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Glycine decarboxylase (GDC) is a multi-subunit
enzyme that plays a key role in the photorespiratory
pathway. A ¢cDNA (GDCT) with a deduced amino
acid sequence sharing up to 64% homology and
50% identity with the T-protein subunit of GDC
from land plants was identified from the centric
diatom Thalassiosira weissflogii (Grun.) Fryxell et
Hasle. The effect of light on transcript abundance
was determined using competitive RT-PCR. GDCT
mRNA per cell decreased during prolonged dark
incubations and was higher in cells grown at higher
light intensities, independent of growth rate. Cells
acclimated to a 12:12-h light:dark cycle maintained
the same amount of GDCT transcripts before and
after the dark phase, but rapidly increased transcript
levels in the light with a peak “mid-day.” Rapid
increases in GDCT message abundance also occurred
in response to an increase in irradiance. Transcript
abundance of twcal, the gene for carbonic anhy-
drase, was also measured and displayed a slower and
much less pronounced response to changes in light
intensity. An HPLC-based method was used to mea-
sure the concentration of the photorespiratory-spe-
cific compound glycolate in the culture media. Only
cultures shifted from low subsaturating irradiances
to the highest light intensity released significant
amounts of glycolate. Our results suggest that quan-
tifying GDCT mRNA in conjunction with measure-
ments of glycolate will allow us to monitor both the
initiation of photorespiration and its physiological
consequences in the marine environment.
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Photorespiration occurs when Oy outcompetes CO»
for binding with the carbon-fixation enzyme RU-
BISCO. Fixation of O, rather than CO, results in the
formation of a two-carbon molecule, 2-P-glycolate, that
cannot enter the Calvin cycle. Instead, 2-P-glycolate is
metabolized in the photorespiratory pathway, produ-
cing a succession of organic carbon and nitrogen
compounds including glycolate, glycine, and serine.
Ultimately, 3-P-glycerate is generated and enters the
Calvin cycle. However, one of every four carbons that
enters the photorespiratory pathway is used to pro-
duce CO; (Oliver 1998), and the conversion of glycine
to serine results in the formation of NH; (Keys et al.
1978). In marine algae, high light and high concentra-
tions of O, are known to enhance photorespiration
(Beardall 1989) and promote leakage of organics such
as the photorespiratory-specific compound glycolate
(Hellebust 1965, Al-Hasan and Coughlan 1976, Fogg
1983). Thus, photorespiration may play a key role in
mediating the release of fixed carbon and nitrogen
from cells under conditions of high light or high O..

In the marine environment, phytoplankton often
experience both high light and high O, concentrations
concurrently during a bloom. Rapid increases in
growth and cell division that define a bloom are
dependent on the availability of light, and the resulting
increase in photosynthesis can dramatically saturate
the surrounding seawater with oxygen (Duxbury et al.
2000). Blooms are often associated with carbon and
nitrogen fluxes out of the mixed layer because of
aggregation and sinking of cells (Scharek et al. 1999)
or packaging of cells into fecal pellets (Buck and
Newton 1995). However, evidence suggests that as
much as 10%-30% of the carbon fixed by phytoplank-
ton is released as dissolved organic matter (Baines and
Pace 1991, Malinsky-Rushansky and Legrand 1996,
Nagata 2000), often in response to a physiological
stress such as exposure to high light (Verity 1981,
Chrost and Faust 1983, Zlotnik and Dubinsky 1989).
The contribution of photorespiration to the release of
dissolved organic carbon (DOC) from phytoplankton
cells has been estimated under laboratory conditions to
be about 5%-40% (Al-Hasan and Coughlan 1976, Fogg
1983, Leboulanger et al. 1998). However, it is inher-
ently difficult to assess the contribution of photore-
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spiration to DOC release in the field because of the
rapid turnover of its products.

The primary means for detecting photorespiration
in the field is the measurement of the photorespira-
tory-specific compound, glycolate. Leboulanger et al.
(1997) found high concentrations of glycolate in sea-
water from oligotrophic to eutrophic sites, suggesting
photorespiration may be ubiquitous in the pelagic
environment. Concentrations of glycolate were also
found to increase during the day and to decrease at
night. This lead to the hypothesis that during the day
production by phytoplankton likely outpaced uptake
by heterotrophs, whereas at night net heterotrophic
uptake occurred. Laboratory studies have shown that
glycolate is metabolized by many species of marine
bacteria (Wright and Shah 1975, Pant and Fogg 1976,
W. W. Y. Lau, personal communication). Therefore,
the concentration of glycolate in seawater is likely a
factor of both production by phytoplankton and up-
take by bacteria, suggesting that bulk glycolate con-
centrations may underestimate photorespiration in
field samples.

