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Mesodinium rubrum (=Myrionecta rubra), a marine
ciliate, acquires plastids, mitochondria, and nuclei
from cryptophyte algae. Using a strain of M. rubrum
isolated from McMurdo Sound, Antarctica, we inves-
tigated the photoacclimation potential of this trophi-
cally unique organism at a range of low irradiance
levels. The compensation growth irradiance for
M. rubrum was 0.5 pmol quanta - m™2-s™', and

owth rate saturated at ~20 pmol quanta - -
m % -s'. The strain displayed trends in photosyn-
thetic efficiency and pigment content characteristic
of marine phototrophs. Maximum chl a-specific
photosynthetic rates were an order of magnitude
slower than temperate strains, while growth rates
were half as large, suggesting that a thermal limit to
enzyme Kkinetics produces a fundamental limit to cell
function. M. rubrum acclimates to light- and tempera-
ture-limited polar conditions and closely regulates
photosynthesis in its cryptophyte organelles. By
acquiring and maintaining physiologically viable,
plastic plastids, M. rubrum establishes a selective
advantage over purely heterotrophic ciliates, but
reduces competition with other phototrophs by
exploiting a very low-light niche.

Key index words: ciliate; Geminigera cryophila;
karyoklepty; light limitation; Mesodinium rubrum;
Mpyrionecta rubra; photoacclimation; quantum
yield for growth

Abbreviations: PE, phycoerythrin; PI, photosynthe-
sis versus irradiance

Unlike higher plants, eukaryotic algae can revers-
ibly express components of the photosynthetic appa-
ratus (Sukenik et al. 1988), including light-harvesting
complexes and ratios of reaction centers (Falkowski

"Received 24 May 2010. Accepted 13 September 2010.

2Present address: Department of Biology, Stanford University, 371
Serra Mall, Stanford, California 94305, USA.

®Present address: Woods Hole Oceanographic Institution, 266
Woods Hole Road, Woods Hole, Massachusetts 02543, USA.

*Author for correspondence: e-mail falko@marine.rutgers.edu.

et al. 1981, Fujita et al. 1990, 1994) in response to
changes in growth irradiance. This photoacclimation
process is complex: the signals appear to be trans-
duced by the redox poise of the electron transport
chain (Escoubas et al. 1996) through a set of nested
processes to optimize growth efficiency under varying
irradiance levels (Falkowski and LaRoche 1991).
Indeed, optimization of photosynthesis is directed
toward a biophysical balance between the absorption
of light and the generation of electrons for carbon
fixation. This balance is achieved when the product
of spectral irradiance (E) and the effective absorp-
tion cross-section of PSII (opgyr) equals the rate (1/71)
at which electrons are photochemically extracted
from water and used to reduce COs (Falkowski and
Raven 2007). This energetic balance requires close
coordination between plastids (the information
transduction processors) and the nucleus (the trans-
lational system)—with feedbacks. How this is
achieved in a single algal cell remains unclear. Thus,
the ability of a partial symbiont—a ciliate exploiting
a cryptophyte alga—to photoacclimate is truly
remarkable. The signals, which must be transferred
across an intracellular matrix from the plastid to a
specific nucleus and back, are either unrecognized
by the host or are benignly guided. Here, we explore
the physiology of photoacclimation in a symbiotic,
but obligately phototrophic, ciliate.

The marine ciliate M. rubrum (also M. rubra and
formerly Cyclotrichium meunieri) (Lohmann 1908,
Jankowski 1976) is well known for its phototrophic
capacity (Smith and Barber 1979, Stoecker et al.
1991, Johnson and Stoecker 2005, Johnson et al.
2006) and for its role in forming productive red
tides in coastal and upwelling zones (Powers 1932,
Bary and Stuckey 1950, Ryther 1967, Fenchel 1968).
Following the discovery that M. rubrum requires
cryptophyte prey for plastid maintenance and
enhanced photosynthetic and growth rates (Gustaf-
son et al. 2000), subsequent studies with the Antarc-
tic strain demonstrated the novel trophic
phenomenon of karyoklepty, or nuclear sequestra-
tion (Johnson etal. 2007). Retained cryptophyte
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nuclei in M. rubrum are transcriptionally active,
apparently providing sufficient genetic information
from the alga to synthesize chl and regulate plastid
activity during intervals between feeding (Johnson
and Stoecker 2005, Johnson et al. 2007). This phe-
nomenon requires host-permitted expression of
endosymbiont genes in the acquired algal nucleus
and plastid.

