CARBON AND NITROGEN ACQUISITION
OF THE DIAZOTROPH 7TRICHODESMIUM
IN A HIGH CO; WORLD

Dissertation
zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften
- Dr. rer. Nat. -
am Fachbereich 2 (Biologie/Chemie)
der Universitdt Bremen

vorgelegt von

Sven Alexander Kranz

Bremen,
Mirz, 2010






Mareh 1€th. 1829 - we sailed from Bahio. A few days afterwards, when
wot far distant from the Abrolhos slets, my attention was called to a
veddish-brown appearance in the sea. The whole surface of the water, as it
appeared under a weak Lens, seemed as if covered by chopped bits of hay,

with their ends jagged. These are wminute cylindrical confervae, in

bundles or vafts of from twenty to sixty in each. Mr. Berkeley informs
me that they are the same specles (Trichodesminm erythmewm) with that found over Large
spaces in the Red Sea, anol whence its name of Red Sea s derived. Thelr nuombers must be
infinite: the ship passed through several bands of them, one of which was about ten yards

wide, and, judging from the mud-like colour of the water, at Least two and a half wmiles Long.

The Voyage of the Beagle ~ Charles Darwin
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SUMMARY

1 SUMMARY

The main motivation for this thesis was to describe the responses of the N, fixing
cyanobacterium 7richodesmium to elevated pCO, and to provide a detailed understanding of
underlying processes. The focus was hereby to characterize inorganic carbon acquisition and its
interaction with photosynthesis and N, fixation. Based on these findings, the potential influence
of Trichodesmium on the ecosystem and elemental cycles in the future oceans was assessed.

First, a comparison of the '*C disequilibrium technique and membrane inlet mass
spectrometric (MIMS) approaches on modes of carbon acquisition was conducted. This method
comparison provided experimental confirmation of key assumptions and demonstrated strengths
and weaknesses of the different approaches. The "*C disequilibrium technique was found to be a
robust and accurate method to determine the preference of inorganic C species (CO, and/or
HCOy5") taken up by phytoplankton cells. The MIMS approach obtained nearly identical results
on the contribution of HCO;™ and CO, relative to net carbon fixation. In addition, the C fluxes
measured by MIMS provided details on the kinetics of HCOs™ and CO;, uptake. Regarding
extracelluar carbonic anhydrase (eCA), the two methods differed in their estimates on activities.
Errors in the '*C-based estimates on eCA activities were also much higher than those obtained by
the MIMS approach. In view of the applicability, the "*C disequilibrium technique has a
significant advantage for field studies, whereas MIMS approaches are required for a more
detailed characterization of the carbon concentrating mechanism (CCM). Both methods were
applied in subsequent studies on Trichodesmium.

Second, Trichodesmium was incubated to different CO, concentrations (150, 370, and 1000
pnatm pCQOy,) to test for its CO, sensitivity. In these acclimations, the production of particulate
organic carbon (POC) and particulate organic nitrogen (PON) was strongly stimulated under
1000 patm pCO,. To explain this effect, modes of carbon acquisition were characterized by
means of MIMS and '*C disequilibrium technique. Trichodesmium was found to operate an
efficient CCM based primarily on the uptake of HCOs". Apparent affinities for DIC decreased
with increasing CO, concentrations. Changes in affinities were even more pronounced over the
diurnal cycle, being inversely correlated with N, fixation. Activities for eCA were low and did
not change with pCO,, indicating a minor role of this enzyme in carbon acquisition. The
presence of an efficient CCM clearly negates a direct effect of ambient CO, on the carboxylation
efficiency of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) in Trichodesmium.
Instead, the findings point to changes in resource allocation as an explanation for the observed

CO,-sensitivity.
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To determine the effect of energy availability on the CO,-sensitivity, Trichodesmium was
subsequently grown under a matrix of low and high levels of pCO, (150 and 900 patm) and
irradiance (50 and 200 pmol photons m™ s™). Growth rates as well as cellular C and N content
increased with increasing CO; and light levels in the cultures. The CO,-dependent stimulation in
POC and PON production was highest under low light. To understand these CO;-effects and
their modulation by light, energy sources (gross photosynthesis) and sinks (C-aquisition, N;
fixation, Mehler reaction) were assessed by means of mass spectrometry and gas
chromatography. Gross photosynthesis was found to increase with light, yet being insensitive to
CO,. High CO; levels, however, stimulate rates of N, fixation and prolonged its duration.
Although HCOj3; was the dominant carbon source for C fixation in all treatments, CO, uptake
increased under elevated pCO,. Mehler reaction was generally low under growth condition but
instantaneously induced when cells were exposed to high light, indicating that this process rather
functions as photo-protective than O,-scavenging mechanism in 7richodesmium. In summary,
the observed stimulation in growth and production rates under elevated pCO, cannot be
explained by changes in energy production via PSII activity but it can be attributed to the CO;-
dependent regulation in CCM and N, fixation. Owing to this improved “energy use efficiency”
under elevated pCO,, Trichodesmium is likely to benefit from ocean acidification.

