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Myrionecta rubra (Lohmann 1908, Jankowski
1976) is a photosynthetic ciliate with a global dis-
tribution in neritic and estuarine habitats and has
long been recognized to possess organelles of
cryptophycean origin. Here we show, using nucleo-
morph (Nm) small subunit rRNA gene sequence
data, quantitative PCR, and pigment absorption
scans, that an M. rubra culture has plastids identi-
cal to those of its cryptophyte prey, Geminigera
cf. cryophila (Taylor and Lee 1971, Hill 1991).
Using quantitative PCR, we demonstrate that G. cf.
cryophila plastids undergo division in growing
M. rubra and are regulated by the ciliate. M.
rubra maintained chl per cell and maximum cellu-
lar photosynthetic rates (Peet) that were 6-8 times
that of G. cf. cryophila. While maximum chl-specific
photosynthetic rates (PM) are identical between
the two, M. rubra is less efficient at light harvesting
in low light (LL) and has lower overall quantum ef-
ficiency. The photosynthetic saturation parameter
(Ex) was not different between taxa in high light and
was significantly higher in M. rubra in LL. Lower
Chl:carbon ratios (0), and hence PS,., rates, in M.
rubra resulted in lower growth rates compared with
G. cf. cryophila. G. cf. cryophila possessed a greater
capacity for synthesizing protein from photosynt-
hate, while M. rubra used 3.2 times more fixed C for
synthesizing lipids. Although cryptophyte plastids
in M. rubra may not be permanently genetically in-
tegrated, they undergo replication and are regu-
lated by M. rubra, allowing the ciliate to function as
a phototroph.
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Myrionecta rubra (=Mesodinium rubrum) (Lohmann
1908, Jankowski 1976) (Mesodiniidae, Litostomatea)
is a photosynthetic ciliate with a widespread global
distribution and is known to cause recurrent red-water
blooms in numerous regions (Taylor etal. 1971,
Lindholm 1985). Photosynthetic measurements dur-
ing M. rubra blooms have been among the highest
primary production rates ever measured (Smith and
Barber 1979). Blooms of M. rubra can be massive in
scale and highly dynamic in their water column
position (Ryther 1967, Crawford et al. 1997). M. rubra
feeds on cryptophyte algae (Gustafson et al. 2000) and
possesses plastids, mitochondria (Taylor et al. 1969,
1971), and nuclei (Hibberd 1977, Oakley and Taylor
1978) of cryptophyte origin.

Unlike most plastid-retaining ciliates, M. rubra is
able to grow phototrophically for long periods without
feeding on new prey and has the ability to synthesize
chl (Gustafson etal. 2000, Johnson and Stoecker
2005). Despite the fact that it ingests cryptophyte algae,
M. rubra is generally considered a functional pho-
totroph as most of the ingested cryptophyte organelles
and cytoplasm appear to be retained in membrane-
delineated compartments (Taylor et al. 1969, 1971)
rather than being digested. Recent estimated C
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budgets for M. rubra suggest that ingested prey C
accounts for negligible C growth requirements com-
pared with photosynthesis (Yih et al. 2004, Johnson
and Stoecker 2005). In contrast, most kleptoplastidic
protists form recognizable food vacuoles from algal
prey, have been shown to be capable of heterotrophy,
and generally do not sequester other prey organelles
(Lewitus et al. 1999). Because M. rubra is capable
of predominantly phototrophic growth and pigment
synthesis, it falls into a special functional category
(Gustafson et al. 2000).

While many protists are thought to sequester
chloroplasts from algal prey, relatively few studies
have been conducted to evaluate plastid performance
and function in “host” cells. Most studies that have
evaluated carbon metabolism in kleptoplastidic protists
have focused on oligotrich ciliates. Plastid-retaining
oligotrich ciliates have been shown to possess high
cellular photosynthetic rates (Stoecker et al. 1988),
high plastid turnover rates (Stoecker and Silver
1990), and appear to use photosynthate predomin-
antly for respiration (Putt 1990). Kleptoplastidic dino-
flagellates, while widely documented, are less well
understood in regards to their physiology. Gym-
nodinium gracilentum and Pfiesteria piscicida can acquire
photosynthate from kleptochloroplasts for up to a
week; however, the amount is insufficient to cover
their entire C budget (Skovgaard 1998, Lewitus et al.
1999). Recent research with M. rubra has shown that
plastids remain functional for up to 8 weeks in low light
(LL), while growth and pigment synthesis slowly be-
come negligible (Johnson and Stoecker 2005).

In order to demonstrate that M. rubra retained plas-
tids from Geminigera ct. cryophila (Taylor and Lee 1971,
Hill 1991) we designed a quantitative “real-time” PCR
Tagman assay for the nucleomorph (Nm) small
subunit (SSU) rRNA gene of G. cf. cryophila. The assay
was used to quantify Nm SSU rRNA gene content by
normalizing to G. cf. cryophila—only standards, yielding
an estimate of G. cf. cryophila Nm number (=plastid
number) per M. rubra cell. The Nm SSU rRNA gene
was used because the Nm is always present in crypto-
phyte plastids, including those in M. rubra (Taylor et al.
1969, 1971, Hibberd 1977), and the Nm SSU gene has
variable regions with high substitution rates and inser-
tions referred to as nonalignable regions (Hoef-Emden
et al. 2002) that allow species-specific identifications.
Herein we contrast plastid function and performance
in the cryptophyte G. cf. cryophila with plastid function
and performance in its organelle-sequestering preda-
tor, M. rubra.

METHODS

Culture and experimental conditions. M. rubra (CCMP 2563)
and G. cf. eryophila (CCMP 2564) were isolated from McMur-
do Sound, Antarctica, from a nutrient-enriched sample of sea
ice and water collected in January 1996 (Gustafson et al.
2000). Cultures were grown in 1 L glass flasks with 32 PSU F/
2-Si media (Guillard 1975), at 4° C. In preparation for this
experiment, cultures were allowed to acclimate to four 24 h
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light regimes at 90, 75, 25, and 10 umol photons-m ™ -s
for more than 3 months, while receiving biweekly additions
of F/2 media and prey. We were unable to grow M. rubra at
10 pmol photons-m~2-s ™', due to accumulation of free-liv-
ing prey. This was probably due to lower ingestion and
growth rates by M. rubra, and as a result, no data were avail-
able from this light intensity for the ciliate. All cell attribute
and photosynthesis measurements were made on cells in mid
to late log phase. Prey concentrations were checked in M.
rubra cultures before experimental measurements to verify
they were at “background” levels (i.e. <50cells-mL™"),
while M. rubra cell concentrations during experimental meas-
urements were above 10,000 cells- mL ™. Experimental
treatments each had three replicates unless otherwise noted.
Growth rates were estimated during the exponential portion
of the growth phase using p (div-d ") = (logs(nn0))t; —to,
where n represents cell concentrations at the beginning and
start of the exponential growth phase. All cultures were fed
about 2 weeks before experimental measurements, using
prey acclimated to the same growth conditions.