Though debate exists in the literature over the
degree of symbiosis, studies concur that M. rubrum
must feed regularly to achieve maximal growth rates
(Gustafson et al. 2000, Yih et al. 2004, Johnson and
Stoecker 2005, Hansen and Fenchel 2006). How-
ever, feeding is a relatively rare life-cycle event (Yih
etal. 2004), and the carbon contribution of prey
cells is negligible compared to the amount of car-
bon fixed through photosynthesis (Johnson and
Stoecker 2005, Smith and Hansen 2007). Therefore,
M. rubrum’s feeding pattern supports its described
ecological role as an obligate phototroph (Smith
and Barber 1979, Laybourn-Parry and Perriss 1995,
Gustafson et al. 2000, reviewed in Crawford 1989,
but see Myung et al. 2006).

Photosynthesis in polar phytoplankton is con-
trolled primarily by light and low temperatures at
high latitude (Harrison and Platt 1986). Previous
studies measured lower growth and photosynthetic
rates in the polar M. rubrum strain than in its tem-
perate counterpart, indicating that polar M. rubrum
is kinetically limited by the cold temperatures to
which it has adapted (Gustafson etal. 2000,
Johnson and Stoecker 2005, Johnson et al. 2006).
M. rubrum is also able to survive low-light polar win-
ters, though cell densities drop dramatically and
cells concentrate just beneath the ice cover to maxi-
mize exposure to any available light (Perriss et al.
1993, Gibson et al. 1997). Despite these stressful
conditions, the ciliate does not form cysts during
the overwintering period but instead retains high
motility (Perriss et al. 1993, Gibson et al. 1997).

Multiple field and laboratory observations of
coastal M. rubrum blooms have noted the ciliate’s
preference for low-intensity, diffuse light and its sen-
sitivity to high light (Hart 1934, Bary and Stuckey
1950). The ciliate’s tendency to aggregate in subsur-
face waters suggests that it positions itself in the
water column based on thermal and irradiance cues
(Owen et al. 1992). In Antarctic lakes, M. rubrum
appears to exhibit a preference for low-light intensi-
ties (10%-50% of daylight), perhaps driven by com-
petition with other phytoplankton (Laybourn-Parry
and Perriss 1995). Baltic Sea M. rubrum populations
can demonstrate a pronounced diel vertical migra-
tion (Lindholm and Mérk 1990), but frequently
display maximum population densities at depth
(Passow 1991, Olli and Seppdla 2001). Complex
migratory patterns are probably related to a combi-
nation of requirements for light, cryptophyte prey,
and nutrients. Therefore, low-light tolerance may
not only be a response to polar conditions but may

also represent niche differentiation within the aqua-
tic ecosystem. Antarctic ice algae often occur in
dense mats and aggregations (Robinson et al.
1997), suggesting that cells arrange themselves to
reduce incoming radiation by communal shading
(Gibson et al. 1997). M. rubrum may also rely on the
production of mycosporine-like amino acids (John-
son et al. 2006) and group shading in high-density
blooms to reduce damage to individual cells from
excess irradiance.

Here, we quantify the ability of M. rubrum to tol-
erate and acclimate to a range of light levels and
measure photosynthetic performance by calculating
the quantum yield for growth and carbon-fixation
rates under different irradiance levels. Finally, we
relate these photophysiological parameters to the
bioenergetics of the ciliate’s karyokleptic lifestyle.

MATERIALS AND METHODS

Growth of culture and experimental design. Cultures of
M. rubrum (CCMP 2563) and Geminigera ct. cryophila (CCMP
2564), isolated from McMurdo Sound, Antarctica, in 1996
(Gustafson et al. 2000), were grown in 32 PSU F/2-Si media
(Guillard 1975) in 1 L Ehrlenmeyer flasks at 4°C. Fiberglass
screening and Cool White fluorescent bulbs (Philips Electron-
ics, Andover, MA, USA) were used to obtain 10 experimental
irradiance levels: E, = 0, 0.33, 1.7, 4.2, 8.6, 16, 33, 50, 75, and
100 pmol quanta - m™2 - 57!, Light intensity was measured with
a QSL-100 light meter equipped with a 47 sensor (Biospherical
Instruments, Inc., San Diego, CA, USA). Healthy cells with a
regular feeding history were acclimated to experimental
irradiance levels for at least 1 week, and total culture volumes
were brought to at least 350 mL with fresh F/2 media before
measurements began. The ciliates were not fed during the
course of the experiment.