In addition to the experiments looking at the effect of changes in carbonate chemistry on
Trichodesmium, the consequences of a bloom situation on carbonate chemistry was investigated
under different availabilitiy of inorganic phosphorus (P). During exponential growth, the
concentration of DIC decreased while pH increased until cell densities peaked in all treatments.
Once P became depleted, DIC decreased even further and total alkalinity (TA) dropped. These
pronounced changes in carbonate chemistry were accompanied by precipitation of CaCOs,
subsequently identified as aragonite. Under P-replete conditions, however, TA remained
constant, DIC returned to initial concentrations and no aragonite was formed in the post bloom
phase. The ability of Trichodesmium to shift carbonate chemistry from equilibrium was further
investigated by applying a diffusion-reaction model to the data. These findings demonstrate the
capability of Trichodesmium to induce precipitation of aragonite from seawater as a function of

P availability. Possible consequences on the marine carbon cycles are discussed.
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Ziel dieser Arbeit war es, die Reaktion des N,-fixierenden Cyanobakteriums 7richodesmium auf
eine Erhohung von atmosphirischem CO, zu beschreiben und ein detailliertes
Prozessverstdndnis der gefundenen Effekte zu erlangen. Der Schwerpunkt der Forschung lag
hierbei auf der Charakterisierung des Kohlenstofferwerbs und dessen Wechselwirkung mit
Fotosynthese sowie N,-Fixierung. Auf Grundlage der erzielten Ergebnisse wurden zukiinftige
Verinderungen im marinen Okosystem sowie von Stoffkreisliufen abgeschiitzt.

Zu Beginn der Doktorarbeit wurden zwei Ansdtze zur Bestimmung des Kohlenstofferwerbs
von Phytoplankton miteinander verglichen. Dieser Vergleich bestétigte Schliisselannahmen der
“C  disequilibrium“-Technik sowie Methoden der Membran-Einlass Massenspektrometrie
(MIMS) und zeigte deren Stirken und Schwichen. Die “'*C disequilibrium“-Technik ist ein
robuster and préiziser Ansatz zur Spezifizierung der Kohlenstoffaufnahme (CO, und/oder HCOy")
von Phytoplankton. Der MIMS-Ansatz zeigte nahezu identische Ergebnisse in Bezug auf den
Anteil von HCOs™ und CO; relativ zur Netto-Kohlenstofffixierung. Des Weiteren ergaben die
Kohlenstoffflussmessungen mittels MIMS detaillierte Angaben iiber HCO;- und CO»-
Aufnahmekinetiken. Bei der Bestimmung der Aktivitdt von extrazelluldrer Karboanhydrase
(eCA) unterschieden sich beide Ansétze in ihren Abschédtzungen. Der methodische Fehler der
“!*C disequilibrium“-Technik war hierbei erheblich groBer als die Fehler des MIMS-Ansatzes.
Hinsichtlich der Anwendbarkeit zeigte sich, dass die “'*C disequilibrium*-Technik bedeutende
Vorteile fiir den Einsatz in Feldstudien hat, wohingegen der MIMS-Ansatz fiir eine genauere
Charakterisierung der Kohlenstoff-Konzentrierungsmechanismen (CCM) erforderlich ist. Beide
Methoden wurden in den nachfolgenden Studien mit 7richodesmium angewendet.

Um die Sensitivitit von Trichodesmium auf Verdnderungen in der CO, Konzentration zu
untersuchen, wurde dieses Cyanobakterium an verschiedene CO, Partialdriicke (pCO,) von 150,
370 und 1000 patm akklimatisiert. Ein starker Anstieg der Produktion des partikuldren
organischen Kohlenstoffs (POC) sowie des partikuldren organischen Stickstoffs (PON) konnte
hierbei unter 1000 patm pCO, gemessen werden. Um diese CO,-bedingten Verdnderungen
besser verstehen zu konnen, wurde der Kohlenstofferwerb mit Hilfe der MIMS- und der “'*C
disequilibrium®-Technik charakterisiert. Es zeigte sich, dass 7Trichodesmium einen effizienten
CCM besitzt, der hautsdchlich auf aktiver Aufnahme von HCOj; basiert. Die apparenten
Affinitdten fiir gelosten anorganischen Kohlenstoff (DIC) reduzierten sich dabei mit erh6hten
CO, Konzentrationen. Uber den Tagesverlauf waren die Verinderungen in diesen Affinititen
noch ausgeprédgter und mit der Aktivitit der N»-Fixierung antikorreliert. Fiir Trichodesmium