DNA extraction, PCR amplification, and DNA sequenc-
ing. Cultures of M. rubra (~3 x 10*cells-mL~') and G. cf.
eryophila (~1 x 10°cells-mL~") were centrifuged in 50 mL
centrifuge tubes at 4° C and 4000g for 10 min. The Plant
DNA Extraction Kit (Qiagen, Valencia, CA, USA) was used,
and the manufacturer’s protocol was followed. The PCR was
conducted using 1 x PCR buffer (TaqPro, Denville, Metu-
chen, NJ, USA), 0.2uM of a deoxynucleoside triphosphate
(dNTP) mixture (Bioline, Randolph, MA, USA), 0.25 mg/mL
BSA (Idaho Technologies, Salt Lake City, UT, USA), 3 mM
MgCl, (Life Technologies, Rockville, MD, USA), 0.4 M
primers (each), and 0.6 U Taq DNA polymerase (Denville),
combined with 10-20 ng of genomic DNA from cultures in a
volume of 25 pL.. The following general eukaryotic primers
for SSU rRNA were used to amplify the gene from conserved
regions: 4616, 4618 (Medlin et al. 1988, Oldach et al. 2000),
516, and 1416 (Johnson et al. 2004). The PCR conditions
were as follows: an initial 3 min 95° C melting step, 40 cycles
of 30s at 95° C (melting), 30s at 55° C (hybridization), and
70s at 72° C (elongation), followed by a final 10 min 72° C
elongation step. Products were then cloned using a TOPO
TA cloning kit (Invitrogen, Carlsbad, CA, USA), following the
manufacturer’s instructions. Colonies were isolated and gene
products reamplified with PCR using manufacturer supplied
vector primers. Cloned PCR products were sequenced in
both directions using the above gene-specific primers and the
BigDye terminator kit (Perkin Elmer, Boston, MA, USA). All
sequencing was conducted using an Applied Biosystems
(ABI, Foster City, CA, USA) 377. Species-specific SSU
rDNA primers (Operon Technologies, Huntsville, AL, USA)
were designed for all sequences identified from sequencing
the SSU rDNA clone library, and all sequences were gener-
ated at least 10 times.

Phylogenetic analysis. Contingent sequences were gener-
ated using Sequencher (Gene Codes Corp., Ann Arbor, MI,
USA) and added to sequences obtained from GenBank. All
alignments were created using the Clustal X algorithm
(Thompson et al. 1997), and ambiguously aligned regions
of the Nm alignment, found in highly variable regions, were
excluded by eye in MacClade 4.05 (Maddison and Maddison
1992). An alignment matrix was constructed of diverse
cryptophytes and red algae (out-group) for the Nm analysis
(1842 characters), while the nuclear SSU rRNA analysis
(1829 characters) included cryptophyte and glaucocysto-
phyte (out-group) taxa. Both are available upon request.

In order to run a maximum likelihood (ML) analysis, we
first ran a distance analysis to estimate base frequencies
(Nm=A: 0.2653, C: 0.1993, G: 0.2488, T: 0.2866; nucleus
[Nu]=A: 0.2573, C: 0.2030, G: 0.2664, T: 0.2733) and GTR
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substitution rates (Nm = A-C: 1.665, A-G: 6.018, A-T: 2.219,
C-G: 2.188, C-T: 8.514, G-T: 1; Nu=A-C: 0.9447, A-G:
1.755, A-T: 0.8768, C-G: 1.184, C-T: 3.434) using stepwise
addition and 25 x random addition heuristic searches with
tree bisection-reconstruction (TBR). These values were then
used to run an ML analysis using stepwise addition with
1 x random addition heuristic searches and TBR, I'-correct-
ed (Nm=0.4317; Nu=0.6326), and pinvar (Nm = 0.5179;
Nu = 0.4364). The ML analyses included 15 (Nm) and 16
(Nu) in-group taxa and two out-group taxa for both analyses.
ML tree scores of 7686.45 and 7339.95 were found for the Nm
and Nu analyses, respectively. Bootstrap analysis was per-
formed on all trees, with the respective initial model, on 100
resampled data sets using stepwise addition and a 1 x random
addition heuristic search. All phylogenetic analyses were
conducted in PAUP* version 4.0b (Swofford 1999).

Quantitative PCR. Primers and probes for conducting
quantitative real-time PCR targeting the SSU gene of M.
rubra and G. cf. cryophila Nm were designed by eye in MacC-
lade and ordered from Operon. All probes and primers were
tested for appropriate melting temperatures and complica-
tions due to secondary structures using Primer Express 1.0
(ABI). Primers and probes were added at a final concentra-
tion of 0.2 and 0.3 pM, respectively. Taq polymerase (TaqPro)
was used at final concentration of 0.1 U/uL. (Denville); MgCl,
at a final concentration of 4 mM (Life Technologies); a ANTP
mixture, each at 0.2 mM (Bioline); PCR buffer was at a final
concentration of 1 x (Denville). For the G. cf. eryophila Nm
assay, the forward primer (FP) TMTA_Nm-F (CCGAGGC
TCTTTGGTTAGACT), reverse primer (RP) TMTA_Nm-R
(GCCATGCGATTCGGTTAGT), and probe (P) TMTA_
Nm-P (6-FAM-TCGCCATTCATCACCTGATGGAAG-TAM-
RA) were used, while for the M. rubra nuclear assay, FP
MR-F (ACGTCCGTAGTCTGTAC), RP MR-R (ATGATCC
TAAGACGAGAAACTTA), and P MR-P (FAM-GAATGCG
GTAGTTTCTGCAGTCACTC-BHQ1) were used. All real-
time PCR was conducted in a Smart Cycler (Cepheid, Sun-
nyvale, CA, USA), using 25 uL reaction tubes. A standard
curve for the Nm SSU rRNA gene was created using a dilu-
tion series of cells from the G. cf. ¢cryophila culture. The re-
sulting cycle numbers were then plotted against cell number,
and an equation was obtained using a best-fit linear regres-
sion (y=—1.3854Ln(x)+36.316; r*=0.987). A standard
curve was also obtained using serial dilutions of M. rubra
(y =—1.5863 Ln(x) + 28.576; r* = 0.999). M. rubra cultures
were grown at 45 pmol photons-m~2-s~ ! in the absence of
prey for ~2 weeks and DNA was extracted on days 2, 5,9, 12,
and 15 for qPCR. Using the standard curves, Nm SSU rRNA
gene content was normalized to that of M. rubra nuclear SSU
rRNA gene content. Assuming an average of one plastid per
“Nm containing compartment” (i.e. periplastidal compart-
ment) (Gillott and Gibbs 1980), this can be expressed as
plastid number per M. rubra cell (PNC).

