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Abstract

The green algaChlamydomonas subcaudatallected from a perennially ice-covered Antarctic lake, was able

to grow at temperatures of 2& or lower, but not at temperatures of 0 or higher, which confirmed its psy-
chrophilic nature. Low temperature (77 K) Chfluorescence emission spectra of whole cells of the mesophile,

C. reinhardtii indicated the presence of major emission bands at 681 and 709 nm associated with PS Il and PS
I, respectively. In contrast, emission spectra of whole cell€.cfubcaudataxhibited major emission bands at

681 and 692 nm associated with PS Il, but the absence of a major PS | emission band at 709 nm. These results
for C. subcaudatavere consistent with: (1) low ratio of Clal/b (1.80); (2) low levels of PsaA/PsaB heterodimer

as well as specifit.hca polypeptides as determined by immunoblotting, (3) decreased levels of the Chl-protein
complexes CP1 and LHC | associated with PS I; and (4) an increased stability of the oligomeric form of LHC

Il as assessed by non-denaturing gel electrophoresis in the psychrophile compared to the mesophile. Further-
more, immunoblotting indicated that the stoichiometry of PS II:PS {:iSFignificantly altered irC. subcaudata
compared to the mesophile. Even though the psychrophile is adapted to growth at low irradiance, it retained the
capacity to adjust the total xanthophyll cycle pool size as well as the epoxidation state of the xanthophyll cycle.
Despite these differences, the psychrophile and mesophile exhibited comparable photosynthetic efficiency for O
evolution regardless of growth conditionsydR for both Chlamydomonaspecies was similar only when grown

under identical conditions. We suggest that these photosynthetic characteristics of the Antarctic psychrophile reflect
the unusual light and low temperature regime to which it is adapted.

Abbreviations:iw — photosynthetic efficiencyps|ps i — absorptive cross section of Photosystem | or II; BBM

— Bold’s basal medium: GF coupling factor 1; DOC — deoxycholic acidsfes1692700— 77 K fluorescence
emission maxima at the respective wavelengths; LHC | — light-harvesting complex I; LHC II11 — monomeric LHC
II; LHC I3 — oligomeric LHC IlI; umax — maximum growth rate; PS | — Photosystem I; PS Il — Photosystem |II;
Pmax— maximum light and C@-saturated rate of £evolution;tgen— doubling time; SDS — sodium dodecyl sulfate

Introduction classified as psychrophilic algae (Eddy 1960). Con-
versely, several Arctic species exhibit a broad range in
Phytoplankton which inhabit polar environments are growth temperatures, and thus are often not obligated
generally adapted to a variety of extreme growth con- to grow under a low temperature regime (Bolton and
ditions. Algae endemic to Antarctica typically require Luning 1982). It is thought that Antarctic marine phy-
low temperatures for optimal growth, and are thus, toplankton exhibit a requirement for low temperature
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due to the persistence of low temperature waters for sition in the water column resulting in their exposure
the last 13 million years in the Southern Hemisphere to a relatively stable light regime. The deep layer of
compared with only 3 million years in the Arctic (Kirst  the east lobe of Lake Bonney is characterized by tem-
and Wiencke 1995). peratures ranging from 0 te2°C (Spigel and Priscu
Light has been proposed as the most important 1996), and the perennial ice cover attenuates all but 1
factor controlling production in polar algal commu- to 3% of the incident of irradiance so that algal popu-
nities (Lizotte and Sullivan 1991; Lizotte and Priscu lations never receive more than aéhol photons m?
1992). Antarctic aquatic systems are exposed to light s~1. As well, the ice and the shallower algal com-
conditions that can vary greatly as a consequence of munities preferentially attenuate wavelengths less than
seasonal changes in day length as well as changes ir600 nm and longer wavelengths of more than 600 nm
the extent of snow and ice-cover. Thus, there are a (Lizotte and Priscu 1992). Neale and Priscu (1995)
number of studies regarding the effects of the light suggested that phytoplankton inhabiting Lake Bonney
regime on algal populations living in Polar aquatic are always growing under light limiting conditions.
habitats (Buma et al. 1993; Cota 1985; Cota and Sulli- Thus, increased efficiency of light absorption and uti-
van 1990; Kudoh et al. 1997). Wiencke and Fischer lization, particularly within the blue-green region of
(1990) reported that growth rates of three endemic the visible spectrum, would confer an adaptive ad-
Antarctic species were light saturated between 15 and vantage to this extreme light regime. Adaptation to
20 pumol photons m? s~ 1. This characteristic of  a particular light quality can involve dynamic adjust-
low light saturation levels for growth was confirmed ments in PS Il/PS | stoichiometry as well as modu-
in three brown and three red Antarctic algal species lations in pigment composition of the light harvesting
(Kirst and Wiencke 1995). Thus, it appears that in apparatus (Chow et al. 199@. subcaudatpossesses
addition to the low growth temperature requirement, higher levels of the carotenoids lutein, neoxanthin
several Antarctic species are obligated to grow at low and violaxanthin, and reduced levels gfcarotene
irradiance to achieve maximal growth rates. in comparison with the mesophilic speci&s, rein-
The ability to protect against short-term photoinhi- hardtii (Lizotte and Priscu 1998; Neale and Priscu
bition also has been reported in several polar species1995). These authors suggest t@atsubcaudatax-
(Bidigare et al. 1993; Hanelt et al. 1997). Bidi- hibits an unusually high efficiency of blue-green light
gare and coworkers (1993) observed that the Antarctic utilization because of the augmentation of the light
snow alga,Chlamydomonas antarcticaccumulates  harvesting apparatus of PS Il with light harvesting
the red carotenoid, astaxanthin, to minimize light carotenoids. Furthermore, while some Antarctic phy-
absorption by the light harvesting apparatus under toplankton may be able to protect against short term
photoinhibitory conditions. Kirst and Wiencke (1995) photoinhibition, Neale and Priscu (1995) suggest that
observed that the recovery of photosynthesis after pho-C. subcaudataas lost the ability to adjust because
toinhibition in the Antarctic macroalga&ndenocystis  this alga never experiences photoinhibitory light lev-
utricularis and Palmaria dicipenswas faster than re-  els. However, a recent study indicated that although
covery in temperate species. These studies indicatethis species exhibited a high degree of sensitivity to
that although Antarctic phytoplankton are very effi- photoinhibition and UV treatment (Neale et al. 1994),
cient at utilizing low growth irradiance, many possess nonphotochemical quenching was detected even at
photoacclimatory mechanisms to survive and quickly low irradiance levels (Neale and Priscu 1998). Thus,