wurde nur eine geringe Aktivitdit von eCA gemessen, welche unabhidngig vom pCO, der
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Akklimatisation war und somit eine nur geringe Rolle im CCM von Trichodesmium spielt. Die
Existenz eines effizienten CCM in Trichodesmium beweist eindeutig, dass Verdnderungen im
pCO; keinen direkten Einfluss auf die Karboxilierungseffizienz der Ribulose-1,5-Bisphosphate
Carboxylase/Oxygenase (RubisCO) hat. Die gemessene CO,-Sensitivitdt scheint stattdessen
durch Veridnderungen im zelluldren Energiehaushalt hervorgerufen zu werden.

Um Auswirkungen von Energieverfiigbarkeit auf die CO,-Sensitivitit zu bestimmen, wurde
Trichodesmium in einer Matrix aus niedrigen und hohen Konzentrationen von pCO; (150 und
900 patm) und Licht (50 und 200 umol photons m™ s7) akklimatisiert. Die Wachstumsraten
sowie zelluldre Kohlenstoff- und Stickstoffgehalte steigerten sich durch erhohte pCO, sowie
erhohte Lichtintensititen in den Kulturen. Die CO,-abhéngige Steigerung in der POC und PON
Produktion war unter der niedrigen Lichtintensitdten am gréften. Um diese Reaktionen und ihre
Regulierung durch Licht zu verstehen, wurden die zelluldire Energieproduktion (Brutto-
Fotosyntheseraten) sowie energieverbrauchende Prozesse (Kohlenstoff-Aufnahme, N»-Fixierung,
Mehler Reaktion) iiber MIMS und Gas-Chromatographie abgeschétzt. Die Brutto-
Fotosyntheseraten steigerten sich mit erhohter Lichtintensitdt, waren jedoch unbeeinflusst von
pCO,. Erhohte CO,-Konzentrationen zeigten jedoch einen Stimulierungseffekt auf Raten sowie
Dauer der N-Fixierung iiber den Tagesverlauf. Obwohl HCO; die hauptsidchliche
Kohlenstoffquelle fiir C-Fixierung in allen Akklimatisationen darstellte, steigerte sich die CO»-
Aufnahme unter erhohtem pCO,. Unter den Akklimatisationsbedingungen wurde nur eine
niedrige Aktivitdt der Mehler Reaktion gemessen, welche sich allerdings stark steigerte, sobald
die Zellen hoherer Lichtintensitdt ausgesetzt waren. Diese Beobachtungen deuten darauf hin,
dass die Mehler Reaktion eher zum Schutz der Fotosynthese bei hohen Lichtintensitdten als zur
Senkung der zelluliren O,-Konzentrationen fungiert. Zusammenfassend zeigt sich, dass die
beobachtete Erhohung der Wachstums- sowie der Produktionsraten unter erhohtem pCO, nicht
durch eine Verdnderung in der Fotosyntheseaktivitit und demzufolge der primdren
Energieproduktion erklidrt werden kann. Die starke CO;-Sensitivitit kann vielmehr auf die CO»-
abhéngige Regulation des CCMs und der N,-Fixierung zuriickgefithrt werden. Aufgrund der
verbesserten ,Energienutzungs-Effizienz* unter erhohtem pCO, wird Trichodesmium
voraussichtlich von der Ozeanversauerung profitieren.

Ergidnzend zu den Studien tiber die Auswirkungen von verdnderter Karbonatchemie auf
Trichodesmium, wurden die Effekte einer Bliitensituation von diesem Cyanobakterium auf die
Karbonatchemie unter verschiedener Phosphatverfiigbarkeit (PO4”) betrachtet. Die Ergebnisse
zeigten, dass wihrend des Zellwachstums die DIC-Konzentration abnahm wohingegen der pH

