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Abstract Phytoplankton function and acclimation are
driven by catalytic protein complexes that mediate key
physiological transformations, including generation of
photosynthetic ATP and reductant, and carbon and nitrogen
fixation. Quantitation of capacities for these processes
allows estimation of rates for key ecosystem processes, and
identification of factors limiting primary productivity. We
herein present molar quantitations of PSI, PSII, ATP syn-
thase, RuBisCO and the Fe protein of nitrogenase of
Trichodesmium collected from the Gulf of Mexico, in
comparison to determinations for a range of cyanobacteria
growing in culture. Using these measurements, estimates
were generated for Trichodesmium capacities for carbon
fixation of 1-3.4 g C gchl ' h™" and nitrogen fixation of
0.06-0.17 g N g chl a ' h™', with diel variations in
capacities. ATP synthase levels show that ATP synthesis
capacity is sufficient to support these levels of carbon and
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nitrogen fixation, and that ATP synthase levels change over
the day in accordance with the ATP demands of nitrogenase
and RuBisCO activity. Levels of measured complexes
indicate that Trichodesmium manifests n-type diel light
acclimation through rapid changes in RuBisCO:PSII,
supported by significant investment of cellular nitrogen.
The plasticity in the levels and stoichiometry of these
core complexes show that changes in the abundance of
core protein complexes are an important component of
acclimation and regulation of metabolic function by
Trichodesmium populations.

Introduction

Trichodesmium is a filamentous, non-heterocystous diazo-
trophic cyanobacterium that contributes the majority of
cyanobacteria-fixed new nitrogen over significant regions
of the ocean (McCarthy and Carpenter 1979). The activity
of the nitrogenase complex, which reduces dinitrogen to
ammonium, is inhibited by molecular oxygen (Wong and
Burris 1972). Oxygenic photosynthesis and nitrogen fixa-
tion are therefore incompatible, and in most diazotrophic
cyanobacteria are segregated either temporally or spatially.
Unicellular diazotrophs such as Crocosphaera can achieve
this segregation by performing photosynthesis by day and
then fixing nitrogen by night at the expense of stored car-
bohydrate reserves (Zehr et al. 2001). Some freshwater
filamentous cyanobacteria form metabolically specialized
nitrogen fixing cells called heterocysts (Fay et al. 1968).
Trichodesmium employs neither strategy and is thus enig-
matic among diazotrophic cyanobacteria in its mechanism
for segregating diazotrophy from photosynthesis (Berman-
Frank et al. 2001; Kupper et al. 2004; Lin et al. 1998).
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Trichodesmium uses a set of well-characterized, multi-
subunit protein complexes to perform the core biochemical
and biophysical functions that are highly conserved among
photoautotrophs: a photosynthetic chain driven by two
photosystems (PSII and PSI) for the conversion of light
into a pH gradient, ATP synthase for the conversion of
potential energy stored in this pH gradient to chemical
potential energy carried by ATP, and RuBisCO, nitroge-
nase and glutamine synthetase, that catalyze biosynthetic
assimilation.

These multi-subunit protein complexes are relatively
abundant and therefore make up significant fractions of the
total protein extractable from a phytoplankton community,
representing quantifiable investments of energy and
resources (Table 1). Cellular resource budgets must
therefore incorporate their synthesis and operation costs,
and also the opportunity costs associated with storing or
under-utilizing them.

Evidence for surplus accumulation of RuBisCO in crop
plants under conditions of excess nitrogen (Lawlor et al.
1987) led to extrapolations that proteins can act as storage
reservoirs for nutrients or amino acids in phytoplankton.
Storage of nutrients as low-complexity molecules such as
polyphosphate, cyanophycin and glycogen (Kromkamp
1987) or more elaborate structures such as phycobilisomes
(Boussiba and Richmond 1980) can occur in cyanobacteria
under nutrient replete laboratory cultures, but such a dual
role for catalytic protein complexes as storage products in
situ has not been substantiated. There can be considerable
plasticity in the levels of catalytic complexes, but variations
generally accompany changes in conditions and in physio-
logical demands, presumably to balance fluxes and optimize
catalytic performance. Acclimation by cyanobacteria to
light levels is often manifested in changes in PSI:PSII ratios
(Fujita 1997) and light-harvesting antennae (de Lorimier
et al. 1992). An upregulation of RuBisCO content in
Synechocystis sp. PCC6803 containing a mutation in the
active site of RbcL. (Marcus et al. 2003) suggests that