recover from short term photoinhibition. it appears thaC. subcaudatanay have retained the
The perennially ice-covered lakes of the McMurdo capacity to protect against excess light absorption.
Dry Valleys near McMurdo Sound, Antarctica, repre- Considering the wide variety of unusual light

sent some of the most unique habitats in the world. regimes encountered by polar algae, the majority of
Neale and Priscu (1995, 1998) and Lizotte and Priscu Antarctic studies have focussed on the response of
(1998) identified the green algzhlamydomonas sub-  photosynthesis to irradiance, particularly with respect
caudataas the dominant species of the deepest biotic to phytoplankton assemblages in their natural envi-
layer (17 to 20 m) in the east lobe of Lake Bonney. A ronment. Other than the work of Neale and Priscu
4 m ice-cover maintains an extremely stable water col- (1995, 1998), there are few published data regarding
umn year round allowing for stratification of nutrients the organization and composition of the photosyn-
and phytoplankton assemblages. The absence of tur-thetic apparatus of Antarctic lake algae, despite the
bulence allows the phytoplanton to maintain their po- fact that the light environment is regarded as one of



the most important factors influencing phytoplankton
production. As part of a study regarding the mecha-
nism(s) by which psychrophilic green algae adjust to
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50 mM Tricine-NaOH (pH 7.8), 10 mM NaCl, and
5 mM MgCl, and centrifuged at 1330Q g for 15
min. Enriched thylakoid membrane preparations were

low temperature and irradiance, we have characterizedresuspended in the above wash buffer supplemented

the organization of the light harvesting complexes |
and Il in Chlamydomonas subcaudaiaolated from
this unusual, extreme environment. We report specific

with 0.1 M sorbitol and 10% glycerol. Samples were
stored at-80°C.

adjustments in PS | content, the relative abundance of pigment analysis

Lhca polypeptides and the apparent stability of LHC
Il organization.

Materials and methods

Growth conditions

Cultures of the green alga€hlamydomonas rein-
hardtii (UTEX 89) andChlamydomonas subcaudata
(Neale and Priscu 1995) were grown axenically in 250
ml pyrex tubes and continuously aerated under am-
bient CQ conditions. C. reinhardtii was grown in

a modified BBM (Nichols and Bold 1965X. sub-
caudatawas grown in BBM supplemented with 0.7M
NacCl, to match the salinity content under natural con-
ditions. Cell cultures were grown in thermoregulated
aquaria at either 8, 16, or 28 1°C. Low (20 umol
photons M s~1) to moderate (15@mol photons

s~1) growth irradiances were generated by fluorescent

tubes (Sylvania CW-40). Irradiance was measured
from the center of the growth tubes with a quantum
sensor attached to a radiometer (Model LI-189, Licor
Inc., Lincoln, NE, USA). Growth kinetics were mon-
itored as the change in optical density at 750 nm. The
doubling times {gen) were calculated as In 2/ where

wu is the pseudo-first order rate constant for growth
(Guillard 1973). Cells were harvested during mid-log
phase which represented maximum growth rates.