im Medium anstieg. Dieser Trend war unter allen Bedingungen bis zum Erreichen der
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maximalen Zellkonzentration vergleichbar. Nach vollstindiger Aufnahme von PO, verringerte
sich DIC auch nach Erreichen der maximalen Zellkonzentration weiter. Aulerdem wurde ein
Abfallen der Alkalitit (TA) im Medium beobachtet. Diese ausgepriagten Verinderungen in der
Karbonatchemie korrelierten mit einer Ausfillung von aragonitischem CaCOj;. In dem Ansatz,
bei dem PO43' nicht aufgebraucht wurde, blieb TA konstant und DIC kehrte zu den initialen
Konzentrationen zuriick. Auch konnte hier keine Aragonitfillung beobachtet werden. Um die
Verianderung in der Karbonatchemie in Aggregaten von Trichodesmium abschitzen zu konnen,
wurde ein “diffusion-reaction Modell verwendet. Diese Studie zeigt das Potential von
Trichodesmium, Aragonitfillung in Abhéngigkeit von Phosphatverfiigbarkeit in Seewasser zu

induzieren. Mogliche Auswirkungen auf den marinen Kohlenstoffkreislauf wurden diskutiert.
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2 GENERAL INTRODUCTION

2.1 SETTING THE SCENE

In the Hadean, around 4.6 billion years ago, life would have been impossible for most modern
life forms due to a hostile environment. Average temperatures of about 100°C and a primal
atmosphere devoid of oxygen, mainly composed of water vapor, dinitrogen (N,), carbon dioxide
(CO,) and methane (CHy4) prevailed (Holland, 1984; Kasting et al., 1988; Kasting and Siefert,
2002). With Earth’s cooling, water vapor condensed and in the Archaean (4 billion years ago),
the ancestral ocean became home to the first prokaryotic life forms. These so-called Archaea
exploit a large variety of sources for biomass production, ranging from organic compounds and
the use of NH,", metal ions or even hydrogen gas as energy source. About one billion years later,
prokaryotic life forms evolved, able to use sunlight for energy production, the so-called
photoautotrophic bacteria (Xiong et al., 2000; Blankenship, 2001).

Cyanobacteria were the first using sun energy to split the water molecules for the production
of biochemical energy (Des Marais, 2000), which was used to convert CO, into biomass. These
prokaryotes and their descendants changed the destiny of our planet, altering the atmosphere by
consuming CO, and producing O, via the process of photosynthesis. Initially, the O, reacted
mainly with iron-containing minerals and as soon as those were oxidized, O, started to
accumulate in the atmosphere (Rye and Holland, 1998; Farquhar et al., 2000). It took another 1.5
billion years before the eukaryotic photosynthetic organisms entered the scene (Javaux et al.,
2001). All these photosynthetic organisms strongly influenced environmental conditions and
climate by driving many of the global elemental cycles.

Although environmental conditions have undergone major changes over geological time, the
presently observed global change is occurring at an unprecedented rate, mainly caused by
changes in land use and the burning of fossil fuel (Solomon et al., 2007). A large proportion of
the anthropogenically released CO, is absorbed by the oceans, buffering the increase of this
greenhouse gas in the atmosphere and thus global warming. However, the CO, uptake by the
oceans causes complex changes in the carbonate chemistry that are reflected by a decreasing pH
(Wolf-Gladrow et al., 1999; Solomon et al., 2007). This process, often referred to as ocean
acidification, is likely to affect marine organisms in general and phytoplankton in particular
(Raven et al., 2005; Rost et al., 2008).

Marine phytoplankton comprises approximately 5000 species (Sournia et al., 1991; Tett and
Barton, 1995) and represents about one percent of the photoautotrophic vegetation on Earth.

Despite their little overall biomass, these photoautotrophs are responsible for about half of the

11
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global primary production (Field et al., 1998). This apparent paradoxon is caused by the capacity
for rapid growth and a corresponding high turnover. Despite the high variety in phytoplankton,
only a relatively small number of species dominate elemental cycling. Among these key species,
marine N, fixing cyanobacteria, so-called diazotrophs, play an important role in the nitrogen
cycle, thus marine productivity and Earth’s climate (Zehr and Ward, 2002). It is a key question
in climate research, marine ecology and biogeochemistry to understand the complex interplay

between ecosystem functioning and climate variability.

2.2 THE MARINE CARBON CYCLE
Understanding the responses and feedbacks of phytoplankton to changes in atmospheric CO,

requires the knowledge of processes influencing the CO, exchange between ocean and
atmosphere. The uptake of atmospheric CO, by the ocean is mediated by the so-called physical
and biological carbon pumps (Volk and Hoffert, 1985). The physical pump describes the vertical
carbon flux resulting from differences in CO; solubility of warm and cold water. As warm
surface water moves from low to high latitudes, successive cooling results in an increasing
solubility for CO,. Owing to deep-water formation at high latitudes, this cold water, rich in
dissolved inorganic carbon (DIC), is then transported to the deep ocean (Fig. 1).