Table 1 Approximate C, N and Fe quotas of catalytic complexes

cyanobacteria can also adjust RuBisCO content to com-
pensate for activity. A diel periodicity in the abundance of
the nitrogenase enzyme in field populations of Trichodes-
mium correlates closely with nitrogenase activity (Capone
et al. 1990), the expression of which is controlled by a
circadian rhythm (Chen et al. 1998). Notwithstanding the
role of regulatory networks in setting instantaneous cata-
lytic turnover rates, the levels and the capacities of these
catalytic complexes are informative in that they define
upper, unmodulated boundaries of biological activity.

We present herein a field study of Trichodesmium col-
lected over a diel cycle from the Gulf of Mexico. Using
absolute, molar quantitations of RuBisCO, nitrogenase,
ATP synthase, PSI and PSII, we estimate capacities for,
and constraints on, carbon and nitrogen fixation, using
established catalytic capacities and ATP demands for these
processes. We generate simple models of ATP balance and
photosynthetic acclimation in Trichodesmium, as well as
diagnostic ratios such as RuBisCO:ATP synthase, RuBi-
sCO:PSII, and PSI:PSII that are applicable to other taxa
and to whole community studies.

Materials and methods

A full description of the development and application of
immunoquantitations is provided as Electronic supple-
mentary material (S1).

Harvesting of samples

Trichodesmium sp. samples were collected at five time
points over a diel cycle during a research cruise aboard the
R/V Longhorn (University of Texas Marine Science
Institute, Port Aransas, TX, USA) directly east of Port
Aransas, TX, USA in the western Gulf of Mexico, (27
50.85N, 94 50.808W-27 51.743N, 95 36.105W), 16-17
August 2005. Nutrients in the Gulf of Mexico are abundant

Complex c? N? Fe Chromophores Amino acids Electrons® (reductant) ATP®

Photosystem I 11,904 3,051 12 96 chl a 2,341 78,000 9,320
Photosystem 11 15,563 3,929 36 chl a 3,059 102,000 12,160
RuBisCO 23,440 6,456 4,664 158,000 18,590
ATP synthase 25,293 6,831 5,551 169,000 21,270
Nitrogenase 15,586 4,188 38 3,154 104,000 12,580

? Protein C and N, excluding chromophores; each tetrapyrrole chromophore is metabolically derived from 8 glutamate precursors, with loss of

four of the eight amino N during chromophore assembly

® Estimate for reduction from CO, and NOj; to protein amino acid level

¢ Assuming four ATP per peptide bond for assembly from amino acids, excluding de novo synthesis of amino acids and transcript costs
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as a result of large inputs from the Mississippi River and a
continuous clockwise current in the basin. Surface layers
are, however, strongly stratified. Phytoplankton in surface
layers draw down the available nutrients and subsequently
remove them as they sink to depth, leaving the photic zone
at the surface oligrotrophic (Liu and Dagg 2003).

Trichodesmium colonies were collected with a 10 pm
mesh phytoplankton net for approximately 3 min at the
water surface. Surface temperature was 31°C. Approxi-
mately 20-30 colonies, containing a total of at least 1 pg
chlorophyll a (chla), of both fusiform and spherical
morphologies were picked and transferred into tubes con-
taining 0.45 pm filtered seawater. Samples were thus
essentially unialgal. Samples were then suction filtered
onto 47 mm diameter, nylon, 10 pm filters (MSI, West-
boro, MA, USA). Filters were placed into sterile 1.5 mL
centrifuge tubes, sealed and placed directly into liquid
nitrogen charged dry-shippers for transport to a —80°C
freezer until analyses. Each replicate represented an indi-
vidual net tow, rather than a subsample of a single
phytoplankton net tow.