In this study we focused on finding an internal
molecular marker with the potential for monitoring
photorespiration in diatoms. Diatoms are frequently
dominant components of phytoplankton blooms (Nel-
son et al. 1995) and are often associated with carbon
and nitrogen export (Longhurst and Harrison 1989).
The marker we chose is the gene for a central enzyme
of the photorespiratory pathway, glycine decarboxy-
lase (GDC). Together with serine hydroxymethyltrans-
ferase, GDC catalyzes the conversion of two glycine
molecules into one serine with the consequent release
of CO, and NH; in the mitochondria. In heterotrophs,
GDC is used in catabolism of both glycine and serine
(Kikuchi and Hiraga 1982). In autotrophs, GDC may
be used in biosynthesis of amino acids, but the primary
use of this enzyme is in photorespiration (Oliver et al.
1990, Mouillon et al. 1999). An increase in both glycine
and serine due to the metabolism of glycolate during
photorespiration has been observed in several marine
algae (Burris 1977, Leboulanger et al. 1998). GDC is
an enzyme composed of four subunits, denoted L-, P-,
H-, and T-protein. Transcription of the genes for the
H-, T-, and P-proteins are light dependent in land
plants consistent with photorespiration as a light-de-
pendent pathway (Turner et al. 1993, Vauclare et al.
1998). Here, we report the full-length sequence of a
cDNA (GDCT) from the centric diatom Thalassiosira
weissflogii that we hypothesize encodes the T-protein of
GDC. We further demonstrate the dependence of
GDCT transcript abundance on light. In addition, we
quantify the cellular release of glycolate under experi-
mental conditions establishing a link between GDCT
transcript abundance and photorespiration.

MATERIALS AND METHODS

Culture conditions. Axenic cultures of T. weissflogii Grun.
(Provasoli-Guillard National Center for Culture of Marine

Phytoplankton, CCMP1336 clone Actin isolated from Long
Island Sound, NY, USA) were maintained at 20° C in sterile
f/2 medium (Guillard 1975) in exponential growth using
semicontinuous batch cultures (Brand et al. 1981). Cultures
were swirled daily and acclimated to four continuous light
intensities (cool-white fluorescent bulbs): 15, 50, 150, and
400 pmol photons-m ~%-s~'. Based on previous work with 7.
weissflogii by Armbrust et al. (1990), the four light intensities
included one at growth saturation (150pmol photo-
ns-m~%-s7"), one well above growth saturation (400 pmol
photons-m ~2-s~ '), and two subsaturating irradiances (15
and 50 pmol photons-m~2-s™"). Additional cultures were
maintained in exponential growth on a 12:12-h light:dark
cycle of 100 pmol photons-m~2-s~"' at 20° C. In vivo chl a
fluorescence was monitored daily with a 10-AU fluorometer
(Turner Designs, Sunnyvale, CA, USA). Cultures acclimated
to a light:dark cycle were measured just before the end of the
dark period. When the slopes from three or more growth
curves were no longer significantly different (F-test, Zar
1996), the culture was considered acclimated. Growth rates
were determined from the change in fluorescence of three
successive transfers after acclimation. For experiments, cells
were grown in 500-mL or 1-L flasks in 250 mL or 500 mL of
media, respectively. To minimize nutrient limitation effects,
experiments were started when cultures were in early ex-
ponential growth (approximately 20,000 cells-mL~") and
terminated before late exponential growth (approximately
80,000 cells - mL ).

Cloning and sequencing. Clones from a partial cDNA library
(Armbrust 1999) were sequenced using plasmid DNA pre-
pared with the Qiaprep Spin Miniprep kit (Qiagen Inc.,
Valencia, CA, USA) and cycle sequenced with M13 forward
and reverse primers and a Thermo Sequenase II Dye Termi-
nator Cycle Sequencing Kit (Amersham Biosciences Corp.,
Piscataway, NJ, USA). Sequences were analyzed using an ABI
373A automated sequencer (Applied Biosystems, Foster City,
CA, USA). One partial cDNA was chosen for further sequen-
cing because the predicted protein displayed high homology to
the T-protein of glycine decarboxylase (GDCT). The full-
length GDCT cDNA was generated using rapid amplification
of ¢cDNA ends (RACE). RACE PCR primers to adaptor
sequence (AP1, BD Biosciences Clontech, Palo Alto, CA,
USA) and gene-specific primers were used to amplify the 5’
and 3’ ends of the GDCT ¢DNA using Advantage cDNA
polymerase mix (Clontech) in a 20-pL reaction containing 4
pmol of each primer and 0.4 mM dNTPs. The RACE profile
began with an initial denaturation step of 94° C for 1min
followed by 5 cycles of 94° C for 30s, 72° C for 4 min; 5 cycles
of 94° C for 305, 70° C for 4 min; 25 cycles of 94° C for 20, 68°
C for 4 min. Amplified fragments were ligated into the pCR2.1-
TOPO vector and used to transform TOP10 Escherichia coli
cells (TOPO TA cloning kit, Invitrogen Corp., Carlsbad, CA,
USA). Plasmid minipreps of positive clones were generated
and inserts cycle sequenced as described above. New gene-
specific primers were developed and the process repeated until
the initiator methionine sequence ATG (5’ end) and the
poly(A) tail (3’ end) were identified. The GenBank accession
number for the full-length GDCT ¢cDNA is AY375364. Pre-
dicted amino acid sequences were aligned using ClustalW
(Thompson et al. 1994) in BioEdit v. 5.0.9 (Hall 1999).