Thylakoid isolation

Cultures in mid-log phase were harvested by centrifu-
gation at 5000x g for 10 min and the pellet was
resuspended in a Tricine-NaOH (pH 7.8) buffer con-
taining 0.3 M sorbitol, 10 mM NaCl, 5 mM Mg@g]J

1 mM benzamidine, and 1 mM caproic acid. All iso-
lation buffers contained 1mM phenylmethyl-sulfonyl
fluoride which was freshly added at the time of thy-

Algal cells were harvested by centrifugation and con-
centrated under vacuum to remove the remaining
water. Pigments were extracted with 100% acetone
at 4°C and dim light using 0.1 mm zirconia/silica
beads (3x 20 s cycle) and a MINI-BEADBEATERV
(Biospec Products, Inc., Bertlesville, OK, USA). Ex-
tracts were clarified by centrifugation. The supernatant
was filtered through a 0.222m syringe filter and
samples were stored ai80°C until analysed.

Pigments were separated and quantified by high-
performance liquid chromatography (HPLC) as de-
scribed previously (lvanov et al. 1995) with some
modifications. The system contained a Beckman Sys-
tem Gold programmable solvent module 126, diode
array detector module 168 (Beckman Instruments, San
Ramon, CA, USA), CSC-Spherisorb ODS-1 reverse-
phase column (5um particle size, 25x 0.46 cm
I.D.) with an Upchurch Perisorb A guard column (both
columns from Chromatographic Specialties Inc., Con-
cord, ON, Canada). Samples were injected using a
Beckman 210A sample injection valve with a 20
sample loop. Pigments were eluted isocratically for 6
min with a solvent system acetonitrile:methanol:0.1 M
Tris-HCI (pH 8.0), (72:8:3.5, v/v/v), followed by a 2
min linear gradient to 100% methanol:hexane (75:25,
v/v) which continued isocratically for 4 min. Total run
time was 12 min. The flow rate was 2 &min—1.
Absorbance was detected at 440 nm and peak areas
were integrated by Beckman System Gold software.
Retention times and response factors of @hiChl
b, lutein andg-carotene were determined by injec-
tion of known amounts of pure standards purchased
from Sigma (St. Louis, MO, USA). The retention
times of zeaxanthin, antheraxanthin, violaxanthin and
neoxanthin were determined by using pigments puri-
fied by thin-layer chromatography according to Diaz et
al. (1990). Chl content was determined spectrophoto-

lakoid isolation. The suspension was passed through metrically using the method of Jeffrey and Humphrey

a chilled French Pressure Cell twice at 10000 F/in
The broken cells were centrifuged at 2X2) for 5 min
and the supernatant was centrifuged at 23 XQaffor

30 min. The pellet was washed in a buffer containing

(1975).
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Nondenaturing PAGE

Chl-protein complexes were prepared for elec-
trophoretic separation according to Krél et al. (1997).
Thylakoid samples were washed once in water, once
in 1ImM EDTA (pH 8.0), and twice in a 50 mM
Tricine-NaOH (pH 7.8) resuspension buffer. Sam-
ples were resuspended to a DOC:SDS:Chl ratio of
20:10:1 in a 0.3 M Tris-NaOH (pH 8.8) solubilization
buffer containing 13% (w/v) glycerol. Nondenaturing
electrophoresis was performed on an 8% (w/v) poly-
acrylamide resolving gel containing a 150 mM Tris
(pH 6.35) buffer and a 4% (w/v) stacking gel con-
taining a 40 mM Tris (pH 6.14) buffer. Lanes were
loaded with 20ug Chl and the gel was run at 8 mA
for 40 min and 12 mA for 1 h at &C in the dark. The

were precipitated by the addition of 27% (w/v) am-
monium sulphate to the serum and incubation at room
temperature for 2 h. Antibodies were collected by cen-
trifugation at 10000x g for 30 min and the pellet
was dissolved in a buffer containing 15 mM potas-
sium phosphate (pH 7) and 50 mM NaCl (Newsted
and Huner 1987). The sample was dialysed against the
same buffer for 16 h at 8 and stored at80°C.

SDS-PAGE and immunoblotting

Thylakoid samples were solubilized as described
above and loaded on an equal Chl basisu(p per
lane). Electrophoretic separation was performed as
mentioned above with a 15% (w/v) polyacrylamide
resolving and 8% (w/v) polyacrylamide stacking gel

excised lanes were scanned at 671 nm on a Beckmanusing a Mini-Protean Il apparatus (Bio-Rad) and elec-

DU 640 spectrophotometer for Chalabsorbance and
the relative content of each band was determined by
the peak area normalized to the total area of the scan.

