does not exhibit phototaxis unless it is under special conditions
(e.g., nitrogen starvation or a prolonged incubation at the sta-
tionary phase) (23). In the eye2 and eye3 mutants, ChR1 localizes
to several patches around the “correct” position where the eyespot
would normally occur, suggesting that the focused localization of
channelrhodopsins, but not their approximate localization, re-
quires the presence of the carotenoid layers (24, 25). Individual
ChR1 molecules present in the membrane of a cell without a
detectable eyespot appear to function normally, because eyel ex-
hibits a normal photophobic response (6, 21). In contrast to pre-
vious studies, in the present study, the use of redox reagents
produced rather strong (but oppositely directed) phototaxis in all
eyeless mutants examined, including the newly isolated mutant
Its1-211. Strong phototaxis in eyeless mutants was detected in this
study, most likely because redox reagents fixed the phototactic
sign and, thereby, stabilized this behavior (14). In the dish pho-
totaxis assay without redox reagent, only eye2 did not exhibit ob-
vious positive phototaxis among eyespot-less mutants (Fig. 24 and
Fig. 44). A previous study showed that eye2 shows weak negative
phototaxis at approximately 120~150 pmol photons-m s (22).
Because Eye2p is a thioredoxin family protein, its absence may
change the intracellular redox poise (22).
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The reversed-phototactic sign in the eyeless mutants after
treatment with redox reagents can be explained by the lens effect
of the cell body (Figs. 5 and 6), which was previously found in
several organisms including cyanobacteria, fungi, dinoflagellates,
colonial Volvocine algae, and colorless Chlamydomonas mutants
(12, 13, 26-28). The present study directly demonstrates that a
normally pigmented Chlamydomonas cell can also function as a
convex lens such that light illuminated sideways on the cell is
condensed on the farther side, forming a small, bright patch, and
that the images of an object are formed through the cells. In an
apparent contradiction to our observations, a previous study (12)
concluded that chlorophylls or other pigments in the cell body,
rather than the eyespot, act as shields against light from the rear.
However, our results indicate that shielding by chlorophylls or
other pigments dispersed throughout chloroplast is insufficient
to cancel the cellular lens effect on the ChRs, and that the ca-
rotenoid layers underneath the ChRs, where the incident light
most strongly concentrates in the cell, are necessary.

Because we directly observed the lens effect of the cell bodies
(Fig. 5B), we then were able to estimate that the refractive index
of Chlamydomonas cells is 1.47, which is closed to the refractive index
of most of the cells of green algae Dunaliella salina (1.46) and
Chiorella sp. (1.40-1.45), as well as plants (1.48) (Fig. S4) (29-31).
This value is higher than the previously reported value for Chlamy-
domonas estimated by a laser scanning flow cytometer (1.39~1.43)
(32). Our method can be applied to evaluation of refractive indices of
other spheroidal organisms without special equipment.

In conclusion, a new screening method using redox reagents
allowed us to isolate a previously unidentified Chlamydomonas
mutant and to detect a previously unknown aspect of eyespot
function affecting phototaxis. The isolation of the mutant, Its-
211, revealed that the cellular lens effect affects cellular behavior
in the absence of carotenoid layers. The carotenoid pigment gran-
ules therefore have a crucial role in determining the sign of pho-
totaxis, by shielding the ChRs in the plasma membrane from light
condensed by the cellular lens onto the back of the eyespot.
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Fig. 6. Model illustrating the effect of light illumination on the photoreceptors
and the phototactic sign of the wild type (Top) and eyeless mutants (Bottom).
Carotenoid layers (red) reflect and amplify the light signal (orange arrows) onto
the photoreceptors (blue) when the eyespot faces the light source. These layers
shield the photoreceptors from the light condensed by the lens effect of the cell
when the eyespot faces the side opposite the light source. The photoreceptors in
an eyeless mutant cell localize to several patches around the “correct” position
but function normally (24). The photoreceptors receive stronger light stimulation
when facing away from the light source, i.e., in an opposite manner to that of
wild-type photoreception. When the wild type cells are illuminated by strong
light, they show negative phototaxis by beating the cis-flagellum (C) stronger
than the trans-flagellum (T) when the eyespot faces the light source (Top Left).
In contrast, the eyeless mutant cells show positive phototaxis by beating the cis-
flagellum stronger than the trans-flagellum when the eyespot faces the side
opposite the light source (Bottom Right).
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Materials and Methods

The strains used in this study are listed in Table 1. All cells were grown in Tris-
acetate-phosphate (TAP) medium (40) with aeration at 22 °C under a 12 h/
12 h light/dark cycle, except for /ts7-202 and [ts1-30, which were grown in
the dark for pigment and growth-phenotype analyses.

See S/ Materials and Methods for more information.
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