Sampling and RNA extraction. For each light induction
experiment, cells were placed in the dark for 24 h before a
transfer to 400 pmol photons-m~2-s~' for an additional
24 h. Depending on the experiment, one, two, or three flasks
were filtered independently at each sampling. Just before
sampling, cell counts were performed (Coulter Multisizer 1T
particle counter, Beckman Coulter Inc., Miami, FL, USA)
and cultures tested for bacterial and fungal growth (50-pL
sample in autoclaved test media: 0.5% Bactopeptone and
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0.5% malt extract in filtered seawater). Cells were gently
vacuum filtered onto either 0.45-um pore size filters (Milli-
pore, Bedford, MA, USA) or GFF filters (Whatman Inc.,
Newton, MA, USA). Cells were scraped from the filter and
immediately frozen at —=70° C or else incubated in 1 mL
RNAlater (Ambion Inc., Austin, TX, USA) at 4° C overnight
and transferred to —20° C for later processing.

Cells in RNAlater were thawed, amended with 100 puL
sterile PBS (0.8% NaCl, 0.02% KCI, 0.144% Na,HPO,,
0.024% KHyPO,, pH 7.4), and centrifuged at 10,000¢ for
5 min. RNA was extracted from all cell pellets using the RNeasy
Plant Mini Kit (Qiagen) and incubated with 6 units of DNase
(Ambion) for 2h at 37° C. These samples were then purified
following the manufacturer’s instructions for the RNA cleanup
protocol (RNeasy Plant Mini Kit, Qiagen) or phenol/chloro-
form extracted and ethanol precipitated. The absence of DNA
contamination in the RNA samples was tested using GDCT-
specific primers GDCF and GDCR in a PCR. The sequence
of GDCF is ATGGGTCAGATTCGTTGG and GDCR is
GTGCTCCTAACCCAGTGG. The PCR profile was 94° C for
2 min followed by 30 cycles of 94° C for 105, 56° C for 30's, 72°
C for 1 min. The PCR amplification was performed in a 10-pL
reaction containing a minimum of 100 ng of total RNA, 2.5
mM MgCls, 0.4 mM dNTPs, 4 pmol of each primer, and 0.38
units Tag polymerase (Promega, Madison, WI, USA). The
DNA-free total RNA was quantified and assessed for quality
using a GeneQuant RNA/DNA Calculator spectrophotometer
(Biochrom Ltd., Cambridge, UK). Only samples with an ab-
sorbance ratio (Aggo/Asgo) > 1.7 were used for RT-PCR. DNA-
free RNA was stored at =70° C for later analysis.

Competitive RT-PCR. Similar to the methods of Jacobs
et al. (1999), a deletion competitor to the GDCT fragment
was created by PCR using GDCR and a hybrid primer. The
first 18 bp on the 5’ end of the hybrid primer were identical
to GDCF. The remaining 18 bp were identical to a region 48
bp downstream from the GDCF annealing site. The sequence
of the hybrid primer is ATGGGTCAGATTCGTTGGATTG-
CATCTCTTCCCGCC. The PCR amplification to generate
the competitor was performed in a 10-pL reaction containing
2.5 pg of a GDCT cDNA fragment in pCR2.1-TOPO vector,
2.5 mM MgCl,, 0.4 mM dNTPs, 4 pmol of GDCR and the
hybrid primer, and 0.38 units 7aq polymerase (Promega).
The PCR profile was 94° C for 2 min followed by 30 cycles of
94° C for 10s, 56° C for 30s, 72° C for 1 min. The PCR
amplification of GDCT ¢DNA with the hybrid primer and
GDCR generated a fragment 48 bp smaller than the frag-
ment amplified by GDCF and GDCR. The deletion compe-
titor was cloned using the TOPO TA Cloning Kit (Invitrogen)
and the plasmid isolated from positive clones using the
Qiaprep Spin Miniprep Kit (Qiagen). Five units of BamHI
were used to linearize 350 ng of plasmid DNA from positive
clones. The restriction enzyme was removed with a phenol/
chloroform extraction and ethanol precipitation. Competitor
was transcribed in wvitro using the MAXIscript In Vitro
Transcription Kit (Ambion) with T7 RNA polymerase. As
above, RNA was tested for DNA contamination and contami-
nated samples were treated with DNase.

The PCR primers and a deletion competitor were also
constructed for amplification of the gene for carbonic anhy-
drase from T. weissflogit cDNA (twcal, Roberts et al. 1997). The
primers for tweal amplification are CAF2, GGAACCGAACAC-
TACTCTGTC, and CAR1, CCCATTCCCATTTCTTCATCG.
The deletion in the twcal competitor was 55 bp. The sequence
for the hybrid CA primer is GGAACCGAACACTACTCT-
GTCGCCGTACCCTTGCCGAGG.