Biological fixation of DIC into biogenic matter, its subsequent sinking, remineralization
and/or dissolution drives the biological pumps, which are thought to cause about 75% of the
vertical DIC gradient (Sarmiento et al., 1995). These pumps can be separated into the organic
carbon pump and the carbonate pump. The organic carbon pump is driven by photosynthetic CO,
fixation into particulate organic carbon (POC), causing a drawdown of CO, from the atmosphere
into the ocean (Fig. 1). Organisms that precipitate calcium carbonate (CaCO3) and sink to depth
provide a CO; source for the atmosphere. This counterintuitive effect is caused by consumption
of DIC as well as total alkalinity (TA) during the process of calcification (Zeebe and Wolf-
Gladrow, 2007). The extent of both biological pumps, expressed in the so-called rain ratio
(CaCOs; : POC), largely determines the flux of CO, between surface ocean and atmosphere, and
was estimated to range between 0.05 and 0.25 in the contemporary ocean (Sarmiento et al.,
2002). Cyanobacteria are known to be important primary producers (Paerl and Bebout, 1992;
Waterbury, 2005) and a source for reactive nitrogen (Karl et al., 1997), and thus play a key role
in the marine carbon cycling (Capone et al., 1997, Partensky et al., 1999; Waterbury, 2005).

12
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Figure 1: Schematic illustration of the physical and biological driven carbon pumps (see text). Solid lines indicate
the flow of particulate carbon and dotted lines indicate mass redistribution by physical-chemical processes such as
gas exchange or water mass movements. Abbreviations: DIC — dissolved inorganic carbon; POC — particulate
organic carbon; TA — total alkalinity.

2.2.1 SEAWATER CARBONATE CHEMISTRY

To understand global carbon cycles and biological processes involved in C assimilation, the
basics of the carbon system have to be known. Next to N, (71%), O, (21%) and Argon (1%),
CO, (0.038%) is the most abundant gas in the contemporary Earth’s atmosphere. When

atmospheric CO; dissolves in seawater, it follows Henry’s law (see Eq. 1):
[CO,] = a x pCO,. (1)

where [CO;] is the concentration of dissolved (aqueous) CO,, a represents the temperature- and
salinity-dependent solubility coefficient and pCO, denotes the atmospheric partial pressure of
CO,. Despite the relatively low concentration of CO; in the atmosphere compared to N, or Oy,
the relative amount of inorganic carbon in the ocean is an order of magnitude higher. This is
caused by the fact that CO; is not simply dissolved in seawater like other gases, but it reacts with
the water and forms carbonic acid (H,COs;), which subsequently dissociates to the anions

bicarbonate (HCO5") and carbonate (CO5™):
CO, + H,0 = H,CO; = HCO; +H' = COs* +2H" )
13
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The [CO;] usually comprises [H,COs], which exists only in very low concentrations. The sum of
the three dissolved species [CO,], [HCOs] and [COs™] is summarized as dissolved inorganic
carbon (DIC):

DIC = [CO,] + [HCO;] + [CO5™] (3)
While the [DIC] in the surface ocean is relatively constant, the proportion of the DIC species
vary as a function of pH (Fig. 2), temperature and salinity. An increase in temperature and/or

salinity will increase the relative proportion of [CO5*] with respect to [CO,] and [HCO;5].
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Figure 2: Relative proportions of CO,, HCO; and CO,% in seawater as a function of pH (20°C, S=34). In the
contemporary ocean, the pH is around 8.0 to 8.3 (indicated by the grey bar). Thus, HCO;™ represent about 85-94%,
followed by CO5> with 5-15%, while CO, comprises only 0.3-1.2% of DIC. Please note that the relative proportions
of the DIC species control the pH and not vice versa (modified after Zeebe and Wolf-Gladrow, 2007).

For an accurate description of the carbonate system, total alkalinity (TA) is required. This
parameter can be regarded as an electrochemical charge balance or the buffer capacity. The
surplus of strong cations (e. g. Na", Mg*", Ca*" K, Sr") over strong anions (e. g. CI', CO4> NOy',
F’) in seawater is balanced by the charge of weak ions and defines TA (Dickson, 1981):