Two independent trials of the photoacclimation experiment
were performed. Each trial contained one culture incubated at
cach of the 10 experimental irradiance levels, for a total of 10
cultures per trial. Each of the two trials lasted 2 weeks, and all
measurements were made on cells in exponential growth
phase.

Measwrement of growth rate, cellular health, and elemental content.
Daily cell counts from each culture were taken using a
Multisizer 3 Coulter Counter (Beckman Coulter Inc., Brea,
CA, USA) fitted with a 70 um aperture. Cell density on each
day, for each culture, was calculated as the average of four
replicate counts of aliquots fixed in 1% glutaraldehyde.

The average growth rate, [i,,,, was taken as the linear slope
over the entire time course of the experiment, excluding initial
time points corresponding to transfer acclimation. The zero
growth limit, I, was the x-intercept of the linear regression of
growth rate on In (growth irradiance). The saturation point for
growth, FE,, was estimated as the point at which further
increases in growth irradiance produced no significant gains in
growth rate.

The quantum yield for photochemistry in PSII (//F,), a
proxy for photosynthetic energy conversion efficiency, was
measured daily with a Fluorescence Induction and Relaxation
system (Satlantic Inc., Halifax, Nova Scotia, Canada). Quan-
tum yield measurements were made on live culture aliquots
after dark incubation on ice for 20 min. Weekly culture
aliquots were collected on precombusted GF/F filters
(Whatman Inc., Piscataway, NJ, USA), dehydrated, and ana-
lyzed for total carbon and nitrogen with an NA 1500 Series Z
nitrogen/carbon/sulfur analyzer (Carlo Erba Instruments,
Milan, Italy).
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Measurement of pigment content and chl-a cross-section. Chl-a
content was measured twice each week. Cells were filtered onto
a Whatman GF/F filter, which was then placed in 90% acetone
for 24 h (Parsons et al. 1984). An AMINCO DW-2000 UV-Vis
spectrophotometer (SLM Instruments, Urbana, IL, USA) was
used to obtain absorption spectra. The spectroscopic data were
analyzed using the equations of Jeffrey and Humphrey (1975)
for organisms containing chl @ and chl ¢ to determine chl-a
content.

Phycoerythrin (PE) was measured at the end of each
experiment when cells were pelleted and immediately frozen
at —80°C. The pellets were subsequently thawed and sonicated,
and PE was extracted in 500 pL. of seawater. Sample fluo-
rescence was then measured using an EMax Precision
Microplate Reader (Molecular Devices Inc., Sunnyvale, CA,
USA). R-phycoerythin (AnaSpec Inc. San Jose, CA, USA) was
used to create a standard curve (linear relationship between
fluorescence and PE concentration, R= 0.997), and sample
pigment concentrations were calculated.

The optical absorption cross-section normalized to chl a was
measured by collecting an absorption spectrum of a suspension
of cells from 375 to 750 nm using an AMINCO DW-2000
UV-Vis spectrophotometer. This absorption spectrum was then
normalized to a cool-white fluorescence spectrum, as that of
the bulbs under which cultures were grown. In conjunction
with data on chl-a content, an a}; (mean chl a-specific spectral
absorption [375-750 nm]) value representative of cross-section
of each chl molecule in the cell was calculated using the
equation:

@y =100-S5-1In(10)- N - C (1)

where S is the normal sum, calculated from the absorption
spectrum and light source emission sPectrum; N is the con-
centration of M. rubrum in cells - mL™"; and C is the concen-
tration of chl @ in chl a - cell™ (Dubinsky et al. 1984).