Ten to 1000 pg of both GDCT and tweal competitor RNA
were combined with 200 or 400 ng of total RNA from each
sample and reverse transcribed using the 1* Strand ¢cDNA
Synthesis Kit (Clontech). The resulting first-strand ¢cDNAs

were diluted 4-fold with sterile water, and 1-3 pL. was used in
a 10-pL PCR containing 2.5 mM MgCl,, 0.4 mM dNTPs, 4
pmol of either GDCF and GDCR or CAF2 and CARI, and 0.38
units Tag polymerase (Promega). The GDCT ¢cDNA and its
competitor cDNA were amplified using primers GDCF and
GDCR with an initial denaturation step of 94° C for 2min
followed by 30 cycles of 94° C for 105, 56° C for 30s, 72° C for
I min. The tweal ¢cDNA and its competitor were amplified
using primers CAF2 and CARI with an initial denaturation
step of 94° C for 2 min followed by 28 cycles of 94° C for 10s,
58° C for 30s, 72° C for 1 min. A minimum of three PCRs were
run for each sample for both GDCT and twcal quantification.
The DNA bands were separated on a 2% agarose gel, stained
with SYBR Green (Molecular Probes, Eugene, OR, USA), and
visualized using a FluorImager 575 (Molecular Dynamics,
Amersham Biosciences Corp.) or FMBIO IT Multi-View fluor-
escence imager (Hitachi Kokusai Electric, Tokyo, Japan). Gel
images were quantified using the software ImageQuaNT v.
4.1b (Molecular Dynamics). Significant differences were deter-
mined using the software SPSS for Windows (v. 8.0.0) (SPSS
Inc., Chicago, IL, USA) running a one-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference tests.
Glycolate measurements. Experiments were conducted with
cultures in early to mid-exponential growth to eliminate any
effects of nutrient limitation on glycolate excretion. At each
sampling, 10-30 mL of culture was syringe filtered through
autoclaved 0.2 pm GTTP filters (Millipore) using autoclaved
Swinnex filter holders (Millipore) and sterile rubber-free
syringes. The filtrate was immediately processed or kept at
4° C for processing within a few hours. Glycolate concentra-
tions were measured by HPLC using a modification of the 2-
nitrophenylhydrazide method of Albert and Martens (1997).
Samples were derivatized with 2-nitrophenylhydrazide for
1.5h at room temperature and loaded onto a 1.5-cm con-
centrating column (C-18, Beckman Coulter Inc.) within the
injection loop of a Gilson (model 231) autosampler (Gilsan
Inc., Middleton, WI, USA). After washing the concentrator
column with water, the sample was injected onto a 25-cm
Beckman Ultrasphere C18 column (Beckman Coulter Inc.),
and glycolate was separated from other organic acids using
the ion-pairing solvent system of Albert and Martens (1997).
An HPLC system with an SPD-10Avvp uv-vis detector set to
400 nm was used for sample detection (Shimadzu, Columbia,
MD, USA). Glycolate concentrations were calibrated against
standards of glycolate in /2 culture media. To determine the
relationship between acclimation light intensity and glycolate
release, an ANOVA of regression statistics for glycolate
release versus light level was performed. Significant differ-
ences between time course samples were determined using
the software SPSS for Windows (v. 8.0.0) running a one-way
ANOVA and Tukey’s honestly significant difference tests.

RESULTS

Isolation of a. Thalassiosira weissflogii cDNA encod-
ing the T-protein subunit of GDC. The predicted amino
acid sequence of a partial cDNA from a sexual
reproduction subtraction library (Armbrust 1999)
displayed 58% identity and 65% homology to the
glycine decarboxylase T-protein (GDCT) from the C4
plant Flaveria trinervia. RACE PCR was used to gen-
erate a full-length cDNA for this gene. The initiator
methionine was assumed to be the first ATG in the
full-length cDNA resulting in an open reading frame
of 1245 bp and a 3’ untranslated region of 89 bp. The
predicted amino acid sequence displayed homology
to GDCT from both autotrophs and heterotrophs,
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with the best matches found among the land plants
(Fig. 1). The closest match was with the iceplant
Mesembryanthemum crystallinum (50% identity and
64% homology).

Light dependence of GDCT transcript abundance. To
establish whether accumulation of 7. weissflogii GDCT
mRNA is light dependent, cells acclimated to
150 pmol photons-m~?-s~ ' of continuous light
were transferred to the dark for 90h and GDCT
mRNA per cell was measured over time (Fig. 2).
The amount of GDCT mRNA per cell decreased
during the first 24h of darkness despite the fact
that cell division had essentially stopped after about
14h in the dark. The continued decline in GDCT
mRNA per cell indicates that the message was either
unstable or else actively degraded. After about 2 days
in the dark, a low level of GDCT mRNA persisted in
the cells for the duration of the experiment.

Data were also normalized to total RNA to evaluate
the relative changes in GDCT mRNA and total RNA
and to ensure that variability in RNA extraction effi-
ciency did not markedly change the observed results.
Because total RNA per cell varies under changing light
conditions, the absolute quantifications normalized to
total RNA versus cell number were not identical.
However, in every case the general trends observed
for GDCT transcript abundance, whether normalized
to cell number or total RNA, were the same (data not
shown). For example, when the above data were
normalized to total RNA, a decrease in GDCT mRNA
was still observed during the dark period. This may
indicate that GDCT mRNA abundance decreased faster
than rRNA, because most total RNA is rRNA.