TA = [HCO;s] + 2[CO5*] + [B(OH)4 ] + [OH] - [H'] + [X] (4)
While most of the charge difference between strong cations and strong anions is compensated by
[HCO5] and [COs*], other constituents such as [Si(OH)s], [HPO4*], [PO4] or [NHs], here
defined as X, only have minor influence on TA. For a more detailed description of alkalinity in

seawater the reader is referred to Wolf-Gladrow et al. (2007).
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Various biogeochemical processes affect DIC as well as TA (Fig. 3). Invasion or release of
CO; into seawater changes DIC, while TA remains constant. The production of organic matter
decreases DIC due to photosynthetic CO, fixation. The concomitant increase in TA is caused by
NOj; uptake, which is compensated by H' or OH™ exchange of the cell to keep electroneutrality
(C:N ratio according to Redfield was assumed). Remineralization changes DIC and TA in the
opposite direction. The precipitation of CaCO3 reduces DIC by 1 and TA by 2 units, thereby

increasing CO; levels and decreasing pH. Dissolution of CaCOjs has the reverse effect.
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Figure 3: Effect of various processes (arrows) on dissolved inorganic carbon (DIC) and total alkalinity (TA). Lines
indicate levels of constant dissolved CO, (in pmol kg™) as a function of DIC and TA. See text for details (modified
after Zeebe and Wolf-Gladrow, 2007).

2.3 THE MARINE NITROGEN CYCLE

The flow of nitrogen compounds between the oceans and the atmosphere is central to life, as
nitrogen is a fundamental component of biomass. In most of the oceans’ surfaces, bio-available
nitrogen sources like ammonia (NH4"), nitrate (NO3") and nitrite (NO,") are scarce (Capone,
2000) and therefore often restrict primary production. Only a few phytoplankton species like
some marine bacteria and cyanobacteria are able to make use of the abundant N, for growth and
biomass buildup. As a product of N, fixation processes, cells often release NH;" (Mulholland et
al., 2004), which subsequently can be oxidized by nitifying bacteria to NO,  and NOj5™ (Fig. 4) at
the oceans’ surface. As these dissolved inorganic nitrogen sources are used by phytoplankton
species to build particulate organic nitrogen (PON), most of it will sooner or later sink and

become remineralized. After ammonification, NH;" can be oxidized to NO,™ and subsequently to
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NO;. When upwelled, these nitrogen sources, become available for phytoplankton biomass
production (Gruber and Sarmiento, 1997).

In so-called oxygen minimum zones of the ocean, the process of denitrification reduces NO3
to NO;'| nitric oxide (NO), nitrous oxide (N>O) and subsequently to N,. The anammox reaction,
a recently discovered process, directly converts NH;" and NO,™ to N, (Devol, 2003; Kuypers et
al., 2005). The gaseous products of both processes (NO, N,O, N») can be lost from the oceanic
system via exchange with the atmosphere (Gruber and Sarmiento, 1997; Devol, 2003).

marine nitrogen-cycle
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Figure 4: Schematic representation of the marine N cycle showing the major N fluxes. Atmospheric deposition and
riverine input of NH,", NO;™ and dissolved organic nitrogen is not shown here. Solid lines indicate processes that
involve biology. Dotted lines indicate mass redistribution by physical-chemical processes such as gas exchange or
water mass movements. Numbers in parentheses refer to the valence of N in each molecule or ion. Abbreviation:
PON — particulate organic nitrogen.

Nitrogen fixation and denitrification/anammox are generally assumed to dominate the flow of
nitrogen into and out of the ocean, respectively (Capone, 2001; Gruber, 2005; Capone and
Knapp, 2007). Human activity, however, affects the nitrogen cycle via the use of fertilizers or
increasing atmospheric N deposition, causing eutrophication of costal areas and the open ocean
(Codispoti et al., 2001; Doney et al., 2007). Model calculations on N, fixation and denitrification
suggest a depletion of nitrogen in the contemporary oceans (Codispoti et al., 2001). Although

16



GENERAL INTRODUCTION

this apparent N loss is not yet supported by geochemical evidence (Karl et al., 2002), it may
reflect an underestimation of important processes like N, fixation. The latter process has been
proposed to be a key in several interactions and feedbacks between the ocean and atmospheric

CO, (Falkowski, 1997).

2.4 CYANOBACTERIA AND 7TRICHODESMIUM

Within the phylogenetic tree of life, cyanobacteria are classified in the domain of bacteria. These
organisms are found in Antarctic melt water ponds as well as in hot springs, hyper-saline lakes
and arid areas such as the dry valleys in Antarctica as well as the Atacama Desert and thus are
nearly ubiquitous in all ecosystems (Rai et al., 2000). Cyanobacteria are also associated with
fungi in a symbiosis called lichens, or with eukaryotes and higher plants. As an ancestor of
eukaryotic photoautotrophs, this phylum is of significant interest in the endosymbiotic theory
which describes the origin of specialized organelles inside eukaryotes (Mereschkowsky, 1905;
Margulis, 1971, 1996).