PsaA/B heterodimer isolation

Thylakoid preparations frorg. reinhardtii were sol-
ubilized in a 60 mM Tris (pH 7.8) buffer containing

1 mM EDTA, 12% (w/v) sucrose and 2% (w/v) SDS
to achieve a SDS:Chl of 20:1. Membrane polypeptides
were electrophoresed in a 10% (w/v) polyacrylamide
resolving gel containing 6 M urea, 0.66 M Tris (pH
8.8), and 5% (w/v) polyacrylamide stacking gel con-
taining 0.125 M Tris (pH 6.8) according to Laemmli
(1970). One large well was loaded with 250-359

Chl and the gel was electrophoresed for 1 h at 30
mA at room temperature. A Chl-protein band of ap-
proximately 120 kD representing the pigment-binding
PsaA/B heterodimer was excised. Gel pieces were
subsequently loaded on an Elutrap Electro-Separation
System (Schleicher & Schuell) and the proteins were
electroeluted from the gel at 125 mV atG for 5 h
according to Jacobs and Clad (1986). Protein concen-
tration was measured by the standard bicinchoninic
acid protein assay (Pierce, Rockford, IL, USA). Each
sample was checked for puritiy which was assessed to

trophoresed at 20C for 1.5 h at 30 mA. Protein
standards were obtained from Sigma.

Thylakoid polypeptides separated by SDS-PAGE
were transferred electrophoretically to nitrocellulose
membranes (0.2m pore size, Bio-Rad) at® for 1.5
to 3 h at 295 mA. The membranes were pre-blocked
with a Tris-buffered salt (20 mM Tris, pH 7.5; 150 mM
NaCl) containing 5% (w/v) BSA and 0.01% (w/v)
Tween 20. Membranes were probed with the follow-
ing antibodies: (1) Lhcb2, 1:2000 dilution; (2) PsaA/B
heterodimer, 1:2000 dilution; (3) D1, 1:5000 dilution,
anda-and 8-ATPase were used at a 1:1000 dilution.
Antibodies raised against 8 LHC | polypeptides@f
reinhardtii (Bassi et al. 1994) were used at the fol-
lowing dilutions: p14.1, p18 and p22.2, 1:1000; p15
and p15.1, 1:2000; pl17.2, p18.1 and p22.1, 1:5000.
After incubation with the secondary antibody conju-
gated with horseradish peroxidase (Sigma, 1:20000
dilution), the antibody complexes were visualized
by incubation of the blots in ECL chemilumines-
cent detection reagents (Amersham) and developed on
X-Omat XRP5 film (Kodak).

Low temperature Chl fluorescence

be at least 95% pure based on SDS-PAGE as described-OW temperature (77 K) Chh fluorescence emis-

above.

PsaA/B heterodimer antibody production

New Zealand White male rabbits were inoculated with
300-500.g protein solubilized in a sodium phos-
phate buffer (0.02 M NaPf) pH 7.3; 0.14 M NacCl)

and Hunter's Titer Max adjuvant (1:1). Antibodies

sion spectra of whole cells were collected on a PTI
Fluorometer (Model LS-1, Photon Technology Inter-
national Inc.). Fresh samples collected during mid-log
phase were resuspended to a Chl concentration of 5
ug in growth media containing 50% (v/v) glycerol.
Samples were dark adapted at°#Dfor 15 min and
scanned at 77 K with an excitation wavelength of 435
nm. A slit width of 4 nm for both the actinic light and



the detector was used. All spectra represent an average
of 5 corrected scans.

Oxygen evolution

O2 evolution was measured vivo at the growth tem-
perature with a Clark type aqueous phasee{@ctrode
(Hansatech Ltd., King’'s Lynn, UK). Photosynthetic
light-response curves were constructed using a range
of irradiance between 20 and 13@fnol photons m?

s~1 according to Falk and Samuelsson (1992). Fresh
samples were dark adapted under &@turated con-
ditions for 15 min. Q@ evolution at each measuring
irradiance was recorded on an Omnigraphic 2000 chart
recorder (Bauch & Lomb Inc.). Photosynthetic effi-
ciency was determined under light limiting conditions
(<50 pumol photons m? s~1) and estimated as the
initial slope of the light response curve and photosyn-
thetic capacity was estimated as the light saturated rate
of Oy evolution and was measured at an irradiance of
1300.mol photons m? s~1,

Results

Growth and photosynthetic characteristics

Cultures of C. subcaudataexhibited exponential
growth (umax = 0.0198+ 0.0001) at 8C/150 pwmol
photons m? s~1, but failed to grow at 29C/150
wmol photons m? sl (Figure 1A). The psy-
chrophile did grow at 16C (Table 1), but not at
20°C (data not shown). The mesophilic speci€s,
reinhardtii, exhibited exponential growth at 2€/150
umol photons mM? s (umax = 0.1034 0.01) but
exhibited minimal growth at 8C/150 umol pho-
tons nT2 s~ (Figure 1B). These results indicate that
C. subcaudat#s adapted to grow at low temperature,
thus confirming its psychrophilic nature (Eddy 1960).
Priscu and Neale (1995) observed t@atsubcau-
datanormally grows at an irradiance of less than 50
wmol m—2 s71 in its natural environment. Thus, the
control growth condition for the psychrophile was des-
ignated as 8C/20 .mol photons m? s~ (P-control)
and the control growth condition for the mesophile
was designated as 2@/150 umol photons m?
s1 (M-control). P-control exhibited about a 12 fold
greater doubling time than M-control. The mesophile
and the psychrophile were also grown at°©% 150
umol photons m? s~1 (16/150) to compare the two
species at the same growth regime. The psychrophile
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Figure 1. Growth curves, measured as the change in optical density
(OD750) as a function of time after inoculation @ reinhardtii
(closed) andC. subcaudatgopen) grown at 8C/150 umol pho-
tons n 2 s~1 (A) and 29°C/150 «mol photons m2 s~1(B). Bars
represent SD3>3.

grown at 16/150 exhibited about a 2.3 fold greater
doubling time than the mesophile (Table 1).