Thalassiosira weissflogii cultures were also acclimated
to four different intensities of continuous light, and
GDCT mRNA per cell was determined (Fig. 3). We
found no significant difference between the growth
rates of cells at 150 and 400 pmol photons-m™-s !
(P=0.998). The growth rates at 15 and 50 pumol
photons-m™-s~ ! were significantly lower than cells
grown at either 150 or 400 umol photons-m™-s~!
(P<0.001; Fig. 3). Except for one flask, cells grown
at subsaturating irradiances had significantly lower
GDCT mRNA per cell than cells maintained at
growth-saturating irradiances (P < 0.001 for each pair-
wise comparison; Fig. 3). There was significantly more
GDCT mRNA in cells acclimated to 400 pmol photo-
ns-m ?-s~' than to 150pmol photons-m™=-s '
(P<0.001) despite the indistinguishable growth rates
of these two cultures.

Transcript abundance of GDCT over a light:dark cy-
cle. We also examined how steady-state levels of
GDCT transcripts varied over a 12:12-h light:dark
cycle at 100 pmol photons-m~2-s~'. There was no
significant decrease of GDCT mRNA per cell after
12 h of darkness in this experiment. But within 2 h of
light exposure, GDCT mRNA per cell increased sig-
nificantly (Fig. 4). A peak in GDCT transcript abun-
dance occurred at 4 h post-illumination. There was a
significant decrease in GDCT mRNA from its peak by

the end of the 12-h light period (P<0.001 for all
pair-wise comparisons).

GDCT transcript abundance in a changing light en-
vironment. To investigate the effect of changes in light
conditions on GDCT transcript abundance, cells were
acclimated to the same four continuous light intensi-
ties as described previously (Fig. 3) and then placed in
the dark for 24 h before transfer to 400 pmol photo-
ns-m>-s~ ' of continuous light (Fig. 5, A-D). Based
on the results from the dark incubation experiment
(Fig. 2), a 24-h dark period was chosen to minimize
transcript abundance before the increase in light
intensity to ensure detection of any changes in
mRNA abundance. As before, GDCT mRNA per cell
decreased during the extended dark period. Cells
began increasing GDCT transcript levels within 2h of
transfer to 400 pmol photons-m™-s ™', regardless of
the light intensity to which the cells were initially
acclimated. In each case, a peak in transcript abun-
dance was reached between 6 and 8 h after the transfer
to 400 pmol photons-m™-s~'. Cells acclimated to
subsaturating irradiances for growth (15 and 50 pmol
photons-m™-s ') had significantly higher peaks in
GDCT transcript levels after transfer to 400 pmol
photons-m™-s~ ' than cells acclimated to growth-
saturating irradiances (150 and 400umol photo-
ns-m~>-s~'; P<0.001 for all pair-wise comparisons).
There was no significant difference in the peak
amount of GDCT mRNA between cells previously
acclimated to 150 pmol photons-m™-s~' and cells
previously acclimated to 400 pmol photons-m™-s~ '
The peak in GDCT transcripts for cells acclimated to
50 pmol photons - m™-s ! was significantly lower than
the peak observed for cells acclimated to 15pmol
photons-m™-s~' (P<0.01). Twenty-four hours after
a shift to 400 pmol photons-m™-s~ ', there was no
significant difference in the amount of GDCT mRNA
per cell in cultures acclimated to 50, 150, or 400 pmol
photons-m™-s~'. In contrast, cells acclimated to
15pumol  photons-m™-s~! maintained a 10-fold
greater amount of GDCT mRNA per cell throughout
the light period. For cells acclimated to this lowest
irradiance before the light shift, the amount of GDCT
mRNA per cell remained significantly higher than any
of the other experiments both at 12 and 24h
(P <0.001 for all pair-wise comparisons).

Transcript abundance of twcal in a changing light
environment. Transcript levels for twcal, which en-
codes carbonic anhydrase, were monitored to deter-
mine whether transcripts of a gene from a closely
related pathway (the carbon-concentrating mechan-
ism [CCM]) displayed a similar response to changes
in light intensity. During the dark period, there was a
slight decrease in twcal mRNA per cell (P <0.05; Fig.
5E). However, unlike GDCT mRNA, twcal mRNA per
cell dropped even lower after 2h in the light and
remained low for 6 h before climbing to a peak by the
end of the experiment. A similar pattern in tweal
transcripts was observed for each of the four light
transition experiments (data not shown).
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Fic. 1. Inferred amino acid sequence of the cDNA GDCT from Thalassiosira weissflogii (labeled as diatom) aligned with the amino acid
sequences of pea (Pisum sativum), GenBank accession P49364; iceplant (Mesembryanthemum crystallinum), GenBank accession P93256;
potato (Solanum tuberosum), GenBank accession P54260; yeast (Saccharomyces cerevisiae), GenBank accession NP_010302; Escherichia coli
K12, GenBank accession NP_417381; and human (Homo sapiens), GenBank accession P48728. Black boxes highlight identities with the
T. weissflogii sequence. Dashes represent gaps inserted for maximum alignment. The predicted mitochondrial presequence for 7. weiss-
flogii is boxed. Numbers indicate amino acid sequence length.
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Fic. 2. Time course of GDCT mRNA concentration (circles)
and cell concentration (diamonds) for Thalassiosira weissflogii
cultures acclimated to 150 pmol photons-m™-s™' before being
placed in the dark for 90 h. Each symbol represents an indepen-
dent flask. Error bars are SDs from three or more PCRs from the
same flask. Lines are drawn through the mean at each time
point.

