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FUNCTIONAL ASPECTS OF SECONDARY CAROTENOIDS IN
HAEMATOCOCCUS LACUSTRIS (VOLVOCALES).
1. ACTION AS A “SUNSHADE™
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Lars Olof Bjorn
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ABSTRACT

We inuvestigated the protection from photoinhibition by
daﬁ}'wnr developmental stages of Haematococcus la-
custris [ Girod | Rostafinski using chlorophyll fluorescence
measwrements of single cells and suspensions. An overall
correlation between higher cellular content of secondary
caratenoids and the mj)rmh to withstand excessive irra-
diation was observed in flagellated vells and aplanospores
of H. lacustris. Low-light-reversible spreading of extra-
chloroplastic secondary cavotenoids occurred in the pe-
riphery uj the rell rhnmg strong irradiation. This process

resulted in increased shading of the cup-shaped chioro-
plast as demonstrated by a decrease in chlorophyll fluo-
rescence. Extrachloroplastic accumulation of secondary ca-
rotenotds in H. lacustris can be interpreted as a specific
adaptation to habitats that exhibit strong insolation.

Key index words:  carotenoids; chlovophyll fluorescence;
(f.'.'u'm’oph_\'m; Haematococcus lacustris; image analysis;
photoinhibition: secondary carotenoids

In algae, secondary carotenoids (SCs) are carot-
enoids (Car) that accumulate outside the chromato-
phores, usually in large quantity, under stress con-
ditions (Grung et al. 1989). The ability to synthesize
SCs occurs in algae living under extreme conditions
(Geisert et al. 1987, Albertano et al. 1991, Johnson
and An 1991). For instance, Chiamydomonas nivalis
is a species of the “cryovegetation™ that causes “red

' Received 16 August 1993, Accepred 8 December 1993
* Author for reprint requests.

snow” in high mountains and polar regions (Czygan
1970). The habitats of SC-synthesizing algae are es-
pecially characterized by the rapid variation of abi-
otic factors (Schneider 1989) and strong insolation
(Czygan 1970, Hoffmann 1989). Similar ec ological
findings led to the suggestion that accumulation of
Car might protect cells from injury induced by ex-
cessive irradiation (Mainx 1927, McLean 1967, Fogg
1991): however, some studies suggest that SCs have
no useful function (Egger 1967).

Ben-Amotz et al. (1989) indicated that a higher
capacity to withstand photoinhibitory treatment is
related to shading by -carotene accumulated in in-
trachloroplastic “oily globules™ of Dunaliella bar-
dawil. Although direct comparison between this pro-
cess and extrachloroplastic accumulation of §Cs in
Haematococens lacustris |Girod] Rostafinski was re-

jected by Boussiba and Vonshak (1991), the SCs in

lipid vacuoles of this green alga (Yong and Lee 1991,
Kobayashi et al. 1992) were considered to provide
the same shading mechanism as that suggested by
Ben-Amotz et al. (1989) in Dunaliella.

The studies of Ben-Amotz et al. (1989) and Yong
and Lee (1991) are based on measurements of pho-
tosynthetic oxygen evolution after strong light ex-
posure that caused photoinhibition. The physiology
of this process is the focus of recent photosynthesis
research (Barber and Andersson 1992, Horton and
Ruban 1992, Osmond et al. 1993, Van Wijk and
Van Hasselt 1993). In vive chlorophyll (Chl) fluo-
rescence induction kinetics ina dark—light transition
have been proven to be of value in dnal)zmg re-
versible inhibition of photosynthetic activity (Hor-
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ton and Bowyer 1990). The so-called saturation pulse
method makes continuous analysis of photochemical
and nonphotochemical Chl fluorescence quenching
during this transition possible (Schreiber et al. 1986).
Photochemical quenching is caused by charge sep-
aration at photosystem 11 reaction centers, whereas
nonphotochemical quenching includes a number of
nonradiative deexcitation processes in photosystem
I1 (Horton and Bowyer 1990). These energy dissi-
pation processes are associated with a reversible de-
crease in the photochemical efficiency of photosys-
tem Il and can apparently protect against stronger
and more sustained decreases in the photon effi-
ciency ofphntmymhesis (Horton and Ruban 1992).