TEM. Cells were fixed with 4% paraformaldehyde (EMS,
Hatfield, PA, USA), 2% glutaraldehyde (Sigma, St. Louis,
MO, USA), 0.05 M cacodylic acid (EMS), and 0.1 M sucrose
(Sigma) for 2 h at 4° C; centrifuged (1700g, 10 min); washed
with 0.05M cacodylic acid and 0.1 M sucrose buffer; and
washed again with 0.05 cacodylic buffer. Cells were then
postfixed with 1% osmium for 3 h (EMS). Dehydration was in
ethanol, and embedding in Spurr’s resin. Embedded cells
were thin sectioned, placed on a copper grid, and stained
with uranyl acetate (EMS) and lead (EMS) for TEM viewing
on a JEOL (Peabody, MA, USA) 1200-EX.

Cellular attributes. Cell volume was determined by meas-
uring cell length and width using a ocular micrometer on a
Nikon Eclipse (Nikon Instruments Inc., Lewisville, TX, USA)
inverted microscope at x100 magnification, for at least 30
cells per replicate and time point. Cell volume was calculated

using V (um®) = (n6 ~')w?L, where w is the cell width, and
L the length. Cell concentrations were enumerated by count-
ing gluteraldehyde-fixed (1% final concentration) cells
at x100 magnification on a Nikon Eclipse standard micro-
scope, equipped with a fluorescent light source, and Nikon
filter sets EF-4 B-2A (exciter filter 450-490 nm, dichromatic
beam splitter [DM] 500 nm, barrier filter [BA] 515 nm). Chla
was extracted by filtering culture aliquots onto a GF/C filter
and incubating overnight in 90% acetone at —20° C. Chl a
concentrations were determined using a Turner Designs
(Sunnyvale, CA) model 10-AU fluorometer.

Light absorption measurements. Cell cultures were filtered
onto Whatman GF/F filters in order to measure total par-
ticulate absorption (a..) spectra (Kishino et al. 1985) using a
Shimadzu UV-VIS 2401 dual-beam spectrophotometer
(Shimadzu, Columbia, MD, USA), equipped with a Shim-
adzu IRS-2100 integrating sphere. Detrital absorption (a4)
was determined by scanning the same filter following pig-
ment extraction with methanol and 10% bleach (to remove
phycobilins). Pigment absorption (a,) was then determined
as i —aq. Owing to incomplete removal of cryptophyte
phycobilins, a portion of the detrital scan was removed,
and remaining data used to fill in the gap by interpolating
a power function curve. A B-correction factor (q@®"sPension) =
0.59a""" 2 =0.94) was determined for the Shimadzu
IRS-2100 (Adolf et al. 2003).

Photosynthesis ("*C) measurements. Photosynthesis versus
irradiance (PE) measurements (Lewis and Smith 1983)
were made during exponential cell growth phase, at 4° C
using a photosynthetron (CHPT Manufactures Inc., George-
town, DE, USA) connected to a chiller. Culture aliquots were
removed and kept on ice around midday, and NaH'"*CO;
(ICN, Irvine, CA, USA) was added to a final activity of 1 puCi/
mL~'. At¢ = 0 controls were taken by adding 2 mL of labeled
culture immediately to a vial with 200 pL of formalin (Sigma)
and used later for subtracting background levels of C
activity. Samples for total activity were collected by adding
100 pL. of sample to 200 uL. of B-phenylethylamine (Sigma).
Background and total activity controls were then placed in
the dark at4° C overnight. The '*C spiked culture (2 mL) was
then added to 7mL scintillation vials, on ice, and immedi-
ately transferred to the chilled photosynthetron block. A total
of 15 vials was used for each replicate PE assay and incubated
for 30 min at constant irradiance between 0 and 800 pmol
photons - m?-s~!. At the end of the incubation, the vials were
acidified with 500 pL. 6 N HCl to remove unincorporated "*C
and placed on a shaker overnight at room temperature. In
order to determine the '*C activity of the vials, 4 mL of Ult-
ima Flo AP (Perkin Elmer) scintillation cocktail were added to
the background control and light-exposed vials, while 5 mL
were added to the total activity vials. All "*C incorporation
and control activities were determined using a Tri-Carb
2200CA liquid scintillation counter (Packard Bioscience,
Meriden, CT, USA). Photosynthetic rates were determined
using analytical methods described by Parsons et al. (1984),
and PE data was normalized to hourly rates and either cell or
chl concentrations. Curve fitting for PE data was conducted
in Sigma Plot (SPSS software, Chicago, IL, USA) using an
equation based on Platt etal. (1980): photosynthesis
(P)=Po+PJ1 —exp(—Ea/Py)]lexp(— EP/P;), where P, is the
y-intercept, P, is the maximum potential rate of photosyn-
thesis, o is the initial light-limited slope of the PE curve,
E is the irradiance, and B is the slope of the photoinhibition
region of the curve. From the curve-fitted data, o, Py,ax (max-
imum rate of photosynthesis), I, (photosynthesis-saturating
light irradiance [/;] = Puax/2), and B were determined. P,
and o rates are presented both as cellular (e.g. pecll =
Poax -mL " Ycells-mL~") and chl (e.g. phl = pecll jchl -
cell ") normalized rates in this study (Table 1).
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TasLE 1. Abbreviations and photosynthetic parameters throughout the text.