Glycolate excretion. To determine the effect of dif-
ferent light intensities on glycolate excretion, HPLC
was used to measure concentrations of glycolate in
the media of cells acclimated to 15, 50, 100, and
400 pmol photons-m™-s~'. No significant correla-
tion between glycolate released into the media and
light level was detected (r*=0.19, P = 0.24, data not
shown). Also, no significant change in glycolate re-
lease per cell over time was detected when cells were
maintained at two of these light intensities, 15 and
100 pmol photons-m™-s ', over a 48-h period (Fig.
6A). Furthermore, a period of darkness also did not
change the amount of glycolate released from cells
acclimated to 100 pmol photons-m™-s~ ', placed in
the dark for 24 h and returned to 100 umol photo-
ns-m~2-s ' (Fig. 6A). In contrast, cells acclimated to
either 15 or 50 pmol photons-m™-s ™', transferred
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Fic. 3. GDCT mRNA concentrations (circles) and growth
rates (squares) for Thalassiosira weissflogii cultures acclimated to
four different light intensities: 15, 50, 150, and 400 pmol photons -
m2-s™'. Each symbol represents data from an independent
flask. Error bars represent SDs of three or more PCRs from
the same flask (circles) or three successive transfers after acclima-

tion (squares).
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Fic. 4. GDCT mRNA concentrations in Thalassiosira weissflogii
cells acclimated to a 12:12-h light:dark cycle at 100 pmol photo-
ns-m~2-s”'. Each circle represents an independent flask. Error
bars indicate SDs from three or more PCRs from the same flask.
Black bar indicates dark interval. The line is drawn through the
mean at each time point.

to 24 h of darkness, and subsequently introduced to
400 pmol photons-m™-s~ ' released a significant
amount of glycolate into the media within 6 and
8 h, respectively (P<0.001; Fig. 6B). The peak in
glycolate release from the culture acclimated to
15 umol photons-m™-s~ ' was significantly greater
than the peak release from the culture acclimated to
50 pmol photons-m=-s~' (P<0.001; Fig. 6B). Im-
portantly, the culture acclimated to 15 pmol photo-
ns-m>-s ' and transferred to 400 pmol photons -
m~2-s ' (Fig. 6B) released two to three times more
glycolate than the culture maintained in constant
light of 15 umol photons-m™-s~' (Fig. 6A).

DISCUSSION

We identified a ¢cDNA in T weissflogii with an
inferred amino acid sequence homologous to the T-
protein of GDC, a central enzyme of the photorespira-
tory pathway in autotrophs. In eukaryotes, GDC is
localized to the mitochondria (Motokawa and Kikuchi
1971, Oliver 1994). The T weissflogit GDCT contained a
putative mitochondrial transit peptide rich in posi-
tively charged and nonpolar residues, a fundamental
characteristic of mitochondrial presequences in plants
(Chaumont and Boutry 1995) that has also been
observed in diatoms (Liaud et al. 2000). In addition,
the splice site matched the consensus for mitochon-
drial targeting peptides in plants: R X F | S/A, where
| represents the splice site and X indicates any amino
acid (Chaumont and Boutry 1995). Our results
strongly suggest that the GDCT sequence from 7.
weissflogit codes for the T-protein of the GDC complex
and that accumulation of transcripts for this gene is
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light dependent, consistent with a role of this enzyme
in photorespiration. We have demonstrated a correla-
tion between light intensity and steady-state levels
of GDCT mRNA in T weissflogit cells. In addition,
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T. weissflogii cells rapidly accumulate GDCT transcripts
(within 2h) upon transfer of cells from the dark to
the light. In land plants, the response of GDC gene
transcription to changes in light intensity also occurs
on the order of hours (Srinivasan et al. 1993, Vauclare
et al. 1998). Under the most extreme light shifts in our
experiments, we observed the release of the photo-
respiratory compound glycolate concurrent with an
increase in GDCT transcript abundance, providing
further evidence of a correlation between GDCT
mRNA levels and photorespiration.

Our experiments also demonstrate that GDCT' tran-
script abundance may be a more sensitive marker for
photorespiration than the more commonly measured
release of glycolate (Fogg 1983). Based on our results,
most of the glycolate produced by photorespiration
appears to be recycled within the cell. Cells acclimated
to constant light intensities did not release more glycolate
at higher irradiances. Yet GDCT transcript abundance
correlated well with constant light intensity: highest
amounts of GDCT mRNA were observed at the light
intensity well above growth saturation. This suggests that
the cells had up-regulated the photorespiratory pathway
and were recycling much of the glycolate produced by
oxygen fixation. Importantly, even though glycolate was
not released from the cell, photorespiration would still
have facilitated the conversion of fixed carbon and
nitrogen to CO, and NHj;. The marker we chose
(GDCT) encodes a subunit of the enzyme that catalyzes
the reaction producing both CO, and NHs.