To mvesugate the phntoprotecln ¢ function of SCs
in H. lacustris in more detail, in vive Chl Aluorescence
measurements were performed in cell suspensions
and single cells of different developmental stages of
the alga. Differences in the SC content of the cells
were achieved by 1) precultivation under low or high
irradiance (aplanospores), 2) germination of aplan-
ospores containing low and high amounts of SCs,
which led to green and red flagellates, respectively,
and 3) limitation of the nitrogen source during ger-
mination (cf. Hagen et al. 1993b). Involvement of
strong light-induced spreading of SC-containing lip-
id vacuoles into the cell periphery as protection
against photoinhibitory irradiation is also discussed.

MATERIALS AND METHODS

Haematoeoecus lacustvis |Girod| Rostafinski (no. 192.80 of the
culture collection of the University of Gottingen, Germany) was
grown auwtotrophically at 21° C (£ 2° C) in Erlenmeyer Hasks
under continuous white light (daylight Huorescemt lamps, 12.5
W-m %) in a medium described by Hedlich (1982) with addition
of 0.3 gM thiamine. The flasks were not shaken or aerated. The
inoculum ol this standard batch culture alw -.n's' came from a stock
suspension of dp[.muspm"t‘s that was at least 3 months old. Fla-
gellates differing in SC content were grown as described before
(Hagen et al. 1992) after germination in tresh medium under 7
W-m~? of white light. They were obtained either from 1) red
aplanospores exposed [or 48 h under normal (Chl/Car: 0.55) and
nitrate-deprived (Chl/Car: 0.17) conditions and 2) green aplan-
ospores grown for 4 days (Chl/Car: 1.14, 1.32). Green aplano-
spores were prt&ru[uvdl(d for 2 weeks after addition of fresh
medium in 12.5 W-m? and then for another 10 weeks in 0.5
W-m 2 of white light. To induce rapid SC accumulation, one
part of this suspension was irradiated with 16.5 W-m* of white
light for 2 weeks. Nitrogen deprivation of the medium wasachieved
by isoosmotic exchange of KNO, by KCL

Pigmented cells were counted using a Fuchs-Rosenthal count-
ing chamber. Total irradiance was measured (unless stated oth-
erwise) by means of a miniaturized thermopile (Physical and
Technical Institute, Jena, Germany). Pigment extraction was per-
formed after sonication of the cells with acetone (100%). Pigment
contents and i vitre Chl/Car ratios were calculated according to
Lichtenthaler (1987).

The in oo Chl/SC ratio (see below) s based on a specific
absorption shoulder of SC a1 540 am, This shoulder could only
be found in spectra obtained from suspensions and single cells
(Hagen et al. 1993a). The height of this shoulder was not directly
used as a dimension for the SC content because of systematic
érrors initiated by cell growth (Kirk 1975). When the in v Chl/
SC ratio was calculated, the reference was used as the numerator

to 1) indicate changes in the early period of SC accumulation
more sensitively and 2) minimize the influence of the reference
wavelength (linear instead of hyperbolic impact).

Cytophotametry. The photometric device of a light microscope
(Fluoval, Zeiss, Jena, Germany) was used for absorption mea-
surements of single cells in vivo (Krug 1980). In vizo Chl/SC ratios
were calculated as follows: Chl/SC = [ Ay v — Asusl/ 1A —
Agas] (Azzss Asgys At absorprion of one cell measured ar 725
nm, 540 nm, and the red absorption maximum, respectively).