Symbol Definition
Nm Nucleomorph
n Growth rate (d ")
a™ Chl a-specific spectral absorbance
a(p)chl 335 Chl a-specific spectral absorbance at 335 nm
FJ/F,, Variable fluorescence (dlmensmnless)
P’ Cellular photosynthetic capacity (pg C-cell '-h~
PR Chl a-specific photosynthetic capacity (pg C- ps chl a “LhTh
P C-specific photosynthetic capacity (pg C- pg L h
ocel Cellular photosynthetic efficiency [pg C-cell " '-h~! (umol photons m %5 )]
och! Chl a-specific photosynthetic efficiency [pg C - pg chl a (umol photons-m~2-s~ 1)~ 1]
E, Light saturation parameter from PE curve (umol photons-m~2-s~"')
0 Chl a:C ratio

Variable fluorescence measurements. A pulse amplitude
modulated (PAM) fluorometer (PAM-101, Heinz Walz, Effel-
trich, DEU) was used with a high sensitivity detector. Ten to
20 mL of culture were placed in a glass test tube, and the tube
was illuminated using irradiance from a 150 W xenon lamp
and filtered with Schott (Elmsford, NY, USA) long-pass fil-
ters. Steady-state in vivo chl fluorescence (F;) of cells was
measured during illumination with actinic irradiance. At
I min intervals a saturating pulse (400ms duration) was
applied to obtain a maximum yield (F’,,). The relative effi-
ciency of excitation energy capture by PSII was calculated as
(F'\n — FJ)/F', yielding the parameter F,/F,, (Table 1).

Carbon partitioning measurements. M. rubra or G. cf. cryophila
cells were labeled with 0.1 pCi/mL~' NaH'*COj for 24 h at
culture growth conditions. For analysis of M. rubra cultures,
care was taken not to use cultures with free-living crypto-
phyte prey present. After incubations, cells were gently
filtered onto GF/C filters and placed in a glass 20 mL scintil-
lation vial and acidified with 0.1 mL of 10% HCI and heated
at 55° C until dry, then stored at —20° C until extraction.
Filters were processed for biochemical partitioning of carbon
fixation, using the serial extraction method adapted from
Morris et al. (1974). Filters were folded in half and placed in
a microtube with 1 mL of chloroform (lipid fraction; Sigma),
vortexed, and placed on ice for 10 min. Tubes were spun at
10,700 g for 5 min (for all steps) and the supernatant was de-
canted. This extraction was repeated with an additional
0.5mL of chloroform. Filters were then extracted with
methanol (small molecular weight fraction; Sigma), vorte-
xed, and placed on ice for 10min, centrifuged, and the
supernatant was decanted. A second methanol wash step
was repeated with 0.5 mL. Filters were then extracted with
1 mL of 5% trichloric acetic acid (TCA; Sigma) at 90° C for
1 h. Tubes were vortexed, centrifuged, and the supernatant
was decanted. Filters were then washed with 0.5 mL of cold
TCA, yielding TCA-soluble (polysaccharide) and TCA-insol-
uble (protein) fractions. Various cell fractions were processed
for carbon fixation partitioning by adding scintillation fluid
and processing the samples as described above for PE curves.

Data analysis. Statistical analysis of cell attributes and PE
parameter data were conducted using the mixed model
ANOVA and multiple regression options in SAS/STAT 9.0
(SAS Institute Inc., Cary, NC, USA), and P<0.05 as a level of
significance. Comparisons for ANOVAs between means were
made between treatments (HL vs. LL) and over time using
Tukey’s Studentized range (HSD) test.

RESULTS

Nm and nuclear SSU RNA cryptophyte gene analysis. In
order to identify the phylogenetic origin of plastids in

our M. rubra culture, DNA sequences were deter-
mined for the SSU rRNA gene of the plastid Nm in
both M. rubra and the prey cryptophyte. Identical
sequences were obtained from both the M. rubra cul-
ture and the cryptophyte-only culture. ML analysis
(Fig. 1) revealed that this Nm sequence is most closely
related to G. cf. ¢ryophila (strain CS-138) (four substi-
tutions, five indels per 1783 bp), with 98% bootstrap
(BS) support. Sequences identical to M. rubra SSU
rRNA sequences published previously (Johnson et al.
2004) were also found. The cryptophyte prey culture
has been referred to in the past as Teleaulax acuta
based on microscopic examination (Gustafson et al.
2000, Johnson et al. 2004, Johnson and Stoecker
2005). While no 7. acuta Nm sequence was available
in GenBank for comparison, a nuclear SSU rRNA T.
acuta (strain = MUCCO088) sequence was used to help
clarify the identity of the cryptophyte culture. ML
analysis revealed that on a nuclear level the cultured
cryptophyte was more closely related to G. cf. cryop-
hila (three substitutions, two indels per 1777 bp) than
T. acuta (18 substitution, five indels per 1777 bp), with
100% BS support (Fig. 2).

In order to demonstrate that our M. rubra culture
possesses plastids from G. cf. cryophila, quantitative
PCR was conducted for the G. cf. ¢ryophila Nm se-
quence. The M. rubra culture used for this experiment
had not been fed for 3 weeks and no free-living prey
were detected using microscopy during the entire
time. The number of Nucleomorph genomes per cell
(NGC,~PNC) during the first 10 days was between 9.3
and 10, during which time M. rubra cell numbers near-
ly doubled (Fig. 3). At the end of 15 days the cell
population had undergone 1.32 divisions and NGC
was 8.2 £ 0.1 (Fig. 3). While these NGC numbers are
slightly greater than measured M. rubra:G. ct. cryophila
chl a per cell ratios for this experiment (varying be-
tween 6.8 and 7.9 over 15 days), it is possible that chl
content of sequestered plastids in M. rubra is regulated
differently than in G. cf. eryophila.