Freshwater cyanobacteria were cultured in BG11 liquid
medium bubbled with CO,, under 55 mol photons m2s!
constant white light at 32°C. Laboratory cyanobacteria
cultures were harvested by centrifugation for 5 min at
10,000xg in 1.5 mL tubes and frozen at —80°C until
analyses.

Protein extraction

Upon analysis, Trichodesmium colonies were transferred
from nylon filters into 300 pL. 1X denaturing extraction

buffer, containing 140 mM Tris base, 105 mM Tris—HCl,
0.5 mM ethylenediaminetetraacetic acid (EDTA), 2%
lithium dodecyl sulfate (LDS), 10% glycerol, 0.1 mg/mL
PefaBloc SC (AEBSF) protease inhibitor (Roche). Samples
frozen in liquid nitrogen were sonicated until just thawed
with a microtip attachment at a setting of 30%. To avoid
over-heating, samples were then refrozen immediately in
liquid N,. Two cycles of freezing followed by thawing by
sonication gave maximal protein extraction with minimal
degradation of representative membrane (PsbA) and solu-
ble (RbcL) proteins (see Electronic supplemental material,
S1). Following disruption, samples were centrifuged for
3 min at 10,000xg to remove insoluble material and
unbroken cells.

The chl a content of the lysates was determined by
diluting a sub-sample in 90% acetone saturated with
magnesium carbonate, and measuring the absorbance at
663 nm after correcting for absorbance at 750 nm (Porra
2002). The total protein concentration was measured with a
modified Lowry assay (Bio-Rad DC) using bovine gamma
globulin as a comparative protein standard.

Antibody and standard design

Antibodies were designed for detection of key photosyn-
thetic subunits (Table 2) across wide taxonomic ranges by
using only highly conserved amino acid sequences (tags) to
elicit antibodies that detect the subunit equally across all
members of the protein family (Campbell et al. 2003).
Furthermore, the amino acid sequence targets in the cog-
nate proteins were chosen to avoid known sites of
posttranslational modification, to minimize the risk of

Table 2 Complexes and representative subunits measured immunologically, and alternate measures of content or activity

Complex of Representative subunits

Alternate measures of content or activity®

interest measured
immunologically
Photosystem I PsaC, PsaA Differential absorbance (MacKenzie et al. 2004)

Fluorescence emission (Subramaniam et al. 1999)

Photosystem 11 PsbA (D1), PsbB (CP47)

Fluorescence (MacKenzie et al. 2004)

Oxygen flash yields (Park et al. 1995)

Cytochrome bgf
ATP synthase
RuBisCO

PetB (in progress)
AtpB (F1 and CF1)
RbcL

Differential absorbance (Metzger et al. 1997)
Activity assay—conversion of ADP to ATP (Tomashek et al. 2004)
Activity assay—consumption of ribulose 1,5 bisphosphate (Lilley and Walker 1974)

[**C] carboxypentitol bisphosphate (CPBP) binding assay for active sites (Yokota and

Canvin 1985)

Nitrogenase NifH (Fe-protein)

Glutamine synthetase GInA (prokaryotic)

Relative activity assay—reduction of acetylene to ethylene (Hardy et al. 1968;
Capone 1993)

Activity assay—formation of y-glutamylhydroxamate from hydroxylamine and

glutamine or glutamate (Shapiro and Stadtman 1970; Bender et al. 1977)

Light harvesting Various Lhc antibodies

complexes

Spectrophotometry or HPLC of chlorophylls, accessory pigments, phycobilisomes
(Six et al. 2005)

* Frequently used methods with representative references. List is not exhaustive
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variable detection of proteins subject to such modifications.
Recombinant protein standards (AgriSera) containing the
identical conserved amino acid tag permitted calibration of
immunodetections for subunits of major protein complexes
(see Electronic supplementary material, S1).

Immunoblotting and quantitation

Samples in denaturing extraction buffer (see above) were
brought to 50 mM dithiothreitol (DTT) final concentration.
Cellular extracts were then heated at 70°C for 5 min.
Excessive heating of whole cell extracts caused aggrega-
tion of some protein complexes, particularly membrane
complexes. Recombinant protein standards were heated at
95°C for 5 min. Following heating, samples were pulsed
briefly in a microfuge.