Computer-aided micvoscopic tmage analysis. The suspension ol
dplanospores used in the experiments was grown as described for
red aplanospores with the exception that exposure to stronger
light did not exceed 7 days. Before measurement, the suspensions
were adapted 1o 4.5 W-m—* of white light for 24 h. This culti-
vation resulted in aplanospores that were not filled up completely
by SC-containing lipid vacuoles. Variations of the intensity of
irradiation using the microscopic lamp were achieved by neutral
density filters. 'The video signal of a black and white CCD camera
(VS 450, Stemmer, Munich, Germany: including an interference
filter 540 nm from Zeiss) mounted on top of a light microscope
(Amplival, Zeiss, Jena, Germany) was processed by a commercially
available frame grabber board (PIP-1024B, Matrox, Quebec,
Canada) and analyzed using image-processing software (DIAS
3.1, Tower-Soft, Jena, Germany). The program included stan-
dard modules of image processing: preprocessing: optical isola-
tion ol the cell from the background by threshold operations;
calculation of size, shape, and gray value parameters of this cell:
and measurement of the averaged gray value cross-section along
the cellular diamerer (5-pixel band; 1 pixel = 0.2 gm). The re-
sulting grav values were inverted, and the logarithm was calcu-
lated for each point. Data are presented after smoothing (gliding
mean, * 10 pixels).

Absorption spectroscopy of suspensivirs. The algal samples were
suspended in agar (0.15-0.2%, w/v) and measured in 0.5-cm
cuvettes covered on the front side with a strong scattering film
of silica. Measurement was performed in the second sample po-
sition of a specirophotometer (Specord UV /VIS, Zeiss, Jena,
Germany) according to the “opal glass method™ described by
Shibata er al. (1954). In vive Chl/SC ralim were calculated as
follows: Chl/SC= [Aams — Naso)/ T Az — Azl (Aasos Asaos Mg
wans absorption of the sample measured at 750 nm. 540 nm, and
the red absorption maximum, respectively).

Microfluorametry of single cells. The same equipment as for cy-
tophotometry was used (epifluorescence). The photomultiplier
was shielded by an orange glass filter (0G4, Zeiss, Jena, Ger-
many). After b min predarkening, the cell was exposed to 40 or
80 W-m #of blue broad-band light (photographic shutter, voli-
age-stabilized halogen lamp, hlter combination: KP490, B226,
B228, B229, B424, G264, D484: Zeiss, Jena, Germany). Fluo-
rescence induction Kinetics were monitored over 3 min by means
al a chart recorder (slow kinetic) and a storage oscilloscope (C8-
13, GUS) for detection of basic Auorescence (F,) during the fast
kinetic. The parameter describing the rate of the fluorescence
decrease to an almaost steady-state level reached after 3 min of
excitation (Rfd) was caleulated according to Lichtenthaler et al.
(1986).

Pulse amplitude-modulated fluarescence. "The modulated i vivn
Chl fluorescence (cf. Schreiber et al. 1986) of algal samples was
recorded (unless stated otherwise) after 10 min predarkening in
a suspension cuvette at room temperature using the pulse-mod-
ulated Chl Huorometer system PAM 101-103 (Walz, Effeltrich,
Germany). Chlorophyll content of the algal samples never ex-
ceeded 20 pg-mL ', Dark-adapted basic fluorescence (F,) was
determined by a weak, modulated light of 0.1 amol photons-
m 251 (1.6 kHe, automatic switching 1o 100 kHz during actinic
and saturation light). Dark-adapted maximal fluorescence (F,)
was determined by a saturating 500-ms Hlash of 1000 umol pho-
tons-m %5 ' (FL103; DT Cyan short-pass hlter, Balzers, Liech-
tenstein: white light), The accuracy of F, was checked by the
shape of the fluorescence rise as described in the manual of the
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pulse fluorometer software DAL00 (version 1.9, Walz). After a
lag phase of 60 s, a Huorescerice transient of 3-min duration was
induced by continuous actinic light of 50 gmol photons m #.s !
(102-L, 650 nm). To analyze quenching mechanisms, saturation
pulses were triggered every 10 s, Light-adapted basic Auorescence
(F.') was measured at the lowest level after switching off actinic
light. The nonphotochemical quenching coefficient (qy) was cal-
culated as described in Hagen et al. (1992). Normalized variable
fluorescence (i.e. photosystem 11 photochemical efficiency: Ha-
vaux 1993) was calculated as F_/F = (F, — E,)/F,. For nomen-
clature, see Van Kooten and Snel (1990).