Growth and cellular characteristics. Cultures of
Geminigera cf. cryophila had significantly higher
growth rates than Myrionecta rubra at all irradiance
levels (Table 2). Growth rates for G. cf. cryophila de-
creased with decreasing irradiance, while M. rubra
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o8 Cryptomonas ovata (AJ566178)

Chilomonas sp. (AJ420676)
Chilomonas paramecium (1.28812)

Rhodomonas abbreviata (U53127)

1) 96

Pyrenomonas salina (X55032)
Storeatula major (U53129)
Proteomonas sulcata (AJ420692)
Guillardia theta (NC_002752)

sl Teleaulax amphioxea (AJ421146)

Geminigera cryophila (U53123)

'Geminigera cf. cryophila'
Myrigmecta rubra (DQ452092)

Falcomonas daucoides (AJ420689)

100

Hemiselmis rufescens (AJ420690)
Hemiselmis virescens (AJ420691)

Komma caudata (U53121)

Chroomonas sp. (AJ420681)

Chroomonas sp. (AJ420678)

ﬁli Flintiella sanguinaria (AF342749)
Rhodella violacea (AF168624)
Rhodosorus marinum (AF342750)

(.05 substitutions/site

Fic. 1. Phylogenetic analysis of cryptophyte nucleomorph
(Nm) small subunit rRNA gene for Geminigera cf. cryophila and
Myrionecta rubra using a gamma-corrected (I'=0.4317), max-
imum likelihood (ML) (—InL = 7686.45) GTR model with pro-
portion of invariable sites (0.5179) on DNA alignments of 1842
(Nm) sites. Base frequencies and substitution rates were esti-
mated with an ML search. Tree topology was determined using
stepwise addition and 1 x heuristic searches with tree bisection-
reconstruction (TBR) branch swapping and random-addition
sequences. Numbers on branches correspond to bootstrap values
(100 x with stepwise addition and a heuristic search with 2 x
random addition and TBR branch swapping) for each ML tree.

growth rates were not different between HL and LL
(Table 2). Observations of thin sections of M. rubra
using TEM revealed the presence of membrane-
delineated chloroplast-mitochondrial complexes
(CMCs), as described previously (Taylor et al. 1969,
1971, Hibberd 1977, Oakley and Taylor 1978) (Figs.
4 and 5). The chloroplasts possess a stalked pyrenoid,
sometimes with two starch grains, and a Nm, sur-
rounded by the periplastidal double membrane (Fig.
5). A single membrane surrounds the periplastidal
unit, along with cryptophyte mitochondria (with flat-
tened christae), cytoplasm, endoplasmic reticulum,
and sometimes lipid droplets (Figs. 4 and 5). Chl a
per cell was about six times greater in M. rubra than
G. cf. eryophila on average, across all irradiance levels
(Table 2). For both cultures, chl per cell did not differ
at the two highest irradiance levels and increased at
lower irradiance levels (Table 2). Carbon per cell was
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Geminigera cryophila (U5S3124)

(DQ452091)

Chilomonas sp. (AJ007276)
100
Cryptomonas platyuris (AF508271)
2 Cryptomonas ovata (AF508270)
100

Storeatula major (U53130)

Rhinomonas pauca (U53132)

Rhodomonas mariana (AF342750)
100

Rhodomonas abbreviata (U53128)

Goniomonas pacifica (AF508277)

L0 Cyanophora paradoxa (X68483)

Gloeochaete wittrockiana (X81901)

Glaucosphaera vacuolata (X81902)

= (.01 substitutions/site

F1G. 2. Phylogenetic analysis of cryptophyte nuclear (Nu)
small subunit rRNA genes for Gemunigera cf. cryophila and
Myrionecta rubra using a gamma-corrected (I'=0.6326), max-
imum likelihood (ML) (—InL =7339.95) GTR model with pro-
portion of invariable sites (0.4364) on DNA alignments 1829
(Nu) sites. Base frequencies and substitution rates were esti-
mated with an ML search. Tree topology was found using step-
wise addition and 1 x heuristic searches with tree bisection-
reconstruction (TBR) branch swapping and random-addition
sequences. Numbers on branches correspond to bootstrap values
(100 x with stepwise addition and a heuristic search with 2 x
random addition and TBR branch swapping) for each ML tree.

estimated based on cell volume (Menden-Deuer and
Lessard 2000), yielding HL values of 564 + 173 and
62.2 £ 8.5, and LL values of 561 +£194 and
44.5 + 7.4 for M. rubra and G. cf. cryophila, respect-
ively. Chl-specific absorption spectra (a™™) were
essentially identical for both cultures within the vis-
ible spectral range, with a phycoerythrin peak at
550 nm (Fig. 6). However, in the UV portion of ¢
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Fic. 3. Cell abundance and nucleomorph (Nm) genomes per
cell (NGC) (~plastid number per cell) over time for a growing
Myrionecta rubra culture. NGC estimated using quantitative (q)
PCR with an assay designed for the Geminigera cf. cryophila Nm
small subunit rRNA gene. All data points are mean + standard
deviation, n = 3.

spectra, high and unexpected absorption at 335 nm
(UVB) was found in M. rubra, absent in G. cf. cryop-
hila, suggesting the production of mycosporine-like
amino acids (MAA) in the ciliate (Fig. 6, Table 2).
Photophysiology. Maximum cellular photosynthetic
rates (PSSY,) for M. rubra were ~6-7.6 times greater
than those for G. cf. cryophila (Table 2). For both M.
rubra and G. cf. cryophila, PiSY, increased with decreas-
ing irradiance and chl concentration (Table 2). Max-
imum chl-specific photosynthetic rates (Po,) were
identical between cultures in both LL and HL (Table
2). Carbon-specific maximum photosynthetic rates
were greater in G. cf. ¢ryophila and increased for
both cultures in LL (Table 2). Cell-specific carbon
fixation efficiency (a°") increased with decreasing
light for both taxa and were ~3-4 times greater

TaBLE 2. Mean physiological
(75 and 90 pmol photons - m
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F16. 4. TEM section of Myrionecta rubra showing the chloro-
plast-mitochondria complex (CMC) harboring cryptophyte or-

ganelles. ER, endoplasmic reticulum; L, lipid droplet; M,

cryptophyte mitochondria; NM, nucleomorph.

in M. rubra (Table 2). Chl-specific carbon fixation
efficiency (™) was greater at all growth irradiances
in G. cf. cryophila, as were measurements of photochem-

;)arameters and SD in parentheses for Mymmecta rubra and Geminigera cf. cryophila in HL
") and LL (10 and 25 pmol photons - m~?+s

at5°C

Myrionecta rubra (n = 3)