Proteins were separated by electrophoresis on 4—12%
acrylamide gradient mini-gels (NuPAGE Bis-Tris gels,
Invitrogen) in MES or MOPS SDS running buffer (Invit-
rogen) in an XCell Sure-Lock Tank (Invitrogen) at 200 V
for 35-60 min, with shorter times for smaller proteins,
particularly for PsaC at approximately 10 kDa. Following
electrophoresis the proteins were transferred to polyvinyl-
idene difluoride (PVDF) membranes pre-wetted in
methanol and equilibrated in 1X transfer buffer (Invitro-
gen) using the XCell blot module (Invitrogen) for 60—
80 min at 30 V, depending on protein size and the number
of transfers per cell.

Immediately following transfer, blots were blocked in
2% ECL Advance blocking reagent (GE Healthcare) in
20 mM Tris, 137 mM sodium chloride pH 7.6 with 0.1%
(v/v) tween-20 (TBS-T) for 1 h at room temperature with
agitation or overnight at 4°C. Primary antibodies were used
at a dilution of 1:20,000-1:50,000 in 2% ECL advance
blocking solution in TBS-T. Blots were incubated in pri-
mary antibody solution for 1 h at room temperature with
agitation. The antibody solution was decanted and the blot
was rinsed briefly twice, then washed once for 15 min and
3 times for 5 min in TBS-T at room temperature with
agitation. Blots were incubated in horseradish peroxidase
conjugated secondary antibody (Abcam), either rabbit anti-
chicken for detections of RbcL, NifH, AtpB and PsbA or
goat anti-rabbit for PsaC detection. Blots were incubated
with secondary antibodies diluted to 1:50,000 in 2% ECL
Advance blocking solution in TBS-T for 1 h at room
temperature with agitation. Blots were washed as above
and developed with ECL Advance detection reagent
according to the manufacturer’s instructions. Images of the
blots were obtained using a CCD imager (FluorSMax, Bio-
Rad) and Quantity One software (Bio-Rad).

Protein levels on immunoblots were quantitated using
Quantity One software (Bio-Rad). Adjusted volume values
were obtained and standard curves were used to estimate
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Fig. 1 Example of quantitative immunoblot of RbcL protein from
Trichodesmium with global anti-RbcL and protein standards

the amounts of protein in experimental samples. Figure 1
shows an example of a quantitative immunoblot for RbcL.
in field samples of the Trichodesmium from the Gulf of
Mexico. From the levels of the subunits RbcL, NifH, AtpB,
PsaC, PsbA, and PsbB, we inferred the molar quantities of
the whole complexes of RuBisCO (Newman and Gutter-
idge 1993), nitrogenase (Strop et al. 2001; Einsle et al.
2002), ATP synthase (Groth and Pohl 2001), PSI (Chitnis
2001; Jordan et al. 2001) and PSII (Zouni et al. 2001),
based on compositional and crystallographic information
from public databases (Cambridge Structural Database;
http://www.ccdc.cam.ac.uk). Representative immunoblots
for RbcL, NifH, AtpB, PsaC, PsbA, and PsbB are presented
in Fig. S.2 (Electronic supplementary material). All bio-
chemical flux estimations were made using published
catalytic capacities for RuBisCO, Nitrogenase and ATP
synthase (summarized in Table 3).

Results

Mean values of RbcL, NifH, AtpB, PsaC, PsbA, and PsbB
in Trichodesmium are shown in Table 4, along with com-
parative data from laboratory cultures of the cyanobacteria
Nostoc  PCC 7120, Synechocystis PCC 6803, and
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Table 3 Catalytic capacities of selected complexes

RuBisCO—(LgSyg): k.,—literature values, CO, s! RbeL™!