Red and blue light Aash experiments were performed during
photoinhibitory treatment as follows. Twenty-four hours before
the experiment, suspensions of green and red aplanospores were
t'(ntrililgt d and adapred 1o 4.5 Wem ® of white light after re-
:»U\pensu:n in nitrate-deprived medium to avoid germination (0.2%
agar, w/v; cell density before measurement: 8 x 10° cells-mL ".
Chl content did not exceed 20 wg-mL ). Aliquots of both aplan-
ospore suspensions were exposed Lo strong white light (470 W-
m %, halogen lamp combined with heat-protecting filter W302
from Zeiss, Jena, Gérmany) in 0.5-cm cuvettes at toom temper-
ature, After 5 min predarkening of these samples, F, was deter-
mined by weak modulated hght of 0.04 gmol photons-m *-s !
(1.6 kHz, automatic switching to 100 kIz during actinie Hashes).
Then, a 400-ms blue flash was applied (FL103 /E: DT Cyan short-
pass hlter, Balzers, Liechtenstein; KP560, Zeiss, Jena, Germany:
122 Wem~%). After 60 s, the sample was excited by a 400-ms red
flash (102-L. 650 nm, 20 W-m~*). For each flash, the normalized
variable Huorescence (F, /F ) was caleulated as already mentioned
using the same level of F. Toavoid systematic errors, the ovder
of red and blue Hashes was changed during repetitive measure-
ments.

Flyorescence excitation speetroscopy. Steady-state fuorescence ex-
citation Fyzp.n / Fogomm ratios (emission wavelength: 680 nm) were
measured ina l<cm quartz cuvelte at room temperature with a
red sensitive photomultiplier (M12 FC51, Fernsehelekironik,
Berlin, Germany) mounted on a spectrofluoromerer (Aminco-
Bowman, Silverspring, Maryland). The slit apertures of both
monochromators were adjusted 1o give a 5-nm bandpass. The
algal sample was diluted to a cell density of 2 % 10% cells-mL *
and measured after a 5-min exposure to the excitation light.
Three measurements of the sample were averaged. The chlo-
rophyll content did not exceed 5 pg-mL-",

Photoinhibitory treatment af flagellate suspensions, Suspensions of
flagellates (cell density: 3 % 10% cells-mL ' Chl content did not
exceed 1o pg mL Y light path through the suspension: 0.5 ¢m)
were exposed in Petri dishes at 20° C to red and blie broad-band
photoinhibitory light (light source: xenon high pressure lamp:
red light: KG 3, RG 610, Calflex C from Schotr, Mainz, Germany,
D482 from Zeiss, Jena, Germany, 400-700 nm ar 1225 amol
photons-m~*-s7', 600-700 nm at 1151 gmol photons-m -5 '
blue light: KG 3, BG 12/2 mm, Calflex C from Schou, Mainz,
Germany, 400-700 nm at 1210 gmol photons-m-2-5- 1, 400-500
nmat 1125 gmol photons-m *-s5 ') Photon Huxes were measured
using a spectroradiometer (Optronics Model 742, Orlando, Flor-
ida). Changes in cell density and cellular Chlor Car content were
not detected during phatemhibitory irradiation (maximal for 10

h).

RESULTS

In wvivo Chl fluorescence measurements provide
direct information about absorption efficiency of the
photosynthetic apparatus (Buschmann [QBb) If SCs
shade Chl in the blue wavelength region by their
absorption, a specific lowering of Chl fluorescence
excited by blue light versus red light should be ob-
tained durmg the synthesis of SCs. Indeed, this de-
pendence of the corresponding steady-state Chl flu-
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Fie. 1. Steady-state Huorescence excitation Fapu/ Fupgn ratio
measured at room temperatire versus ae vivo Chl/SC ratio de-
tected by absorption spectroscopy in suspensions of SC-accu-
mulating Haematororcus lacustng

orescence excitation ratio on the degree of SC
accumulation was observed (Fig. 1).