Geminigera cf. cryophila (n = 2) Ratios (MR:GC)

HL LL* HL LL HL LL
C 564 (173) 561 (194) 62.2 (8.5)* 44.5 (7.4)* 9.07 12.6
M 0.179 (0.03) 0.125 (0.034) 0.26 (0.02)*** 0.20 (0.03) * 0.69 0.64
chla-cell ! 15.4 (2.8) 97.8 (5.9) 9.6 (0.14)** 4.5 (0.6)%*x 5.89 6.14
a(p)™ 3 0.22 (0.08) 0.062 (0.015) .023 (0.002)*+ 0.018 (0.002)* 9.38 3.46
Fu/Fp 0.54 (0.04) 0.66 (0.01) 0.64 (0.02)** 0.73 (0.05) * 0.85 0.90
peell. 10.1 (1.9) 21.9 (1.8) 1.7 (0.23 )%= 2.87 (0.24)** 5.95 7.61
et 0.64 (0.16) 0.68 (0.04) 0.65 (0.07) NS 0.65 (0.13) NS 0.98 1.04
P 0.02 (0.005) 0.040 (0.003) 0.03 (0.006)** 0.065 (0.004)%* 0.67 0.61
geell 0.16 (0.014) 0.394 (0.031) 0.04 (0.01)%** 0.12 (0.04)*** 4.02 3.40
ot 0.01 (0.001) 0.012 (0.001) 0.015 (0.004)** 0.025 (0.006)** 0.64 0.49
E, 60.2 (9.9) 56.9 (3.5) 49.4 (2.7) 93.7 (7.8)*** 1.22 2.41

*Twenty-five pmol photons-m~2-s~!
G. cf. cryophila.

*P<0.05.

**P<0.005.

**xP<(.001.

NS, not significant; C = pg C-cell™'; chla-cell ™' =
LL, low light; HL, high light.

only. Asterisks indicate results of a paired 7-test analysis (P<0.05) between M. rubra and

pg chla-cell™'; see Table 1 for descriptions and units of other parameters.
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ical efficiency (F./F.,) in HL (Table 2). Significant in-
creases were seen in o in the cryptophyte at lower ir-
radiance levels (P =0.033), while no change was
observed in M. rubra (Table 2). The saturation irradi-
ance parameter (£,) was greater in M. rubra in LL, sug-
gesting greater light-harvesting potential but poorer
photochemical acclimation at low irradiance (Table 2).
Carbon partitioning. Lipid production in M. rubra
was about 20% of total photosynthetic C production,
compared with about 6% in G. cf. ¢ryophila (Fig. 7a).
Photosynthate-mediated protein synthesis was 31%
greater in G. cf. cryophila, while low-molecular-weight
compound (LMWC) and polysaccharide production
were similar. The majority of fixed C in both cultures
was found in the protein fraction, 64% and 44% for
G. cf. eryophila and M. rubra, respectively. Compari-
sons of C partitioning were also made at three light
levels for M. rubra only. In HL, M. rubra produced
greater amounts of lipids and less protein, while more
C remained in the polysaccharide pool in LL (Fig. 7b).
No difference was observed in the LMWC fraction.

DISCUSSION

Plastid origin. We have shown that plastids in a
cultured strain of M. rubra are phylogenetically iden-
tical to those of'its prey, G. cf. cryophila, as all Nm SSU

Fi16. 5. TEM section of My-
rionecta rubra showing the chloro-
plast-mitochondria complex
(CMC) harboring cryptophyte
organelles. M, cryptophyte mito-
chondria; NM, nucleomorph;
P, pyrenoid; S, starch; long ar-
row, periplastidal double mem-
brane; short arrow, CMC outer
membrane.
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rRNA gene sequences amplified from the M. rubra
and prey-only cultures were identical. These findings
do not rule out the presence of another plastid type
in M. rubra, including a permanent “symbiotic” plas-
tid that could have been missed due to primer bias or
existing in low concentrations. To further address
this, quantitative PCR was used to determine if ob-
served chl concentrations could be attributed to the
G. cryophila plastid type by measuring Nm SSU rRNA
gene concentration in growing M. rubra cells. Our M.
rubra culture maintained eight to 10 G. cf. cryophila
plastids per cell, and these plastids undergo division
in growing M. rubra, as evidenced by measurements
of Nm genomic copies of the SSU rRNA gene. Chl
content in M. rubra has been shown to vary with
feeding history (Gustafson et al. 2000, Johnson et al.
2004), and thus PNC is likely variable. While this
is perhaps the first documentation of sequestered
organelle division in a protist, the results are not
surprising considering previous evidence for chl
synthesis in this ciliate (Gustafson etal. 2000,
Johnson and Stoecker 2005). These quantitative
PCR estimates of plastids per cell agree reasonably
well with estimates from ratios of chl per cell in M.
rubra and free-living G. cf. ¢ryophila, which can aver-
age between five and 12 plastids per cell for a popu-
lation, depending on feeding history (estimated from
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F16. 6. UV and visible chl-specific spectral absorption for (A)
Geminigera cf. cryophila and (B) Myrionecta rubra. Inset is visible
spectrum only. All spectra are means (n = 2).

Johnson and Stoecker 2005). While prolonged star-
vation of M. rubra from G. cryophila prey results in
dramatic decline of chl per cell, cells stop growing or
die before losing all chl (Johnson and Stoecker 2005).

Individual cell variability for plastid content in M.
rubra is certainly much greater than the numbers pre-
sented above, as both unusually large and small cells
are frequently observed within the culture. Our plastid
per cell data are similar to those of Hibberd (1977),
who estimated 12 CMCs per cell, while other estimates
far outnumber those presented here. Oakley and Taylor
(1978) estimated 50-100 CMCs per cell in populations
of large M. rubra in British Columbia, while Fenchel
(1968) estimated 10-20 in cells collected in the Isefjord
of Denmark. In the Baltic Sea, distinct size classes of co-
occurring large and small M. rubra are well known
(Lindholm 1978, Rychert 2004), yet it is unclear if this
is due to differences in division rate, life history stages,
or undescribed species variation. The ultrastructure of
CMC s in the M. rubra culture is consistent with those
described elsewhere, with the plastid and Nm intact
within the periplastidal membrane complex, together
with cryptophyte mitochondria, cytoplasm, and endo-
plasmic reticulum enclosed within a single membrane
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F1G. 7. Analysis of partitioning of photosynthetically fixed C
into (A) Geminigera cf. cryophila and Myrionecta rubra acclimated to
low light (25 pmol photons-m~2-s~ ') and (B) M. rubra accli-
mated to low light and high light (75 and 90pumol pho-
tons-m~2-s~'); n=3; T-test: *P<0.05, **P<0.01.