An increase in glycolate release was observed only
when T weissflogit cells were first acclimated to a low
light intensity and then transferred to the highest light
intensity. The most “light shocked” of these cultures
(cells acclimated to 15 pmol photons m 2.5~ ! before
transfer to 400 pmol photons m2.s7 1 also had a
peak in GDCT transcripts nearly three times that of
the high-light acclimated cultures, and the levels of
GDCT mRNA did not return to steady state by the end
of the 24 h in high light as was seen with all the other
cultures. This suggests that not only did the experi-
mental conditions induce photorespiration, but the
production of glycolate due to oxygen fixation ex-
ceeded the ability of the cell to further metabolize it.

Glycolate production in excess of metabolism may
indicate a rate-limiting step in the photorespiratory
pathway that prevents the rapid recycling of glycolate,
resulting in release of this compound from the cell.
Stewart and Codd (1981) found evidence for end-
product inhibition of glycolate dehydrogenase, the

Fic. 5. Concentration of GDCT mRNA (A-D) or tweal mRNA
(E) in Thalassiosira weissflogii cells acclimated to (A) 400, (B) 150,
(C) 50, (D) 15, and (E) 400 pmol photons - m™2 - s~ before transfer
to the dark (-24h). At t = 0 h, all cultures were transferred to a
light intensity of 400 pmol photons-m=-s™'. Each circle repre-
sents an independent flask. Error bars are SDs from three or
more PCRs from the same flask. Black bars indicate dark
interval. Peaks are highlighted by gray area. Lines are drawn
through the mean at each time point. Note change in y-axis scale
for E.
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Fic. 6. Extracellular concentrations of glycolate in the cul-
ture media. (A) Cells were maintained in continuous light of 15
pmol photons-m™2-s™ (open triangles) and 100 pmol photo-
ns-m>-s”' (open squares) or acclimated to 100 pmol photo-
ns-m~2-s7!, transferred to the dark for 24 h, and reintroduced to
100 pmol photons-m™-s™' (closed squares). (B) Cells were
acclimated to 15 pmol photons-m™-s™" (closed triangles) or 50
pmol photons - m=-s™ (closed circles) of continuous light, trans-
ferred to the dark for 24h, and introduced to 400 pmol
photons - m™-s7". Shadin% indicates 2 SDs from the mean of
the 15 pmol photons-m™-s™" continuous light culture. Error
bars are SDs for three replicate measurements from the same
flask. Duplicate symbols indicate duplicate measurements from
the same flask. Black bar represents the time the cultures (closed
symbols) spent in the dark.

enzyme that catalyzes the oxidation of glycolate to
glyoxylate in green algae. If the glycolate oxidizing
enzyme in 1. weissflogii is similarly regulated, then this
may explain the release of glycolate when photore-
spiration is up-regulated. The rate of extracellular
glycolate production in our cultures (about
Inmol-h~'-10° cells ') was about an order of mag-
nitude less than the rates determined for the chlor-
ophyte Dunaliella tertiolecta  (14-30 nmol-h~"'-10°
cells™'; Leboulanger et al. 1998). This difference is
consistent with a lower specific activity of glycolate
dehydrogenase in green algae compared with glyco-
late oxidases found in many other autotrophs (Tolbert

1974). A low specific activity may result in more
glycolate escaping the cell before oxidation to glyox-
ylate occurs. The maximum concentration of glycolate
released into the media of our cultures (60.8 ug-L~")
is comparable with concentrations found in meso-
trophic (74pg-L~") and oligotrophic (17pg-L~")
sites of the eastern Atlantic Ocean (Leboulanger et al.
1997). The cultures used in our experiments probably
had higher cell concentrations than these field sam-
ples, but they were also free of heterotrophs that could
consume the released glycolate. We also note that the
highest light levels achieved by our growth chamber
were much lower than the incident PAR in most sur-
face waters, suggesting that photorespiration and gly-
colate release may be common phenomena.