To obtain cells containing different amounts of
SCs for this experiment, aplanospores were precul-
tivated for 2 weeks after addition of fresh medium
in 12.5 W-m~2 and then for another 10 weeks in
4.5 W-m~? of white light. After that, germination
of these low-light-adapted green aplanospores was
induced after addition of fresh medium (0.2% agar,
w/v) under different irradiances (4.5, 9.5, 14, and
19 W-m~2, white light). Apart from the starting
sample, samples were taken from each light treat-
ment after 43 and 140 h, times that represent dif-
ferent developmental states of the culture. The in
vivo Chl/SC ratio of these samples was positively
correlated with the Huorescence excitation Fyqq../
Fooonm Tatio (Fig. 1).

To determine whether or not shading by SCs in-
creases the capacity to withstand high-light treat-
ment, photoinhibitory processes were studied in fla-
gclldtes and aplanospores differing in SC content.
An increase of F, after 1.5-h photoinhibitory irra-
diation with blue light occurred only in green fla-
gellate suspensions (Fig. 2). This was accompanied
by a decrease of F /}- (Fig. 2) indicating photo-
inhibition (()qu:qt and Huner 1993). Besides adap-
tation processes, especially in green samples, the
stronger inhibition by blue light compared to red
light in these suspensions was conspicuous (Fig. 3).

Analysis of the nonphotochemical quenching co-
ethaent gy during fluorescence-induction kinetics
revealed further information about the mechanism
of higher resistance to photoinhibition in SC-con-
taining flagellates. Before photoinhibitory treat-
ment, green flagellates used in our experiments
showed generally a lower qy than red flagellates. An
increase of nonphotochemical quenching during 10
h exposure to red photoinhibitory irradiation was
observed in red flagellates, but not during blue light
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Fic. 2. Relative changes of dark-adapted basic fluorescence
(F,) and normalized variable fluorescence (F,/F,) in relation to
the in vitre Chl/Car ratio in suspensions of flagellates treated for
1.5 h by red or blue photoinhibitory irradiation. The correspond-
ing value of the sample before photoinhibitory treatment equals
100%.

irradiation of red flagellates or in green flagellates
at all.

We were also interested in determining whether
or not higher resistance to photoinhibition detected
by oxygen evolution measurements in red aplano-
spore suspensions (Yong and Lee 1991) can be cor-
related to Chl fluorescence measurements. Imme-
diately after photoinhibitory irradiation, green and
red aplanospore suspensions were predarkened and
measured as described for red and blue light flash
experiments. The increase in F, (Fig. 4) indicates
stronger inhibition in green aplanospores (Havaux
et al. 1991; see Fig. 2). The corresponding F,/F,
values decreased faster in green aplanospore sam-
ples during photoinhibitory irradiation.

In discussing mechanisms with higher capacity to
withstand excessive irradiation in SC-containing cells,
Yong and Lee (1991) reported evidence supporting

0 2 4 6 8 10
Exposure time [h]

Fic. 3. Changes ol normalized variable fluorescence (F /F )
in red (CH) and green (O®) suspensions of Hagellates during ir-
radiation with red (0JO) and blue (IM) photoinhibitory light (see
Fig. 2).