(Taylor et al. 1969, 1971; Hibberd 1977; Oakley and
Taylor 1978). Clearly the degree of phenotypic vari-
ability described for M. rubra and its “symbionts” war-
rants comparative ultrastructural and molecular
analyses to determine if it is truly a single species or
a complex of closely related species.

Photosynthetic physiology. M. rubra plastids are used
in an independent fashion, with optimal perform-
ance and sustained maintenance dependent on re-
current feeding (Johnson and Stoecker 2005).
Comparison of photosynthetic physiology between
M. rubra and its prey G. cf. cryophila revealed several
important differences. In HL, plastids in G. cf.
cryophila have greater photosynthetic efficiency (i.e.
atl) and optimal quantum efficiency (F,/F,,), sug-
gesting differences in plastid packaging, repair
mechanisms, and/or energy dissipation. However,
P rates were about the same between cultures, in-
dicating similar capacity for photosynthesis under
saturating irradiance. Lower F\/F,, in M. rubra indi-
cates a slight loss of absorbed energy. Differences in
quantum efficiency between the two cultures could be
explained by differential abundance of important
electron transport chain proteins, differences in
nitrogen assimilatory pathways, or other factors that
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may affect the flow of electrons through plastoqui-
none (Falkowski and Raven 1997).

While higher measurements of P, have been
observed previously for this M. rubra culture (up to
1.5pg C-pg chl a ' -h™"), photosynthetic perform-
ance of M. rubra depends greatly on recent feeding
history, increasing as cells become starved and chla per
cell declines (Johnson and Stoecker 2005). Satoh and
Watanabe (1991) measured similar Pghi, rates (1.04 pg
C-pg chla™'-h™") for M. rubra in Antarctic waters.
While our measurements for P, in G. cf. cryophila and
M. rubra are low for phytoplankton, they fall well with-
in the range of measured polar microalgae, which gen-
erally varies between 0.3 and 2.0 pg C-pgchla~'-h~'
(Sakshaug and Slagstad 1991, Robinson et al. 1997). It
is generally thought that low temperature limits the
activity of carbon fixation enzymes (e.g. RUBISCO),
thus limiting photosynthesis (Berry and Bjorkman
1980).

One major difference observed between cultures
was the absorbance of compounds in M. rubra that re-
semble MAA, absent in the G. cf. cryophila culture (Fig.
6). The MAAs have been shown to protect against UV
inhibition of photosynthesis in Akashiwo sanguinea
(= Gymnodinium sanguineum) (Neale et al. 1998), and
have been reported in diverse phytoplankton lineages
(Jeffrey et al. 1999) including ciliates (Tartarotti et al.
2004). In M. rubra, MAA production increased with
increasing E,, suggesting that irradiance levels induce
MAA production, as is found in A. sanguinea (Neale
et al. 1998). Perhaps the presence of MAAs in M. rubra
helps to explain their propensity to form surface-ori-
ented red tides, while their absence in cryptophytes
explains the lack of surface accumulations in this group.

In phytoplankton, o™ generally does not vary
phenotypically (e.g. with acclimation state), and vari-
ation among taxa can be attributed to differences in
pigment composition and packaging (Maclntyre et al.
2002). Chl-specific photosynthetic efficiency (o) for
M. rubra did not change between HL and LL in this
study and was significantly lower than for G. cf.
cryophila at all light levels. Lower o™ in M. rubra is
likely because of a “packaging effect,” where absorp-
tion of light per unit chl « is less efficient due to high
chl @ per cell concentration. Surprisingly, ot did
change for G. cf. cryophila by increasing in LL, suggest-
ing that changes in o™ may be due to something other
than chl @ concentration. In cyanobacteria o™ increas-
es with decreasing E; due to increases in phycobilin
concentration, as phycoblhns are the major light-har-
vesting pigment in cyanobacteria (Kana and Glibert
1987). In cryptophytes, however, this is generally
thought not to be the case (Adolf et al. 2003), and
thus changes in o reported here for G. cf. cryophila
might be due to changes in pigment packaging or op-
tical qualities of the cell. Based on measurements of
saturation irradiance (E}), neither M. rubra nor G. cf.
cryophila were exposed to saturating growth irradiance
in LL. Previous research with M. rubra suggests that in
HL, E/E, is greater than 1 following feeding and de-

clines during starvation as cells lose the ability to make
chla and essentially become light limited (Johnson and
Stoecker 2005). While M. rubra functions like a pho-
totroph and is capable of temporary chl @ synthesis
(Gustafson et al. 2000, Johnson and Stoecker 2005), it
may not be able to photoacclimate to E, as efficiently as
other phototrophs.

Growth and Carbon metabolism. M. rubra is well
known for its ability to generate red tides and its
high photosynthetic rates (Smith and Barber 1979).
Thus measurements for P and p presented here
and elsewhere (Gustafson et al. 2000, Johnson and
Stoecker 2005) for this Antarctic strain of M. rubra
appear quite modest. Recently, Yih etal. (2004)
found maximum growth for a strain of M. rubra
growing at 15°C to be 0.521d~". Using maximum
growth rates observed for the Antarctic strain
(~0.2d™") at 5° C, this would suggest a Q,, of about
2.6, which is similar to median Q,, values for respir-
ation rates in protists (Caron et al. 1990). The Q,, for
photosynthesis in microalgae for temperatures within
the 2-8° C range is generally around 3 (Palmisano
et al. 1987). Thus, using data presented here and
elsewhere (Johnson and Stoecker 2005), one may
expect that M. rubra growing at 15° C would have a
P, between 3 and 5pg C-pgchla'-h~', which is
more consistent with measurements of Stoecker et al.
(1991) who measured 1.8-8.6 pg C-pgchla™'-h™'
at temperatures between 15 and 22° C in temperate
populations of M. rubra.