Marine cyanobacteria like the species Synechococcus and Prochlorococcus present two of the
most abundant organisms on Earth, yet they were only discovered around 30 years ago (Johnson
and Sieburth, 1979; Waterbury et al., 1979). Despite being less than 1 um in size, they contribute
essentially to marine carbon cycling as well as the food web (Paerl and Bebout, 1992;
Waterbury, 2005). As one of the most important diazotrophs, Trichodesmium is a key player in
the marine nitrogen cycle. The N, annually fixed by this species is calculated to range between
60 and 110 Tg (Capone et al., 1997; Gruber and Sarmiento, 1997; Mahaffey et al., 2005), which
is proposed to support up to 50% of the primary production in the tropical and subtropical oceans
(Paerl and Bebout, 1992; Capone et al., 1997). The ecology and physiology of this important

diazotroph is described in the following.

2.4.1 ECOLOGY OF TRICHODESMIUM
Trichodesmium was first described by Ehrenberg in 1830, classifying this genus within the order
of oscillatoriales (Ehrenberg, 1830). Today, five different Trichodesmium species have been
differentiated. Morphologically, Trichodesmium spp. cells range between 5 and 20 pm in
diameter, forming filaments that consist of up to 340 single cells. These trichoms are found in
the ocean as single filaments or as aggregates (Fig 5 A, B). Aggregates occur as puffs,
spherically arranged filaments, and tufts, elongated rafts (Paerl and Bebout, 1988; Paerl, 1994).
As a photoautotroph, Trichodesmium spp. thrives in the oceans upper layer down to 100 m
with maximal abundance at 20-40 m depth (La Roche and Breitbarth, 2005 and references

therein). Its distribution is restricted to warmer waters in between the 20°C isotherm (Fig. 5 D).
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Notably, highly-stratified oligotrophic waters favor its growth and occurrence (Capone et al.,
1997). Under optimal conditions, blooms can cover up to 10°km? of the ocean surface (i.e. Fig. 5
C; Capone et al, 1998). With cell densities of up to 5.7 x 10° cells L' (Suvapepun, 1992), such
blooms strongly influnece primary production and ecosystem structure. Besides, mass
development of Trichodesmium can have detrimental effects on higher trophic levels as some
strains produce toxins causing massive mortality of zooplankton and fish (Sato et al., 1966;

Hawser et al., 1992) or human respiratory diseases (“Trichodesmium fever”).

Figure 5: Morphology and distribution of
Trichodesmium. A) Single filament of
Trichodesmium erythraeum IMS101,
consisting of ~40 cells. B) Filaments of
Trichodesmium erythraeum IMS101
aggregated as a tuft. One aggregate can
contain several hundreds of filaments. C)
Typical appearance of Trichodesmium during
late bloom situation, also called sea sawdust
(Great Barrier Reef; Heron Island. D) Global
distribution of Trichodesmium based on field
studies (La Roche and Breitbarth, 2005). The
pink line represents the 20°C isotherm, red
R UEE  dots indicate physiologically active cells,
blue dots inactive inactive cells. The
distribution is likely to be much larger than
indicated by these observations.

Although relatively slow-growing, Trichodesmium is a highly competitive genus due to a
number of adaptations to oligotrophic waters. Next to to the ability to fix N,, inorganic nitrogen
and other nutrients can be obtained from deeper layers as Trichodesmium can vertically migrate
by regulating its buoyancy (Villareal and Carpenter, 1990). Moreover, organic nutrients like
phosphonates can be taken up (Dyhrman et al., 2006). High irradiances can be tolerated by
effective photochemical quenching mechanisms (Subramaniam et al., 1999). Regarding
predation, the ability to form aggregates may effectively reduce grazing pressure (La Roche and
Breitbarth, 2005).

Recent studies on Trichodesmium observed strong responses in growth, POC production and
N, fixation under elevated pCO, (Barcelos é Ramos et al., 2007; Hutchins et al., 2007; Levitan et
al., 2007). The underlying processes responsible for the CO,-sensitivity in this genus are
currently unknown. In the following, physiological key processes are outlined.