Synechocystis sp. PCC 6803 10
Synechococcus sp. PCC 6301 11.6
Trichodesmium sp. (Gulf of Mexico) n/a

C3 plants 2.5-3.7
C4 plants 3.8-5.4
Chlamydomonas reinhardtii 5.8

ATP synthase—F1 subcomplex (o3/33)
Bacillus sp. PS3

~83 ATP AtpB~' 57!
Nitrogenase—(NifH;),(NifKD),

Azotobacter vinelandii

250 ATP s~' F1 subcomplex ™'

1 N, to 2 NH,* 1.5 s7! (NifH),(NifKD) ™!

Marcus and Gurevitz (2000)
Morell et al. (1994)

Tcherkez et al. (2006)
Tcherkez et al. (2006)
Tcherkez et al. (2006)

Fischer and Graber (1999), and Shimabukuro et al.
(2003)

Vichitphan (2001)

~1.33 NH,* s™' (NifH),(NifKD) ™

~0.67 NH,* s~! NifH™!

Photosystems
PSI Maximal turnover > 5,000 s~' (transfer Chitnis (2001)
between plastocyanin and PSI)
PSII <1,400 ¢~ s~ ! PsbA or PsbB™! Behrenfeld et al. (1998)

<350 O, s~! PsbA or PsbB™!

Synechococcus elongatus PCC 7942. A number of subunit
ratios are also presented for these taxa. For Trichodesmium,
ratios in Table 4 were determined for individual samples
and then averaged.

Diel variations in protein complexes and metabolic
capacities

A general increase in the level of NifH, a representative
subunit for nitrogenase reductase (Fe-protein), was found

over the light period (Fig. 2a). A subsequent decline in
NifH back down to morning levels is presumed to occur
during the following dark period. RuBisCO (RbcL) levels
(Fig. 2a) and ATP synthase (AtpB) levels (Fig. 2b)
increased to a mid-day peak and then declined. In contrast,
levels of PSI (PsaC) and PSII (PsbA) (Fig. 2¢) and pro-
tein:chlorophyll ratio were steady across the day.

We estimated the levels of AtpB required to support
measured RuBisCO (pmol RbcL. nmol chl ail) and nitro-
genase (pmol NifH nmol chl a ") at their respective keq

Table 4 Levels of representative subunits and complexes and selected subunit ratios for cyanobacterial taxa

Complex: PSII PSI RuBisCO ATP Nitrogenase
- synthase
Protein subunit® PsbA  PsbB  PsaC RbcL AtpB NifH PsbA: PsaC: PsaC: RbcL:PsbA RbcL: RbcL:
or ratio: PsbB PsbA PsbB AtpB  AtpB
(unstable  (stable saturation
subunit) subunit) index
Indicator of: Photosynthetic Proxy for ATP Nitrogen PsbA PSI:PSII; Ek Metabolic
reductant Pmax synthesis fixation  repair; Light allocations;
generation capacity  capacity photo- acclimation biosynthesis
capacity inhibition versus
maintenance
Trichodesmium 0.8 1.2 3.0 4.8 23 3.6 1.1 4.0 4.6 7.2 2.0 2.8
sp.
Nostoc sp. PCC 1.1 0.6 36 3.6 0.9 n/d 1.8 3.1 5.6 3.1 4.2 2.8
7120
Synechocystis 1.6 7.0 40 82 24 n/a 0.2 2.5 0.6 5.1 34 2.8
sp. PCC 6803
Synechococcus 2.0 1.0 25 48 0.1 n/a 2.1 1.2 2.6 2.4 n/d 2.8
elongatus
PCC 7942

* pmol values normalized to 1 nmol chla
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Fig. 2 Levels of photosynthetic complexes in Trichodesmium over a
light period, August 2005, Gulf of Mexico. a RuBisCO (RbcL open
symbols), nitrogenase (NifH filled symbols). b ATP Synthase (AtpB
filled symbols), estimated AtpB required to support RbcL and NifH
capacity (open symbols, dashed line). ¢ PSI (PsaC open symbols) and
PSII (PsbA filled symbols). Error bars represent standard error,
n = 3—4. Each replicate represented an individual phytoplankton net
tow

values (Table 3; Fig. 2b), assuming ATP requirements of 3
ATP for each cycle of CO, fixation by RuBisCO, for the
regeneration of RuBP. Conversion of 1N, to 2NH,* under
optimal conditions consumes at least 16 ATP (Simpson and
Burris 1984).