Determination of photosynthetic rate. Photosynthesis versus
irradiance (PI) experiments were conducted at the end of
each trial. Aliquots of each culture were removed, and a sample
of each was fixed for a cell count in the manner described
above. Aliquots were spiked with NaH'*COj to a final concen-
tration of ~1 nCi - mL™" (in trial 1) or 0.5 pCi - mL™" (in trial
2). A total activity (TA) sample of 100 pL was added to 200 pL
of B-phenylethylamine (Sigma-Aldrich, Corp., St. Louis, MO,
USA), and a baseline (BL) sample of 2 mL was fixed in 200 pL
of formaldehyde. Both TA and BL samples were refrigerated
until the conclusion of PI measurements, when BL samples
were acidified with 0.5 mL 6 N HCIL. Immediately following
addition of NaH"COs, 1.5-2 mL subsamples were placed in
8 mL scintillation vials and incubated at 4.5°C-6°C (tempera-
ture increased with irradiance) at 15 irradiance levels between
0 and 300 pmol quanta - m™2 - 5! for 30 min. At the end of
the incubation, samples were acidified with 0.5 mL 6 N HCI
and placed with BL samples on a shaker table overnight at
room temperature to remove excess bicarbonate.

After overnight acidification, 4 mL of UltimaFlo AP scintil-
lation cocktail (PerkinElmer, Waltham, MA, USA) was added to
all vials. Vials were vortexed to mix, and TA counts were made
using an LS 6000IC Scintillation Counter (Beckman Coulter
Inc.). Activity counts were converted to photosynthetic rates in
cither pg C-cell’' -h™" or pg C-chl ' -h! using the
method described by Parsons et al. (1984). PI data for each
acclimation level was fit using SigmaPlot 10.0 (Systat Software
Inc., San Jose, CA, USA) to the hyperbolic tangent equation:

P = Ppax tanh (a5 / Pay) (2)
where P is the photosynthetic rate measured at irradiance £
(in pmol quanta - m 2 s_l), P,ax is the maximum photosyn-

thetic rate of the acclimation level, and o is the initial slope
of lightlimited photosynthetic rate. The irradiance at which

photosynthetic rate saturates is given by FEy = Py./o (Jassby
and Platt 1976).

Calculation of quantum yield for growth. The photosynthetic
efficiency at different irradiance acclimations was calculated
following the equation of Falkowski et al. (1985):

10-9.637 x 10~
=2 Y e 3
Z alyy - (chla/C) - I, @)

where @, is quantum yield for growth in mol C - mol quanta
absorbed™!, chl @/C is the cellular chl to carbon ratio in
mg chl a- mg C!,9.637 x 10%is a conversion constant (units
of mol C - d - pmol quanta - mg C™ - 57! - mol quanta™), and
other parameters have been previously described.

RESULTS

Cell growth. Under saturating nutrient conditions
and at a growth temperature of 4°C, M. rubrum
achieved a maximum average growth rate of
0.09 d”! at the irradiance levels of 16 and 33 pmol
quanta - m?-s! (Fig. 1). Inhibition of photosyn-
thesis at higher irradiances was reflected by a decline
in F/F, (Fig. 1); the 10% decline in growth rates at
the highest irradiance levels is due to photoinhibi-
tion. Growth rates saturated at an irradiance, Eg,, of
~20 pmol quanta - m~? - s™'. On the basis of regres-
sion analysis of In (f,) on growth, we calculated a
compensation irradiance for growth () of
~0.5 pmol quanta - m™2 - 57!, Cultures incubated at
irradiance levels below E;, were excluded from sub-
sequent calculations of photophysiological efficiency.

Cellular attributes. Cellular chl-a concentration var-
ied as a function of irradiance by a factor of 2.5. Cel-
lular chl-a content decreased as a logarithmic
function of £, (Fig. 2, 7 = 0.98), except for cultures
incubated below F,, whose chl a - cell”! decreased
over the course of the experiment (data not shown).
At high irradiance levels, cells produced less chl q,
reducing the internal selfshading of each chl-a mole-
cule and increasing the chl a—specific optical absorp-
tion cross-section (a*; Fig. 2). Within our range of
acclimation irradiances, a* varied by a factor of 2.

Phycoerythrin content also varied with F: cells
acclimated to light levels of 16 umol quanta -
m?-s!or greater had lower cellular PE concentra-
tions (19.8 + 9.14 pg PE - cell™') than lower light
acclimations (80.9 + 6.53 pg PE - cell™) (Fig. 2).
Cultures incubated below FEy also had depressed PE
content (41.7 + 8.17 pg PE - cell™!). While the mag-
nitude of cellular carbon (C - cell_l; units of ng C -
cell™") and nitrogen (N - cell’!; units of ng N-
cell™) varied across the two experimental replicates,
C:N increased with increasing irradiance (Table 2).