1207
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Fic. 4. Relative changes of dark-adapted basic fluorescence
(F,) during irradiation with white light (470 W-m2) in green (@)
and red (W) aplanospore suspensions, Value of the corresponding
samples at the beginining of the experiment equals 100%. Bars
indicate £SE.

the view that a strong light-induced spreading of
SCs can prevent photoinhibition by apparently act-
ing as a light filter. To describe that spreading quan-
titatively, computer-aided microscopic image anal-
ysis was applied to single cells during high-light
treatment. Changes of the gray value cross-section
along the diameter of a single aplanospore were
measured during trradiation with 290 W-m~2 of
white light (40 min) and recovery under 13 W-m~?
(100 min). Absorption in the cell periphery contin-
ued to increase during the first 20 min of low-light
recovery (Fig. 5). In this cell, recovery was achieved
almost completely after 100 min. These changes can
also be expressed using cellular gray value features
calculated by the software system (Fig. 6). The re-

versible increase of the mean cellular gray value
during spread of the SC-containing lipid vacuoles
(Fig. 6) might be explained by decrease of the “*pack-

—40 min

— 20 min recovery
== 100 min recovery

delta Absorption

fn_
Celiular diameter [pixel]

Fic. b. Changes of absorption measured along the cellular
diameter in a single SC-containing aplanospore during strong
light treatment (290 W-m 2, 40 min), followed by recovery (13
W-m %) Differences were calculated by subtraction of corre-
sponding absorbance data measured at the beginning of the ex-
periment.,
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Fic. 6. Changes in cellular gray value features of a single SC-
containing aplanospore during the experiment described in Fig-
ure 5 (MEAN, |@]: averaged gray value of the cell: HOLE, |H|:
number of pixels within the cell shape thar exhibit a gray value
below MEAN). Corresponding value measured at the i)cgin!‘lit!g
of the experiment equals 100%, Vertical broken line marks be-
ginning of recovery at 40 min.

age effect” and the corresponding increase in spe-
cific absorption of the pigment molecules (Osborne
1986). The decline of the parameter HOLE (Fig. 6)
describes the increasing optical homogeneity of the
cell during SC spreading.

SC spreading increases with increasing irradiance
(Fig. 7). At first, one single aplanospore was mea-
sured during irradiation with the recovery light only.
Then, the same cell was exposed to 63 W-m 2 of
white light. After 40 min of recovery, the cell was
irradiated with 550 W-m~2 of white light. Further-
more, recovery seems to be light-dependent, be-
cause it was accelerated by low light compared with
dark recovery (data not shown).

To undertake further attempts to study the mech-
anism of this putative pigment movement, 1) only
the left half of an aplanospore (Fig. 8a) and, after
recovery, 2) the complete cell (Fig. 8b) were irra-
rhdted with 550 W-m 2 of white light. The orange

“halo” effect occur rmg near the cell membrane, and
normally accompanying SC spreading, could only
be observed in the irradiated region. The phenom-
enon was limited to the irradiated area (Fig. 8a),
especially after 10 min of recovery (13 W-m~2). The
increase of absorption in the cell periphery corre-
sponds to an absorption decrease in the central re-
gion of the cell during strong light exposure (Fig.
8b). There, the SC-containing lipid vacuoles sur-
round the nucleus before strong light irradiation
(Santos and Mesquita 1984: Fig. 8b, gray value cross-
section).

Consequences of the SC spreading, in particular
for the absorption efficiency of the photosynthetic
pigments, can be demonstrated by an extraordinar-
ily strong Chl fluorescence quenching as demon-
strated in a single aplanospore measured by micro-
fluorometry (blue actinic light, 40 W-m 2; Fig. 9a).

MEAN [rel.]

105‘

Q= _ T

7 B el

100 S———
Q 10 20 30 40

Exposure time [min]

Fic. 7. Changes of the averaged cellular gray value (MEAN)
inva single SC-contaiming aplanospore during exposure 1o 13 W-
1 (O), then 1o 63 W-m * (@), and, atter 40 min of recovery
(13 W-m %), 10550 W-m * (). Value measured at the beginning
of the experiment equals 100% .