Although M-control exhibited a Rax that was
about 6 times higher than that of P-control, both
species exhibited similarly high photosynthetic effi-
ciencies (Table 1). However, when grown at 16/150,
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Table 1. Growth and photosynthetic characteristicsfsubcaudatgdP) andC. reinhardtii
(M) grown under control conditions of /20 xmol photons m?2 s—1 (P-control), and
29°C/150 umol photons m2s1 (M-control), respectively. Both species were also grown
under comparable conditions of 16/150 wmol photons 2 s~1. Values represent mean
+ SD of at least three experimentgen, doubling times (Y, calculated from exponen-
tially growing cultures; Rax, gross photosynthesignol O h-1 mg Chl’l), calculated at
light-saturated levels of Devolution;«, photosynthetic efficiency(mol O, h~1 mg Chi1
[emol photons m?2 s~1]—1)

Growth regime tgen Pmax o Chla/b
(°Clumol m—2 s~1)

M-control 7.00+£0.90 407.18:21.93 0.699+ 0.078 2.81+ 0.06
M 16/150 29.2+5.80 177.16-19.13 0.308:0.044 3.114+-0.04
P 16/150 67.0:13.2 118.48+37.59 0.443:0.121 2.014+0.20
P-control 85.5+ 5.30 68.34+11.38 0.770£ 0.060  1.80+ 0.05

Table 2. HPLC analysis of photosynthetic pigments extracted from whole cels. shibcaudat{P) andC. reinhardtii (M)
grown under control conditions of°&/20 wmol photons n2 s~1 (P-control), and 29C/150 wmol photons n2 s~1 (M-
control), respectively. Both species were also grown under comparable conditions@fL56 .mol photons m?2 s~1. N,
neoxanthin; V, violaxanthin; A, antheraxanthin; Z, zeaxanthin; L, lutgig, B-carotene; EPS, xanthophyll cycle epoxidation
state (V + 0.5A/V + A + Z). Values represent mearSD (n = 3), and were expressed as mmol pig mbIChl a

Growth regime N \% A z L B-C V+A+Z EPS
(°Clumol m—2s71)

M-control 63+ 6 93+2 2542 22+2 266+62 119+ 10 140+ 2 0.22+0.18
M 16/150 61+ 10 75+2 50+4 55+1 7474105 103+11 180+9 0.45+ 0.09
P 16/150 66+ 5 69+2 39+5 63+3 447+8 92+21 170+£20  0.49+0.04
P-control 63+ 6 40+1 2+1 7+0.5 302+ 10 75+ 1 49+ 7 0.15+ 0.09

both species exhibited comparablgsRand similarly when cultures of the mesophile and the psychrophile

lower photosynthetic efficiencies (Table 1). were grown at 16/150. In addition, both species ex-
hibited higher levels of lutein when grown at 16/150
Pigment composition in comparison with their control conditions. Thus,

the differences in carotenoid composition that were

The psychrophile grown under control conditions ex- oPserved between the two species grown under con-
hibited an unusually low Chi/b ratio (1.80) which trol conqmons appeared to b(_e minimized when the
was about 40% lower than that of the M-control cells Mesophile and the psychrophile were both grown at
(2.81) (Table 1). When both species were grown under 16/150.

the same condition of 16/150, the psychrophile exhib-

ited a Chla/b ratio of 2.01, which was 35% lower Chl-protein complexes

than the Chla/b ratio observed in the mesophile. As

indicated in Table 2, whole cell extracts of P-control As expected from previous reports for the separation
exhibited 40-90% lower levels of the xanthophylls of Chl-protein complexes from thylakoids of plants
violaxanthin, antheraxanthin and zeaxanthin which re- and algae (Huner et al. 1987; Krdl et al. 1997),
flected a 65% lower level in the total xanthophyll pool the nondenaturing gel electrophoresis of the DOC-
size in comparison with the M-control (Table 2). How- solubilized membranes front. reinhardtii and C.
ever, both P-control and M-control exhibited similarly subcaudataresolved several pigment bands. Each
low epoxidation states. The total pool size of xantho- pigment band was identified by their characteristic
phyll cycle pigments as well as the xanthophyll epox- absorption spectra (data not shown) and relative mi-
idation state (EPS), increased to comparable levels gration in the SDS/DOC non-denaturing gel (Figure 2)