We used molar quantitation of NifH protein as a proxy
for the maximum nitrogenase catalytic capacity. As shown
by Chen et al. (1998), achieved nitrogenase activity cor-
relates to the abundance of NifH protein, the proportion of
the NifH protein in its active state relative to a post-
translationally modified inactive state, and the abundance
of the nitrogenase MoFe protein. Therefore, our estimates
represent the maximum potential nitrogenase ativity based
on NifH abundance.

NH," is toxic and must therefore be directly incorpo-
rated, primarily into glutamate, by sequential action of
glutamine synthetase and glutamate synthase (Meeks et al.
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1977), consuming an additional ATP for each ammonium
incorporated. Assuming an ATP synthase rate of 83
ATP 5! Athfl (Fischer and Graber 1999; Shimabukuro
et al. 2003), a RuBisCO k., of 10 CO, s™' RbcL™!
(Synechocystis PCC 6803, Marcus and Gurevitz 2000), and
a nitrogenase k., of 0.67 NH," s NifH™! (Vichitphan
2001) (Table 3), the ATP fluxes are as follows:

At kcqi, €ach RbcL requires 3 ATP CO, 1'% 10CO, s7!
RbcL ™! =30 ATP s! RbcL™!

At key, each NifH requires 9 ATP NH; ' x 0.67 NH; s~!
NiFH™! = 6 ATP s~ ! NifH™!.

The level of AtpB required to support these fluxes, in pmol
AtpB nmol chl ¢! (Fig. 2b) was estimated as:

{ (pmol RbcL nmol chl @' x 30 ATP s~ RbcL ')

-+ (pmol NifH nmol chl a' x 6 ATP s'NifH ') }
x 1AtpB (83 ATPs™') ™.

RuBisCO:ATP synthase to monitor assimilation versus
maintenance

We compared measured RbcL:AtpB ratios to an
RbcL:AtpB saturation index (Table 4) at which CO, fixa-
tion is saturated if both complexes operate at their maximal
catalytic rates (k.,) for similar duty-cycles. To estimate a
taxon-specific RbcL:AtpB saturation index for the cyano-
bacteria, taking Synechocystis as an example, we again
assumed an ATP synthase rate of 83 ATP s~' AtpB~' and
a RuBisCO kg, of 10 CO, s~! RbcL ™" (Table 3):

83 ATPs 'AtpB~'/(3 ATPCO; "' x 10 CO;'s™'RbcL™")
= 2.8 RbcLAtpB !,

Therefore, if RbcL:AtpB > 2.8, there is insufficient ATP
synthase to saturate RuBisCO requirements, and if
RbcL:AtpB < 2.8, there is ATP synthase capacity beyond
what is required to saturate the RuBisCO requirements,
leaving room for other activities. The mean RbcL:AtpB
ratio for Trichodesmium was 2.0, well below the saturation
index of 2.8, indicating that total RuBisCO capacity to
consume ATP was lower than the capacity of ATP syn-
thase to generate ATP. Moreover, the RbcL:AtpB ratio of
Trichodesmium is lower than those found for a number of
cyanobacteria cultured under nutrient replete conditions
(Table 4), which clustered near 3.4.

Predicted carbon and nitrogen fixation capacities
in Trichodesmium

Given that ATP synthase capacity was sufficient to saturate
RuBisCO capacity throughout the diel cycle (Fig. 2b)
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except at the last measured time point, we used the Ru-
BisCO content and a RuBisCO ky of 10 CO, s~' RbeL ™
(Synechocystis PCC 6803, Marcus and Gurevitz 2000,
Table 3) to estimate CO, fixation capacities across the day:

2—7 pmol RbCL nmol chl a~! x 10.0 CO,s ' RbcL ™!
= 20—70 pmol CO, nmol chl ¢~ 's™!
=1-3.4gCgchla'h!

These values are close to rates of 4-5 g C g chl ¢~ ' h™!
estimated for Trichodesmium near the surface of the trop-
ical North Atlantic (Carpenter et al. 2004).