The cell was characterized by SC-containing lipid
vacuoles arranged around the nucleus. Before the
experiment, a sample was taken from a brownish
8-week-old standard batch culture (12.5 W-m 2,
white light) and adapted to low light (4.5 W-m~?)
for 48 h in a microscope slide chamber. Between
each measurement, the microscope slide was irra-
diated by ca. 400 W-m~*? of white light for 5 min
before predarkening. Between the fifth and sixth
measurements, the cell was adapted again to 4.5 W+
m~? for 4 h. The fluorescence decrease (Fig. Qa) was
not accompanied by a corresponding decrease of
photosynthetic efficiency, as indicated by the un-
changed Rfd value (Lichtenthaler et al. 1986).

To study this phenomenon in greater detail, dif-
ferent cells of a similar low-light-adapted suspension
(4.5 W-m~? of white ||ght) were measured by mi-
crofluorometry (blue actinic light, 80 W-m~ ?) and
cytophotometry (Fig. 9b). A new microscopic slide
was prepared for each cell. Irradiation between mea-
surements was omitted. The extent of Huorescence
quenching seemed to be positively correlated with
the degree of SC accumulation of the corresponding
aplanospore. The results obtained by microfluorom-
etry cannot be compared directly with the fluores-
cence measurements already described. Besides the
pulse modulation principle, we used red light for F,
measurements in cell suspensions.

An increase in the shading activity due to SC
spreading, particularly in the blue wavelength re-
gion, was observed dunng photoinhibitory treat-
ment of aplanospores (E ig. 4). If normalized variable
Auorescence detected in these samples with either
a single blue or red light flash is compared, the cor-
responding ratio decreased to a higher extent in red
aplanospores during strong light exposure (Fig. 10).
That indicates a decreasing Chl fluorescence exci-
tation efficiency, especially of the blue actinic light
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Changes of absorption measured along the cellular diameter in a single SC-containing aplanospore a) during 40 min ol

strong light irradiation (550 W-m~*) of the left half of the cell and b) afrer 30 min of recovery (13 W-m ?) during 40 min of strong
light irradiation (550 W-m ?) of the complete cell. Differences were calculated by subtraction of corresponding absorbance data measured
at the beginning of the experiment (depicted as gray value cross-section in b).
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cence decrease (RId, filled bars). b) Dependence of the decrease
of F, on the degree of SC accumulation determined by cytopho-
tometry. The corresponding value of the cell at the beginning
of the experiment equals 100% .

during photoinhibitory treatment in SC-containing
cells.

DISCUSSION

Our results suggest that accumulation of SC in H.
lacustris should be discussed as an adaptation to the
specific ecological situation in its habitat. This fresh-
water alga (“Blutregenalge™: Czygan 1970) can be
found especially in shallow ponds, rook pools, pud-
dles, and other small and periodic waters (Pocock
1959, Schneider 1989), Apart from formation of
resting cells, protection from “bleaching™ by stron-
ger light is of special importance in these habitats
(Fryxell 1983) that lack shaded regions.

An overall decrease of photosynthetic light ab-
sorption by Chl (and probably also by primary Car
in the photosynthetic apparatus) in the blue wave-
length region was detected in SC-accumulating sus-
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Fig. 10. Changes of the ratio of normalized variable Huores-

cence (F_/F,) detected with blue or red actinic light, during ir-
radiation with white light (470 W-m ?) in green (@) and red (l)
aplanospore suspensions, Broken lines mark the corresponding
values measured in samples at the beginning of the experiment.
Bars indicate £SE.
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pensions ot H. lacustris. 'This agrees with results ob-
tained by low-temperature fluorescence spectroscopy
ot SC-accumulating aplanospores (Hagen et al.
19934). The low cell density of samples used in the
experiments indicates that this shading due to SC
absorption might act not only by mutual competitive
absorption in a population of cells but also within
the single SC-containing cell.