Photophysiology. Photosynthetic rates and efficiency
reflected a growth-irradiance-dependent transition
from light limitation to light saturation. Trends in
chl anormalized maximum photosynthetic rate
(P ) mirrored growth rate trends, with light-satu-
rated cultures displaying the greatest photosynthetic
rates (Fig. 3). In part, high pigment content, and
the resulting self-shading of these molecules in
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lightlimited cultures, led to reduced PP . Cells
incubated at E, < I retained limited photosynthetic
capacity. The saturation irradiance for photosynthe-
sis (L) increased with increasing F,; above L, Iy
approximated E,, except for the highest irradiance
acclimation (£, = 100 umol quanta - m~2-s7"), where
Iy 100 =~ Ly 75 (Fig. 3). For L, of 16 pmol quanta -
m 2 - s~ and lower, L, < k.

Growth efficiency. The quantum yield for growth,
¢y, was calculated for cultures with positive growth
rates (Table 2). Generally, efficiency declined with
increasing acclimation irradiance, so that the quan-
tum requirement for carbon assimilation increased
linearly with increasing irradiance (Fig. 4; +* = 0.96).
The maximum quantum yield for photosynthesis
(pp) showed a similar trend, with lightlimited cul-

tures displaying the greatest photosynthetic effi-
ciency (Fig. 4).

DISCUSSION

The results of this study clearly reveal the extra-
ordinary capacity of an Antarctic strain of M. rubrum
to acclimate to extremely low irradiance. Interpola-
tion of growth-rate data reveals a compensation irra-
diance of only 0.5 pmol quanta - m~?-s7'. This
irradiance not only accurately marks the experimen-
tal boundary between negative (I, = 0.33 umol -
quanta-m~>-s') and positive (E, = 1.7 pmol
quanta - m ?-s”') growth rates but also approxi-
mately corresponds to the maximum winter irradi-
ance reaching subice waters in saline Antarctic lakes
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TapLe 1. Definitions of abbreviations and symbols used in
this text.

Symbol Definition (and units)

u Growth rate (dfl)

Have Average observed growth rate (d_l)

Chl a - cell™ Cellular chl-a content (pg chl a - cell”™!)

C - cell” Cellular carbon content (ng C - cell ")

N - cell™ Cellular nitrogen content (ng N - cell™)

Ion Growth irradiance, acclimation level
(umol quanta - mZ-s7h

Eg, Irradiance level at which growth rate
saturates (umol quanta m?2- sfl)

Ey Zero limit for growth, irradiance at
which p =0 (umol quanta - m~2-s7

iy Mean chl a-specific spectral absorption

(875-750 nm) (m® - mg chl @)
Cellular photosynthetic capacity
(pg C - cell™" “h7Y)
Chl a-specific photosynthetic capacity
(pg C-pgchla’-h™)

cell
max

chl

max

by Irradiance at which photosynthesis
saturates (pmol quanta - m™2-s”
(oM Quantum yield for growth (mol C - mol

quanta absorbed ™)

where lacustrine strains of M. rubrum overwinter
(0.7 pmol quanta - m~2 - s7!; Gibson et al. 1997).

Mesodinium rubrum achieves maximal growth rates
at a low irradiance compared with other marine
phytoplankton, though our experimental values for
F ranged as high as 75 pmol quanta - m™* - s~ for
the highest light acclimations (Fig. 3). Thus, while
they gain no growth rate advantage, M. rubrum cells
continue to adjust their photosynthetic apparatus to
irradiances above E,, which likely aids cells in
avoiding damage from reactive oxygen species pro-
duced by an excess of PAR (Asada 2006). By com-
parison, Iy for temperate strains of M. rubrum may
exceed 275 pmol quanta - m~?-s7! (Stoecker et al.
1991), further indicating a trade-off in the polar
strain between exploitation of low-light niches and
tolerance of high-light conditions, and compensa-
tion for low water temperatures.