Figure 2. Nondenaturing electrophoretic separation of Chl-binding
protein complexes in isolated thylakoids of the mesophile (M) and
the psychrophile (P) grown under varying conditions. Lanes were
loaded equally with 2Q.g Chl. Numbers on the left indicate the
separation of the following Chl-protein complexes: 1, LHC I; 2,
CP1; 3, oligomeric LHC II; 4, monomeric LHC II; 5, free pig-
ment. Lane 1, M-control (28C/150xmol photons 12 s~1); lane

2, M 16°C/150mol photons m2 s~1; lane 3, P 16 C/150 umol
ph(l)tons nT2 s~1; lane 4, P-control (8C/20 mol photons 12

s ).

(Krél et al. 1997). Four of these bands were Chl
a/b binding protein complexes (Figure 2) and were
identified as the monomeric (band 4), dimeric, and
oligomeric LHC Il (band 3), and the PS | light harvest-
ing complex, LHC | (band 1). Two additional protein
complexes were CH binding and were identified as
CP1 (band 2) and CPa. The dimeric and CPa bands
were not well resolved in Figure 2. The presence of
minimal free pigment (band 5) indicates that most of
the pigments remained associated with protein during
solubilization and separation.

Both P-control and the psychrophile grown at
16/150 exhibited a 5-fold higher ratio of oligomeric:
monomeric LHC Il (LHC II3:LHC 111) compared to
M-control or the mesophile grown at 16/150 (Figure 2;
Table 3). The mesophile grown under control condi-
tions exhibited significantly higher levels of LHC |
in comparison with P-control which was reflected in
more than a 3 fold higher LHC I:LHC Il ratio in M-
control in comparison with P-control. This trend was
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Figure 3. Chl a fluorescence emission spectra at 77 K of whole
cells of C. subcaudatd—) andC. reinhardtii(......) grown at con-

trol conditions (A) and 16C/150 wmol photons m? s~1(B). The

Chl concentration of all samples was &/ml and the excitation
wavelength was 435 nm. Spectra represent an average of 5 corrected
scans. Emission maxima are indicated in nm at the top of the peaks.

ure 3A). In contrast, the mesophile grown at 16/150
exhibited a shoulder at around 681 nm and a maximum
at 709 nm (Figure 3B). Thus, the mesophile grown
at 16/150 exhibited lower levels ok (Fes1:F7o9 =
0.18) in comparison to M-control ¢g1:F709 = 0.39).
The emission spectrum of P-control cells exhibited an
emission maximum at about 681 nm, a maximum at
692 nm, but no major emission maximum at 709 nm
(Figure 3A). The psychrophile grown at 16/150 exhib-
ited a blue shift in its emission maximum (678 nm)
relative to P-control (681 nm) and a reduction in the

also observed when both species were grown at 16/150contribution of the emission at 692 nm.

(Figure 2, Table 3).

Low temperature Chl fluorescence emission spectra
of whole cells

The low temperature (77 K) Clal fluorescence emis-
sion of M-control cells exhibited an emission spectrum
with maxima at 681 (fs1) and 709 nm (kog) (Fig-

SDS-PAGE and Western blotting

The analysis of the SDS-solubilized thylakoid mem-
brane proteins revealed differences in the apparent
molecular weight of several polypeptides between the
two species (Figure 4). Both species exhibited at least
four major polypeptides within the 20-27 kD range.
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Table 3. Ratios of Chl-protein complexes @. reinhardtii (M) and C. sub-
caudata(P) grown under control and similar growth conditions. Ratios present
relative absorbance values of the Chl-protein bands from lanes excised from
nondenaturing gels similar to Figure 2€ 2). Lanes were loaded with 209

of Chl and scanned at 671 nm. Ghtontent was expressed as relative peak
area as a function of the total area

Growth regime PSI:PS1II LHCIELHCII  LHCI3:LHC 1
(°Clumol m—2s71)
M-control 1.43 0.13 0.12
M 16/150 0.89 0.18 0.09
P 16/150 0.86 0.03 0.51
P-control 0.71 0.04 0.48
4
195 2
bE 1 2
73 = 29 = A= o —
33 - Py 5 ‘
27 - . "
66 - aBave

Figure 4. SDS-PAGE of thylakoid membrane polypeptides of the
mesophile (M), and the psychrophile (P), grown under control ver-
sus the same condition§@/umol photons m?2 s~1). Each lane
was equally loaded with g Chl. Values left indicate molecular
masses (kD) of standards in first lane. Lane 1, M-control; lane 2, M
16/150; lane 3, P 16/150; lane 4, P-control.