Protection against photoinhibition in SC-contain-
ing fagellates and aplanospores is suggested as a
physiological role of this absorptive behavior. A
higher sensitivity of green aplanospores to photo-
inhibitory treatment was demonstrated by Chl flu-
orescence measurements and confirms the results
reported by Yong and Lee (1991). We found that
blue light of the same photon flux as red l!ght was
more effective in inducing photoinhibition in green
flagellates. Thus, light-dependent SC spreading
seems to be of special value for the survival of H.
lacustris in its habitat, The cells can adapt to extreme
increases in irradiation by lowering blue light ab-
sorption of the photosynthetic apparatus, Together
with low-light reversibility, SC migration in the cell
periphery might help to maintain photosynthetic ac-
tivity during periods of moderate insolation.

The increase of excitation energy-dissipating pro-
cesses, indicated by an increase of nonphotochem-
ical fluorescence quenching in red flagellate suspen-
sions during photoinhibitory treatment, indicates
that other protecting mechanisms in addition to SC
shading are involved. Thus, an increased activity of
the Mehler reaction reported in green algae (Neu-
bauer and Yamamoto 1992, Rees et al. 1992) mlghl
lead to an increased capacity of nonradiative exci-
tation energy dissipation in H. lacustns. Ketocarot-
enoids included in proteins of the photosynthetic
apparatus as reported in Evemaosphaera viridis (Vech-
tel et al. 1992) could protect against overexcitation
and photooxidative damage. However, 1) the de-
pendence of the Chl fluorescence decrease during
strong light exposure on the degree of SC accu-
mulation and 2) the decreusing Chl fluorescence ex-
citation efficiency of blue actinic ltght during pho-
toinhibitory treatment in SC-containing cells can
hardly be explained with processes other than an
active sprc.;dmg of the SC in the cell periphery,
finally covering the complete cell and shading the
cup-shaped chloroplast. Synthesis of SC did not oc-
cur during this intracellular pigment distribution
(Y ong and Lee 1991).

The hypothesis of a shading function of SC is
further supported by the fact that the increase of
qx in red flagellates was observed during irradiation
with red light only. Blue light of the same photon
flux did not cause this increase, although it was more
effective in inducing photoinhibition in green sam-
ples. However, more experimental work should be
conducted to study the involvement of protecting
mechanisms other than SC shading. Thus, a more
specific Car determination (Hagen etal. 1993b) could

help to determine whether or not changes in the
xanthophyll c)'(‘lt‘ components are correlated with
a higher capacity to withstand photoinhibitory treat-
ment (cf. Sharma and Hall 1993).

Active use of the suppuwd shading function of
SC range was reported in several organisms. Mainx
(1927) observed microscopically strong Ilght in-
duced transport of “haematochrome droplets™ from
the center into the periphery of the cells of Euglena
sanguinea and vice versa in low light. Similar changes
were reported in Stentor igneus (Mainx 1927). In H.
lacustris, light direction-dependent (Reichenow 1910)
and light intensity-dependent (Elliot 1934) distri-
bution of SC within the cells was observed.

We can only speculate about the mechanism of
SC spreading. Mainx (1927) reported fast transport
of SC-c um.nnmg., lipid vacuoles along “preformed
channels™ in Euglena sanguinea. The rate of spread-
ing in H. lacustris seems to be light intensity-depen-
dent. Chlorophyll Huorescence decrease due to
spreading of SC, induced by blue excitation only,
might indicate special efficiency of the blue wave-
length region. The process seems to be restricted
tothe irradiated area. Some data also indicate partial
involvement of chloroplast movements. The con-
tinuing absorption increase in the outer part of the
cell during the first period of recovery might be
explained by the increasing concentration of SC in
the cellular periphery due to fast “relaxation™ of
the chloroplast, which contracts rapidly in strong
light (see Fig. 8b, 2 min).

Further studies are needed to get more and un-
ambiguous results on the mechanism of SC spread-
ing. Besides cellular experiments using confocal la-
ser microscopy, conditions should be elaborated that
allow studies of the phenomenon in suspensions of
cells, for instance, using advanced techniques of ab-
sorption difference spectroscopy (dual wavelength
mode, Ulbricht sphere). This is of special interest
for investigation of the involvement of photorecep-
tor and cytoskeletal activity in the mechanism of SC
.spruadmg,_,
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