Our experiment mimicked light intensities that
would be experienced by polar M. rubrum, including
winter darkness. Extreme lowlight conditions
(<0.7 pmol quanta - m2- s_l, comparable to winter
darkness) produced a negative growth subset of cul-
tures, containing unhealthy cell populations of
small size, low photosynthetic health, and high «*
values. The latter was the result of low chl « - Cell_l,
which decreased over the course of the experiment,
though cells never lost their pigments entirely.
Pigment decline may have resulted either from met-
abolic scavenging of pigments for energetic gains
under light-starved conditions or from an inability
to replace chl a due to a lightrequiring step in its
biosynthesis. Low P! and F indicate that, while
cells were unable to make efficient use of light to
fix carbon when temporarily exposed to high-light
levels, they were capable of limited photosynthetic

TasLE 2. Experimental growth parameters, averaged over the two experimental replicates.

100
7.32 (0.227)
9.60 (2.61)
98.1 (3.18)

75
8.39 (0.460)
9.97 (2.34)
99.7 (3.46)

33

16
8.77 (0.008)
6.00 (0.784)
47.8 (6.31)

8.6
5.95 (0.203)
5.81 (0.613)
61.4 (4.58)

1.52 (0.325)
0.825 (0.0747) 0.262 (0.0364) 0.2

4.15
3.91 (1.82)

1.74
0.86 (0.15)

0.33
~1.18 (0.273)
9.99 (2.91)
42.0 (11.2)

0.00
—0.03 (0.14)

6.51 (0.083)

8.42 (1.49)
36.2 (2.88)

5.52 (0.479)
66.9 (6.34)

5.51 (0.389)
79.8 (6.98)

9.01 (1.74)
38.5 (9.26)

)
)1

-2
3
Chl a - cell”

W (X107
- cell™
- cell™!

Mo (<10
C:N ratio

a

5
C

C

1.65 (0.640)
0.274 (0.938)

1.71 (0.623)

0.308 (0.105) 0.307 (0.984)

1.21 (0.126) 1.76 (0.668)

1.75 (0.307)  1.65 (0.336)
0.269 (0.0306) 0.394 (0.0839) 0.359 (0.0871)

1.09 (0.057)

1.02 (0.142)
0.239 (0.0394)
4.309 (0.308)

5.94 (0.342)

5.61 (0.338) 5.48 (0.335)
0.591 (0.261) 0.545 (0.312) 0.375 (0.139)

4.

4.66 (0.203)
92.17 (0.166)

4.62 (0.229)  4.69 (0.105)
2.31 (0.611)

3.66 (0.198)

4.47 (0.287)
1.95 (0.987)

4.07 (0.269)

@ (x107%)

N

2) are given in parentheses. Data for acclimation irradiances with negative growth rates are given in italics.

Standard deviations (n
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against growth irradiance. The
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averages + standard deviation
(n = 2). When photosynthetic rate
is normalized to chl, the high chl-
a content of low-irradiance-accli-
mated cells reduces efficiency of
each chl-a molecule due to self-
shading. Cultures incubated at
light intensities below I retained
low amounts of photosynthetic
capacity in spite of their poor
health, but were less photosynthet-
ically active overall compared
higher-light acclimations.
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quantum yield for growth (@)
calculated according to Falkowski
etal. (1985). ¢, was calculated
only for cultures with positive
growth rates. The maximum
quantum yield for photosynthesis
(pp) is also shown. Data points
indicate mean + standard devia-
tion (n=2). The quantum
requirement for carbon assimila-
tion increases linearly (= 0.96)
with increasing irradiance, indi-
cating that Mesodinium rubrum is a
less efficient phototroph under
high-light conditions. ¢p declined
with increasing growth irradi-
ance, so that lightlimited cul-
tures (I, < Eg,) were more
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activity despite long incubations in near darkness.
This result suggests that M. rubrum possesses a resil-
ient photosynthetic apparatus adapted to Antarctic
winters (see also Johnson and Stoecker 2005).

The maintenance of irradiance-specific chl-a lev-
els demonstrates that healthy (Hag > 0) M. rubrum
cells optimize photosynthetic capacity to growth irra-
diance. Previous research has shown that nuclear-
encoded plastid-targeted algal genes are expressed
in the ciliate host, and that M. rubrum can regulate
plastid division during cell growth (Johnson et al.

T 0.00
100 120

photosynthetically efficient than
their light-saturated counterparts.