For cells that are mixed into a high light environ-
ment, the protection from photooxidative damage
provided by photorespiration may outweigh the po-
tential loss of carbon and nitrogen due to the produc-
tion of glycolate, CO,, and NHj. Based on turbulent
diffusion theory and common oceanographic condi-
tions, Lande and Wood (1987) estimated that phyto-
plankton cells will cycle every few days between the
light-limiting conditions of a deep thermocline and the
often photoinhibiting conditions of surface waters.
Sudden shifts in light intensity coupled with light levels
above saturation for the photosynthetic apparatus may
result in the production of a high-energy state “triplet”
chlorophyll, which in the presence of oxygen can form
highly reactive oxygen radicals (Buchanan et al. 2000).
Photosynthetic cells have developed a number of
mechanisms for dealing with the input of excess light
energy in the presence of oxygen. These include
energy dissipation via fluorescence or production of
heat (Powles 1984), the xanthophyll cycle (Baroli and
Niyogi 2000), cyclic electron flow (Shikanai et al.
2002), chlororespiration (Nixon 2000, Dijkman and
Kroon 2002), and the Mehler reaction (Powles 1984).
As an energy-demanding and oxygen-consuming
pathway, photorespiration has also been shown in
numerous studies to have a photoprotective role (Win-
gler et al. 2000). Using mutants of tobacco (Nicotiana
tabacum L.) defective in enzymes of the photorespira-
tory pathway, a direct relationship has been found
between the inability of plants to photorespire under
high light conditions and enhanced photoinhibition in
the form of chl degradation (Kozaki and Takeba 1996,
Yamaguchi and Nishimura 2000). In addition, studies
monitoring electron flow found that photorespiration
is essential for protection of the photosynthetic appa-
ratus in high light (Wu et al. 1991, Park et al. 1996,
Igamberdiev et al. 2001).

When light is limiting, however, the effects of
photorespiration may not be beneficial to the cell.
Under conditions of elevated O, relative to COs,
photorespiration can be detrimental to cells by inhibit-
ing carbon fixation. To help increase CO» concentra-
tions in the cell, many algae have developed a carbon-
concentrating mechanism (CCM). One of the key
enzymes of the CCM, carbonic anhydrase, catalyzes
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the reversible conversion of bicarbonate to COs. In our
experiments, we measured the abundance of tran-
scripts for the gene twcal hypothesized to code for
carbonic anhydrase in T. weissflogii. Although there is
no direct evidence that TWCAL1 is involved in the CCM
of T" weissflogii, Lane and Morel (2000) demonstrated
correlations between (wcal transcript abundance,
TWCALI protein levels, and carbonic anhydrase activity
in 710 weissflogii cells switched from high to low CO,
concentrations. Unlike GDCT, genes that encode car-
bonic anhydrases in microalgae appear to be regulated
by the inorganic carbon concentration of the medium,
not by light or Oy concentration (Sultemeyer 1998). In
our experiments, we did not find an appreciable
increase in {weal until 12 h after a shift from darkness
to light. Likely, the concentration of COs in the cell was
initially sufficient to sustain photosynthesis for the first
several hours, perhaps accounting for the delay in
tweal mRNA increase. These results support the idea
that accumulation of GDCT transcripts is regulated by
a different mechanism from tweal transcripts.

Nevertheless, dynamic interactions likely exist be-
tween photosynthetic carbon fixation, photorespira-
tion, and the CCM. All three are dependent to some
extent on the constantly fluctuating concentrations of
intracellular O, and dissolved inorganic carbon, which
in turn are dependent to some extent on the avail-
ability of light. For example, our results show that cells
acclimated to a 12:12-h light:dark cycle have a peak in
GDCT transcripts early in the light period with a
decrease in GDCT transcripts before the dark period.
This pattern is reminiscent of a diel periodicity. The
transcription of the gene for the large subunit of
RUBISCO in cyanobacteria and a prymnesiophyte
were also found to follow a diel periodicity, though
the phase was slightly offset from daylight with tran-
scription increasing before dawn in anticipation of the
light (Wyman 1999, Paul et al. 2000). Furthermore,
Paul et al. (2000) demonstrated a similar diel pattern
in both the activity of RUBISCO and carbon fixation in
each of these organisms. Whether the fluctuations in
GDCT transcripts can be attributed to a circadian
rhythm or are somehow linked to a periodicity in
RUBISCO abundance remains speculative. It is possi-
ble that the pathways for both carbon and oxygen
fixation (photosynthesis and photorespiration) are
tightly coupled to daylight to optimize production of
enzymes during the day and down-regulate enzyme
production in anticipation of the night.

In algal cells, photorespiration not only decreases
photosynthetic assimilation when the active sites of
RUBISCO are occupied by O, and fixed carbon is
released as CO,, but may additionally cause the release
of organic carbon in the form of glycolate. Using a
molecular marker for an enzyme of the photorespira-
tory pathway (GDCT) and measurements of a photo-
respiratory byproduct (glycolate), we have begun to
uncover the dynamics of photorespiratory metabolism
in the centric diatom 7. weissflogit. Our results suggest
that even cells acclimated to constant light intensities

appear to be photorespiring. However, cells do not
appear to release a substantial amount of their fixed
carbon as glycolate until the production of glycolate
overwhelms the ability of the cell to recycle it in the
photorespiratory pathway. This implies that cells in
stratified environments may release less of their fixed
carbon as glycolate than cells mixed between light-limit-
ing depths and photoinhibiting surface waters. Under
these conditions, glycolate may contribute significantly
to labile DOC in the upper ocean. In the dilute marine
environment, labile DOC is essential for microbial pro-
duction. With the development of GDCT into a more
universal algal probe, coupled with measurements of
glycolate, we are beginning to assess the occurrence and
prevalence of photorespiration in the marine environ-
ment and investigate photorespiration as a mechanism
for DOC entry into the marine food web.
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