We similarly estimated N, fixation capacities across the
day:

1.5—4.6 pmol NifHnmol chl ™! x 0.67 NH; s
NifH ' = 1—3 pmol NH; nmol chl a~'s™!
=0.06-0.17 gchla~'h™".

These values overlap with nitrogen fixation rate estimates
of 0.02-0.125 g N g chl a~' h™' for Trichodesmium in
culture, depending on iron status (Fu and Bell 2003).

Nitrogen costs for n-type diel light acclimation through
RuBisCO:PSII

In field samples of Trichodesmium the RbcL:PsbA ratio
tracked the ambient light levels over a light cycle (Fig. 3).
The variation in the RbcL:PsbA ratio among Trichodes-
mium samples was small at day-break and late afternoon,
suggesting these cells were more physiologically homo-
geneous than cells collected at mid-day which showed
more variation in RbcL:PsbA. PSI and PSII levels did not

X @ RbcL:PsbA 2500
151 X PAR
2000
=
> »
< &
S 10 D
2 1500 &
- 1000 E
54 i } a
P 500
X X
0 T T T 0
5:00 10:00 15:00 20:00

Time (h)

Fig. 3 RuBisCO catalytic site: PSII molar ratio and illumination
level over a light period. Error bars represent standard error n = 3-4.
Each replicate represented an individual phytoplankton net tow

track illumination across a diel cycle (Fig. 2¢), but were
instead steady, at a PSI:PSII ratio of around 4.0, although
inter-sample variation increased through the day.

The nitrogen quotas for the RuBisCO and nitrogenase
complexes were estimated based on published crystallo-
graphic and protein sequence data (Table 1), to estimate
the net nitrogen investment the cells make for diel accli-
mation of RuBisCO and nitrogenase. These nitrogen
investments were then compared to the nitrogen fixation
capacities of the cells. The nitrogen cost of the acclimatory
increase in nitrogenase content from dawn until noon is
equivalent to 8% of the total capacity for nitrogen fixation
integrated over the same period. In parallel, diel acclima-
tion of RuBisCO content from dawn to noon is equivalent
to 10% of the total capacity for nitrogen fixation integrated
over the same period.

Discussion and conclusions

Carbon fixation by RuBisCO and nitrogen fixation by
nitrogenase are dominant sinks for ATP. ATP synthase
capacity could therefore limit carbon fixation capacity.
From morning until mid afternoon the measured AtpB
content exceeded or met the level estimated for saturation
of RuBisCO and nitrogenase activity combined, but fell
below the requirement at the last time-point. In Trich-
odesmium thiebautii, nitrogenase activity can be modulated
through synthesis and by a shift from active NifH during
the day to an inactive form appearing just before nightfall,
consistent with the finding of NifH content in excess of
ATP synthesis capacity late in the day (Capone et al. 1990;
Zehr et al. 1993; Wyman et al. 1996; Chen et al. 1998). We
cannot rule out a temporal segregation of RuBisCO and
nitrogenase activity in the middle of the day (Berman-
Frank et al. 2001), which would have left a larger surplus
of ATP synthase capacity over combined carbon and
nitrogen fixation capacity.

On the basis of RuBisCO and ATP synthase catalytic
capacities, an RbcL:AtpB index was calculated, above
which there is more RuBisCO than can be supported by the
ATP synthase present. RbcL:AtpB ratios in the field pop-
ulation of Trichodesmium were below this index for much
of the day (Fig. 2b), with an apparent ATP synthase deficit
occurring only late in the day. In contrast, for cyanobac-
teria cultured under nutrient replete conditions (Table 4),
the measured RbcL:AtpB ratio clustered near 3.4, greater
than the RbcL:AtpB saturation index of 2.8, indicating that
RuBisCO alone, operating at capacity, would somewhat
outstrip the total capacity of ATP synthase to power carbon
fixation. This is not physiologically possible, and suggests
that in vivo RuBisCO performs below published cyano-
bacterial k., values, with cultured cyanobacteria engaging
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in luxury accumulation of RuBisCO. The RuBisCO:ATP
synthase ratio and its correlation to physiological states in
phytoplankton may prove useful to track bloom trajectories
from assimilatory growth to maintenance survival.