2006, 2007). However, the specificity with which the
ciliate controls its acclimation response had not yet
been demonstrated. Increases in a}, and decreases
in F/F, indicate a general decrease in photosyn-
thetic efficiency when light is excess. Together,
these data suggest that polar strains of M. rubrum
acclimate most successfully to low-light conditions
and experience light-induced stress when exposed
to irradiances >33 pmol quanta - m™> - s,
Carbon-uptake rates also suggest photophy-
siological distinctions between lightlimited and
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lighht-saturated acclimation levels. The parameters
P and @), were smaller in lightlimited, pigment-
rich acclimations, indicating that cellular response
to light is constrained by a packaging effect, in
which stacked thylakoids self-shade, reducing the
amount of light that reaches each photosystem’s
antenna (Berner et al. 1989). These changes can
also be explained in part by the observed decrease
in cellular PE content with increasing irradiance. As
in other phototrophs, cellular chl-a concentrations
(and manufacture of accessory pigments such as
PE) in M. rubrum strike an irradiance-level-specific
balance between gains in light harvesting and meta-
bolic costs of maintaining additional photosynthetic
capacity. High-light acclimations, by contrast, con-
Verged on low photosynthetic efficiency and high
PN values, corresponding to high a,. The unifor-
mity of these parameters across the highest irradi-
ance acclimations, despite changes in chl
concentration, implies that this M. rubrum strain has
inherent physiological limitations to growth and
photosynthetic rates imposed by its adaptation to
Antarctic waters.

Previous researchers have remarked on the slow
growth and ‘“‘poor adaptation’’ of Antarctic phyto-
plankton (Jacques 1983, Neale and Priscu 1995), and
the additional stress imposed by fluctuations in salin-
ity, temperature, and light availability (Arrigo and
Sullivan 1992). Polar M. rubrum does indeed have
lower p and P, than its temperate counterpart. In
this experiment, and in previous studies (e.g., John-
son and Stoecker 2005), Hmax was only 0.2 dt,
roughly half of what has been measured in temper-
ate cultures (Yih et al. 2004). However, Pﬁ?;x was up
to an order of magnitude lower than previous mea-
surements in temperate strains, and Pfxfgx was only a
third of measured values in temperate strains (Smith
and Barber 1979, Stoecker et al. 2001). The large dis-
crepancy between temperate and polar photosyn-
thetic rates (relative to growth rates) suggests the
Antarctic strain may use its photosynthate more effi-
ciently for growth than temperate M. rubrum strains.

Quantum yield for growth and cellular metabolism at
low light and temperature. M. rubrum’s adaptation to
low-light and temperature conditions is confirmed by
trends in quantum yield for growth. The quantum
yield for growth (measured as carbon incorporated
per quanta absorbed) is highest at the low-light levels
comparable to irradiance in the ciliate’s native envi-
ronment (Fig. 4). At its most efficient, M. rubrum
uses only 27 photons for every carbon atom it incor-
porates into biomass. This quantum requirement is
comparable to that of temperate diatoms, dinoflagel-
lates, and other ‘‘traditional’”” phytoplankton. M. ru-
brum maintains this efficiency while respiring up to
50% of its photosynthate (Fig. 5), a metabolic cost
attributable to its active lifestyle.

The differences in rates between polar and tem-
perate strains of the ciliate demonstrate the impor-
tance of temperature in enzyme kinetics. Our

0.4 - ~
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O  Growth
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0.3 A - T
T T @
0.2 1 () ¢ ©
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I, 5. Comparison of vital rates (mean * standard deviation,
n = 2). Photosynthetic rate was converted to units of d™' using
carbon content per cell. Respiration was calculated as the differ-
ence between photosynthesis and growth.

measurements of PX  fall at the lower end of rates
typically observed in polar phytoplankton (Li et al.
1984, Tilzer et al. 1986). Although @, values of ~2
are typical for photosynthetic organisms incubated
at varied temperatures for short timescales (Eppley
1972), organisms evolving in cold temperatures may
increase their cellular Calvin cycle enzyme content
to counteract the thermal reduction of each enzyme
molecule’s activity (Li et al. 1984, Davison 1991).
Increased chl a - cell”" at low temperature is a result
of oxidation of the plastoquinone pool, which is a
signal transduction mechanism for photoacclima-
tion (Escoubas et al. 1995). This phenomenon is
opposite to that observed in temperate algae
exposed to low temperatures and clearly reveals the
ability of M. rubrum to not only acclimate to low
temperatures but also to become genetically
adapted. As in any acclimation strategy, temperature
response represents a trade-off between gains in
activity and biosynthetic requirements. The Antarc-
tic strain of M. rubrum must balance the energetic
requirements of maintaining additional active
enzymes or chl molecules with marginal benefits at
low-light levels. Ultimately, thermal stress may fun-
damentally limit cellular metabolic capacity.