The molecular masses of these polypeptides in the
mesophile were estimated to be 27, 23, 21 and 20
kD, in contrast to molecular masses of 26, 24, 23 and
22 kD for the psychrophile. Western blot analysis of
SDS-PAGE of cells grown under control conditions
showed that these polypeptides cross-reacted with an "
anti-LHC Il polyclonal antibody (Figure 5A). Cultures  Figure 5. Western blots of SDS-PAGE probed with antibodies
of the psychrophile grown at 16/150 (Figure 4, lane raised againsttLhch2 (A), D1 (B), aATPase (C),8ATPase (D),
3) also appeared to lack the 22 kD protein that was and PsaA/B (E) of the thylakoids of the mesophile (M) and the
. psychroghne (P) grown under control conditiorfC(umol pho-
O_bserve.d n P—contrpl (lane 4): Immunoblot analy- (ons 2 s-1). Lanes of SDS-PAGE were equally loaded with 6
sis confirmed that this polypeptide also cross-reacted .g Chl. Lane 1, M-Control; lane 2, P-Control. Numbers on the left
with the LHCII antibody (data not shown). While M- represent molecular (kD) masses of markers.
control and P-control exhibited comparable levels of
PS Il reaction centre polypeptide, D1 (Figure 5B), cul-
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Figure 6. Immunoblot analysis of mesophile (M) and psychrophile
(P) thylakoid samples using antibodies raised againgth8a
polypeptides ofC. reinhardtii SDS-PAGE samples were loaded
with 6 g Chl. The identity the polypeptides according to Bassi et
al. (1994) is denoted in the lower left corner of each blot. Numbers
on the right represent molecular (kD) masses of markers. Lane 1,
M-control; lane 2, M 16 C/150 umol photons m2 s~ lane 3, P
16°C/1502mol photons m2 s~1; lane 4, P-control.

tures ofC. subcaudatgrown under control conditions
appeared to exhibit higher levels of both thend 8
subunits of Ckr on a Chl basis than M-control (Fig-
ure 5, C and D). Finally, P-control exhibited reduced
levels of the major PS | core polypeptides, PsaA/B, in
comparison with M-control (Figure 5E).

LHC | composition

Bassi and coworkers (1994) isolated at least.hta
polypeptides inC. reinhardtii between the molecular
mass of 21 and 31 kD. As expected, isolated thy-
lakoids from C. reinhardtii grown at either control
conditions or at 16/150, and subsequently probed with
antibodies raised against 8 of the LHC | proteins,
cross-reacted strongly with all of the antibodies tested
(Figure 6, lanes 1 and 2). In contrast, thylakoid sam-
ples of P-control cells or of the psychrophile grown
at 16/150 did not cross react with anti-p15, p22.2,
or pl18 antibodies. Furthermore€. subcaudataex-
hibited greatly reduced levels of p15.1, p18.1, p17.2
and p22.1, but comparable levels of p14.1 relative to
C. reinhardtii (Figure 6, lanes 3 and 4). Thus, it
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reduced levels of almost all of thehca polypep-
tides compared to the mesophile, regardless of growth
regime.

Discussion

The low temperature (77 K) fluorescence emission of
M-control cells exhibited two major maxima at 681
(Fes1) and 709 nm (kpg), considered to be associ-
ated with LHC Il and PS I, respectively (Krause and
Weis 1991). In contrast, P-control cells exhibited the
Fes1 peak and a second major peak at 692 ngyAf
thought to be associated with fluorescence of the PS
Il core (Krause and Weis 1991), but the absence of
the major emission maximum at 709 nm associated
with PS I. Immunoblot analysis indicated reduced lev-
els of the PsaA/B heterodimer (Figure 5E) and either
an absence or reduction in 7 of thed_Bca polypep-
tides in the psychrophile (Figure 6). Non-denaturing
electrophoresis also showed that the psychrophile ex-
hibited a concomitant reduction in LHC | abundance,
as indicated by the lower LHC I:LHC Il ratios (Ta-
ble 3). Furthermore, preliminary experiments indicate
that the functional absorptive cross section of PS |
(ops)) of C. subcaudatas smaller than therps of
C. reinhardtii (R. Morgan, D. Bruce, N. Huner, un-
published). Thus, the 77 K fluorescence emission
indicating a reduction in the PS | emission band at 709
nm can probably be accounted for by the presence of
lower levels of the PsaA/B heterodimer as well as the
decreased content of specifibcapolypeptides irC.
subcaudataersusC. reinhardtii