Differences in PN, rates for M. rubra and G. cf.
cryophila scaled with observed differences in chl a per
cell with values for M. rubra being ~6-fold greater.
Averaged p for M. rubra was 62.6 £6.6% of G. cf.
cryophila, which agreed well with observed PS... rates
(64.8 £ 4.2% of G. cf. cryophila) and O ratios (57.9 +
11% of G. cf. cryophila) across all irradiance levels
(Eg). The Chl:C ratio is a key physiological parameter,
as chl ¢ and C are widely used to normalize photo-
synthetic rates (MaclIntyre et al. 2002). Lower 8 quotas
in M. rubra are probably the major cause of lower p
for M. rubra, as both PP and PS,.. rates were greater
in G. cf. eryophila. Johnson and Stoecker (2005) dem-
onstrated that p in M. rubra is ultimately limited by
availability of G. cf. cryophila prey, but declines slowly
during periods of prolonged starvation, despite the
presence of inorganic nutrients and somewhat
sustained photosynthetic rates. Therefore, in M. rubra
0, nand to a lesser extent P are sensitive to prior feed-
ing history. Variable prey concentrations were not con-
trolled in this study and thus their effect on
photosynthetic rates and p in M. rubra cannot be evalu-
ated here. Growth rates presented here for M. rubra
are similar to previous observations for this culture
(~=0.19d ") (Johnson and Stoecker 2005), as well as to
values reported for M. rubra in brackish Antarctic lakes
(~0.18d "~ '; Laybourn-Parry et al. 2000). Growth for
HL G. cf. cryophila (~0.26 d ') was substantially higher
than for M. rubra, and higher than for cryptophytes in
brackish Antarctic lakes (~0.08-0.14d~'; Laybourn-



1244 MATTHEW D. JOHNSON ET AL.

Parry et al. 2000). However, comparisons of G. cf.
cryophila growth at close to in situ irradiance levels for
Antarctic Lakes (3.5-13pumol photons-m~%-s~ ")
reveal similar rates (Marshall and Laybourn-Parry
2002). Likewise, the P! values for G. cf. cryophila
acclimated to 10 pmol photons m ™~ ?-s~ ' reveal values
similar to those reported for Lake Fryxell (~1.3 pg
C-cell”'-h~'; Marshall and Laybourn-Parry 2002).
Calculations of the percentage of growth per day (as
C) attributable to photosynthesis indicate that in HL
M. rubra and G. cf. eryophila both fix similar propor-
tions of new C per day (~147%cell C-d "), while in
LL G. cf. eryophila fixes proportionately 35% more C
(256% and 189%cell C-d ', for G. cf. eryophila and M.
rubra, respectively). In order to compare M. rubra to
other plastid-sequestering protists, we calculated pho-
totrophic C production for the plastidic oligotrich
Laboea strobila (Stoecker et al. 1988) and the kleptopl-
astidic dinoflagellate Gymnodinium ‘gracilentum’ (Skovg-
aard 1998). While L. strobila has high P, rates,
photosynthetically fixed C only accounts for 19.7% of
new cell C per day. Gymnodinium ‘gracilentum’ was found
to fix a greater proportion of cell C (83.3%), but still
requires substantial heterotrophic C assimilation to
meet growth and respiration requirements. Calcula-
tions for percentage of new C fixed per day for M.
rubra in this study and previous observations (Johnson
and Stoecker 2005) varied between 148% and
263%d ' and are similar to other phototrophs.
Comparisons of C partitioning in major biochemical
fractions in microalgal cultures and phytoplankton as-
semblages has been used to infer mechanisms of C
storage, major differences in C metabolism between
taxa, and to evaluate effects of nutrient limitation
(Morris 1981). Our results suggest that M. rubra stores
high quantities of fixed C as lipids, which increases in
HL. While both M. rubra and G. cf. cryophila produced
large quantities of protein, greater protein production
in G. cf. ¢ryophila may simply reflect higher growth
rates. Putt (1990) compared C partitioning of retained
plastids in the photosynthetic oligotrich ciliate L.
strobila to those of prey and found that proportionate-
ly less C from photosynthesis in L. strobila was used for
production of protein and lipids, while more remained
within the polysaccharide fraction. Thus photosyn-
thesis in L. strobila, and presumably other plastidic
oligotrichs, is primarily used to cover respiratory costs
(Putt 1990). Our calculation of C production per day
for L. strobila (above) also supports the notion that
plastidic oligotrichs have high heterotrophic C require-
ments. M. rubra appears to have little need for hetero-
trophic C, and while growth is optimal following
feeding on cryptophytes, it appears to be a result of
enhanced growth efficiency and phototrophy (Johnson
and Stoecker 2005). Estimates of heterotrophic C con-
tribution to the C budget of M. rubra indicate that
feeding accounts for an insignificant amount of
growth, suggesting that the need for periodic inges-
tion of prey is simply to replenish cryptophyte organ-
elles (Gustafson et al. 2000, Yih et al. 2004, Johnson

and Stoecker 2005). Differences in lipid production
between M. rubra and G. cf. cryophila may reflect dif-
ferences in membrane structures or variation in the
extent and form of storage products. High production
of lipids in algal cells has also been attributed to N
limitation and adaptation to living in polar ice (Kirst
and Wiencke 1995).

CONCLUSIONS

We have shown that M. rubra functions as a profi-
cient phototroph, using plastids from G. cf. cryophila in
a commensurately efficient manner in HL but not LL
conditions. Major differences in growth rates observed
between M. rubra and G. cf. cryophila were best ex-
plained by differences in 6 and Pg,.. rates, both of
which vary with feeding history in M. rubra. High pro-
tein and lipid production from photosynthate suggests
that plastids are integrated into biosynthetic pathways
of M. rubra, unlike other plastid-retaining protists. The
division of sequestered plastids is a unique character-
istic, indicating that M. rubra has regulatory control
over chl synthesis and plastid division. This and pre-
vious studies of M. rubra (Gustafson et al. 2000, John-
son et al. 2004, Johnson and Stoecker 2005) suggest
that the ciliate may be in the transition of permanently
acquiring plastids, and thus serves as a useful evolu-
tionary model for tertiary plastid acquisition via organ-
elle retention. It is important that future studies of the
ciliate begin to focus on strain and/or species variation
with feeding and “symbiont” organization.
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