Our growth-rate measurements confirm the calcu-
lation of Johnson etal. (2006) of a Qo of 2.6 for
growth. Seasonal changes in measured growth rates
of temperate ciliates have been linked to tempera-
ture, with Qo values also averaging 2.6 (Nielsen and
Kiorboe 1994). Like photosynthesis, growth rate is
fundamentally limited by enzyme Kkinetics, rather
than M. rubrum’s ability to acquire energy and man-
ufacture photosynthetic machinery. While M. rubrum
has been labeled a functional autotroph in the
literature, polar conditions raise questions about the
ciliate’s mode of nutrition, particularly in winter.
Myung et al. (2006) observed increasing rates of bac-
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terivory with decreasing light levels in a temperate
strain of the ciliate. Also, Smith and Barber (1979)
demonstrated active uptake of organic compounds
in a Peruvian bloom; however, their results may be
confounded by the presence of bacteria and other
microorganisms in the seawater sample. Research in
Antarctic lakes containing M. rubrum has demon-
strated mixotrophy in other photosynthetic protists,
including the cryptophyte G. cf. cryophila, which was
used as prey in this study (reviewed in Laybourn-
Parry 2002).

Though our study confirms a light requirement
for growth in the polar strain, the low kK, suggests
that M. rubrum may rely on limited heterotrophy
during winter stress to supplement its C budget.
Mortality rates for cells in complete darkness likely
range from 0.001 d™' (measured in the culture incu-
bated  at  F, = 0 umol quanta - mZ-s7h to
0.009 d™* (from a fit of all growth rate data), corre-
sponding to a halflife between 693 and 77 d. As
our cultures were not axenic, these numbers may
represent overestimates of survivorship based on cel-
lular stores from autotrophy alone. Taking the more
conservative estimate of a 77 d half-life, overwinter-
ing M. rubrum populations could be reduced to a
quarter or an eighth of their original size. However,
individual cells could retain sufficient photosyn-
thetic capacity to resume autotrophy when light
returns and conditions are favorable.

Given differences described in ., and Pf;‘;x
above, bacteria, cryptophytes, and organic com-
pounds may be a more important carbon source for
the polar strain than for its temperate counterpart. A
mixotrophic strategy, with C source dictated by envi-
ronmental conditions, can allow M. rubrum to survive
polar winters while maintaining motility and a mini-
mal photosynthetic apparatus. When light returns,
M. rubrum’s resilience allows it to be among the first
phytoplankton species to respond, while phototrophy
frees it from competition with strict heterotrophs. By
avoiding encystment in a resting stage and retaining
high motility, M. rubrum can exploit early windows of
opportunity in Antarctic waters.

CONCLUSIONS

The ability of this Antarctic strain of M. rubrum to
photoacclimate to exceedingly low irradiance levels
and its low growth rate, which saturates at only
20 pmol quanta - m~® - s, indicate its adaptation to
thermal and light stress in the polar environment.
Though rates of growth and photosynthesis are sup-
pressed by low Antarctic temperatures, the specificity
of light adaptation, with convergence on and main-
tenance at specific cellular chl-a content, indicates
that M. rubrum closely regulates its cryptophycean
plastids to achieve optimum growth in available light
conditions. Differences in cell composition and
trends in photosynthetic physiology, a,, and P

between light-limited and lightsaturated acclimation

levels indicate that M. rubrum undergoes a transition
in photophysiology when growth rate is saturated.
Characteristic of this transition is a shift in photosyn-
thetic efficiency: lightlimited cells have a larger ¢,
than light-saturated cells. These trends indicate an
upper bound to M. rubrum’s adaptive capacity, per-
haps evolved concurrently with tolerance of low-light
conditions. Though acclimation specificity is
expected of phytoplankton, it is nonetheless impres-
sive in M. rubrum, which is unable to maintain
healthy tertiary endosymbiotic plastids without rou-
tine acquisition of cryptophycean nuclei. Our results
imply that fine-scale control of acclimation and toler-
ance of low-light levels enhance niche partitioning
and winter survivorship in this polar strain.
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