Estimates of carbon and nitrogen fixation capacities for
Trichodesmium in this study accord well with those found
by other authors using functional measures of '*C uptake
and acetylene reduction assays, respectively (Carpenter
et al. 2004; Fu and Bell 2003). Molar quantitations of
RuBisCO and nitrogenase may therefore be widely appli-
cable as predictors of capacities (Orellana and Perry 1992)
of these key processes in aquatic environments.

We found evidence for a rapid light acclimation in
Trichodesmium through modulation of the RbcL:PsbA
ratio, reflecting the relative capacity for biosynthetic
reductive assimilation of CO, versus the photochemical
generation of reductant. On photosynthesis versus irradi-
ance (P/E) curves, the maximum rate of photosynthesis
divided by the slope of the light limited region, defines the
light saturation index, E; = Pp,../o, (Falkowski and Owens
1980). For cells acclimated to their light environment, E;
equals the growth light, where photosynthetic organisms
balance light-limitation and light-saturation (Falkowski
and Raven 1997). P, is usually limited by processes
downstream of PSII (Kok 1956; Weinbaum et al. 1979;
Heber et al. 1988; Leverenz et al. 1990; Behrenfeld et al.
1998), and often correlates with the concentration or
activity of RuBisCO (Sukenik et al. 1987; Rivkin 1990;
Orellana and Perry 1992; Geider and Maclntyre 2002),
while o correlates with the number and effective absor-
bance cross-section (opg) of the PSII reaction centers,
which photochemically generate reductant. It follows
(Falkowski and Owens 1980; Malinsky-Rushansky et al.
2002) that Ej is proportional to:

(Nruisco/Nrc) % (1/Truisco X Opsin)

where Nrugisco 1S the number of moles of RuBisCO, Nic
is the number of moles of PSII, tr,pisco 1s the catalytic
cycle time of RuBisCO, and opgy; is the functional cross-
sectional area of PSII.

In field samples of Trichodesmium the RbcL:PsbA ratio
tracked the ambient light levels over a light cycle (Fig. 3),
showing that the cells supported rapid light acclimation
mediated primarily by diel changes in the number of
RuBisCO units, termed n-type acclimation. This class of
n-type light acclimation has been found in phytoplankton
(Falkowski and Owens 1980; Falkowski and Raven 1997)
and can act rapidly to accommodate wide changes in
irradiance, but is more expensive in terms of nitrogen than
the alternate strategy of g-type acclimation of the size of
the antennae serving PSII (Six et al. 2008). Since Trich-
odesmium is a diazotroph living near the surface, n-type
acclimation appears the preferred strategy, even through it

@ Springer

consumes on the order of 10% of the cellular nitrogen
fixation capacity.

PSI is an iron-rich bifunctional complex that serves both
as a reaction centre and as a significant light capture
antenna because of its large chl a complement (Chitnis
2001; Jordan et al. 2001). In contrast, PSII bears little iron
and relatively few chlorophylls (Zouni et al. 2001), and
functions more as a pure, albeit unstable, reaction centre
that requires continual reassembly (Aro et al. 1993;
Nishiyama et al. 2006). Therefore, differences in PSI:PSII
ratios across growth conditions or among taxa have
profound implications for the light capture and iron allo-
cation patterns of cells. In contrast to the diel pattern of
RbcL:PsbA, Trichodesmium showed a steady PSI:PSII of
four that did not track illumination across a diel cycle
(Fig. 2¢). This reinforces the concept that Trichodesmium
modulates RuBisCO content to accommodate the diel
pattern of light, rather than modulating reaction centre
content or ratios. Interestingly, Chen et al. (1999) found
diel variations in the transcripts encoding photosystem
subunits in Trichodesmium cultures grown under a light:-
dark cycle. In comparison, our results therefore suggest that
diel regulation of transcript abundance may be required
to maintain stable pools of photosystem complexes across
the day.
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