Preliminary experiments indicated that on the ba-
sis of 77 K fluorescence, the psychrophile possesses
relatively low levels of PS | even when it was grown
in blue light, which was similar to the spectral range
of the natural conditions found in Lake Bonney. In
contrast, whei€. reinhardtiiwas grown under growth
conditions of identical light quality, cells responded
by increasing PS | fluorescence¢p) relative to LHC
Il fluorescence (kg1) (data not shown). Melis et al.
(1996) observed that cells @. reinhardtii also ad-
justed PS II/PS | stoichiometry in response to growth
under blue light by increasing amounts of PS | while
levels of PS Il remained constant. These authors and
others (Murakami et al. 1997) suggest that PS | plays a
more important role than PS Il in stoichiometry adjust-
ments during acclimation to changes in light quality.
Thus, the relatively low levels of PS | observed in

appears that the psychrophile possesses differentiallyC. subcaudatanay reflect a specific adaptation in the
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Antarctic species to the extremely stable low light icantly lower ratio of PS II:CE than C. reinhardtii
conditions of a narrow spectral distribution. This sug- Thus, the stoichiometry of the thylakoid components
gestion is supported by Neale and Priscu (1995) who appears to have been altered during adaptation to the
postulated thaC. subcaudatanay possess a higher Antarctic environment.
PS 1I/PS I ratio to allow for more efficient use of light Neale and Priscu (1995, 1998) observed t@at
within the blue-green region and avoid an imbalance subcaudatapossessed relatively high levels of the
of energy distribution between the two photosystems. xanthophylls violaxanthin, neoxanthin, and lutein in
Low temperature fluorescence emission maxima comparison to the mesophilic speci@s reinhardtii
at 685 and 695 nm have been interpreted to be flu- C. reinhardtiialso exhibited 13% (mol mol Chl a)
orescence associated with the PS Il core (Kramer and 8-caroteneversus5% in C. subcaudatgNeale and
Amesz 1982; Krause and Weis 1991). The significance Priscu 1995). These researchers suggested that the
of this major g2 maximum in the psychrophile is  phytoplankton of Lake Bonney have sacrificed pho-
unknown, but may indicate an alteration in the as- toprotective mechanisms in favour of an enhanced
sociation between LHC Il and PS Il core complex. ability for efficient light harvesting and energy utiliza-
Neale and Priscu (1995) observed tBatsubcaudata  tion. In contrast, cultures of both species responded to
exhibited a higher efficiency for utilization of blue- the growth regime of 16/150 not only by increasing the
green light (481 nm) thai€. reinhardtii measured  total xanthophyll cycle pigment pool size but also by
as turnover rate of PS Il photochemistry. These au- a 2- to 3-fold increase in the xanthophyll cycle epox-
thors and others (Kageyama et al. 1977) suggested thaidation state (Table 2). Both antheraxanthin and zeax-
this could reflect a greater efficiency in energy trans- anthin are thought to play a major role in dissipating
fer from LHC Il to the PS Il core complex. On the energy as heat under conditions of excess light absorp-
basis of 77 K fluorescence emission, the mesophile tion. This supports the observation made by Neale and
or the psychrophile responded to growth at 16/150 Priscu (1998) that samples isolated from Lake Bonney
by adjustments at the level of PS Il. However, while exhibited nonphotochemical quenching, even at low
the mesophile exhibited a reduction iggk relative irradiance levels. Thus, we conclude that, under our
to Fro9, the psychrophile exhibited a reduction in culturing conditions,C. subcaudatdas retained the
Feoz relative to kgg1. The psychrophile grown un-  capacity to adjust the xanthophyll cycle upon altered
der either condition also possessed higher levels of growth conditions, and hence, possesses the capacity
the oligomeric form of LHC Il than the mesophile for dissipating excess energy as heat (Demmig-Adams
(Figure 2). Finally, preliminary results suggest that P- 1990).
control cells possess a larger PS Il absorptive cross  In summary, the Antarctic psychrophil€hlamy-
section ¢ps)) compared taps) of M-control cells domonas subcaudata exhibits significant differ-
(R. Morgan, D. Bruce, N. Huner, unpublished). Thus, ences in its organization of LHC I[I-PS Il and
77 K fluorescence emission spectra, the data from non-LHC 1-PS | units as well as overall stoichiometry of
denaturing gel electrophoresis (Figure 2) as well as PS 1I:PS I:.Ck, with respect to the mesophile;.
SDS-PAGE (Figure 4) support the suggestion that the reinhardtii. However, the psychrophile appears to
C. subcaudatalso possesses a different LHC II-PS Il  have retained it is potential to dissipate energy non-
organization in comparison wit8. reinhardtiiwhich radiatively even though it is adapted to growth at
may reflect differences in energy transfer efficiencies. low light. Despite these differences, the psychrophile
Immunoblot analysis in the mesophile and the psy- and mesophile exhibit comparable,& and photo-
chrophile grown under control conditions indicated synthetic efficiencies when grown under comparable
that the two species exhibited comparable levels of the conditions. These characteristics of the Antarctic psy-
major PS Il core protein, D1. In contrast, P-control chrophile are probably a reflection of the unusual light
appeared to possess higher amounts of both the CF and low temperature regime to which this organism is
proteins, but lower levels of the PS | core proteins, adapted.
PsaA/PsaB. Although the data in Figure 5 preclude the
determination of absolute stoichiometries, we suggest
that the psychrophile appears to exhibit a higher ratio Acknowledgements
of PS II:PS | than the mesophile. This is consistent
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