18



GENERAL INTRODUCTION

2.4.2 PHYSIOLOGY OF TRICHODESMIUM

In contrast to eukaryotic photosynthetic organisms, cyanobacteria lack organelles (like
chloroplasts or mitochondria) and thus have to operate all metabolic pathways in one
compartment. In fact, some biochemical pathways even share the same protein complexes. To
avoid futile cycling and disadvantageous feedbacks, most pathways are therefore tightly

regulated (Fig. 6).
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Figure 6: Schematic representation of major cellular complexes involved in energy flow (electron, ATP,
NADPH+H', N, fixation, carbon acquisition, carbon fixation, carbon respiration, Mehler reaction) in
Trichodesmium. Photosynthetic complexes are green, respiratory complexes are marked in brown, N, fixation and
assimilation is marked in red and complexes involved in carbon acquisition and fixation are blue. The shared
metabolic components are indicated by a mix of the respective colors. Dotted lines represent diffusive fluxes, solid
lines represent fluxes where protein or enzymes are involved. (1) illustrates the outer membrane (2) illustrates
periplasmatic space, consisting of a glycolipid layer (3) the plasma membrane and (4) the thylacoid membrane.
Thylakoids are invaginations of the plasma membrane. Abbreviations: ADP — adenosine-5'-diphosphate; APX —
ascorbate-peroxidase; ATP — adenosine-5'-triphosphate; ATPase — adenosine-5'-triphosphat synthase; BicA — BicA
(HCOs -transporter); CA — carbonic anhydrase; Cyt be/f — cytochrome bg/f protein complex; Cyt C oxidase aa3 —
cytochrome C oxidase; ¢ — electron; Fd — ferredoxin; GS/GOGAT — glutaminsynthase/glutamine-2-oxoglutarate-
amidotransferase; H' — Proton; NADPH — nicotinamide-adenine-dinucleotide-phosphate; NDH — NADPH
dehydrogenase; PC — plastocyanin; PQ — plastoquinone; POC — particulate organic carbon; PON — particulate
organic nitrogen; PSI — photosystem 1; PSII — photosystem 2; PQ — plastocyanin; Q4 — Quinone A; Qg — Quinone
B; RubisCO - Ribulose-1,5-bisphosphat-carboxylase/-oxygenase; SDH - succinate-dehydrogenase; SOD —
superoxide-dismutase.
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2421 PHOTOSYNTHESIS

The photosynthetic apparatus in photoauthotrophs consists of two photosystems (PSI and PSII).
These photosystems are located in the thylakoid membrane, which is an invagination of the
plasma membrane (Fig. 6). Light energy absorbed by chlorophyll and phycobilins in the light
harvesting complexes (LHC) is transferred to specific chlorophylls of the reaction centre,
causing the excitation of electrons. The PSII associated electrons of the reaction centre are
donated to the electron acceptors of the photosynthetic electron transport chain (ETC). The
“missing” electrons in the chlorophyll are replaced by the oxidation of a water molecule via the
oxygen evolving complex.

In the ETC, electrons are further transported via the electron acceptors Qa, Qgp, the
plastoquinone-pool (PQ-pool) and the cytochrome be/f complex towards a mobile electron
carrier, the plastocyanin (PC). The reduced PC can either donate the electron towards a
cytochrome C oxidase, where O, is reduced to H,O, or it is transferred to oxidized PSI. The latter
is formed by light excitation of electrons and their subsequent transfer to ferredoxin (Fd). In the
linear electron transport, Fd then binds to NADP reductase, forming the reductant NADPH+H".
The described electron transfer drives a translocation of protons (H') through the membrane.
Together with H' obtained from the water splitting process at PSII, a proton gradient across the
thylakoid membrane is established. This gradient is used for the production of biochemical
energy in form of adenosine-triphosphate (ATP) by the ATP synthase in the thylakoid
membrane.

One important difference between cyanobacteria and eukaryotic photoautrophs is the PSI:PSII
ratio. Cyanobacteria have high and variable ratios (Myers et al., 1980; Papageorgiou, 1996), so
that in comparison with plants, PS II accounts for relatively little of the cellular chlorophyll. A
high ratio favors the cyclic electron flow around PSI in which electrons cycle from PSI/Fd
through the PQ-pool and the cytochrome be/f complex back to PSI. This cycling of electrons
contributes to the proton gradient, increasing the ATP synthesis but does not lead to NADPH+H"
production (Vermaas, 2001). Another reason for the relatively large amount of PSI in
cyanobacteria is the reduction of the ETC by electrons originating from respiration. Specifically,
the thylakoid-bound succinate dehydrogenase (SDH) of the tricarboxylic acid cycle introduces
electrons into the PQ-pool (Schmetterer, 1994; Vermaas, 2001). In the dark, these electrons are
donated to the thylakoid-bound cytochrome C oxidase (Schmetterer, 1994). In the light,
however, the high abundance of PSI guarantees an oxidized PQ-pool which is important to

minimize photodamage. Moreover, high PSI:PSII ratio may also serve to compete effectively
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with the cytochrome C oxidase for electrons, thus maximizing the number of electrons that can
be used for NADP reduction and reductive pathways like CO, and N, fixation.

In Trichodesmium, a distinct diurnal regulation of both, photosynthesis as well as respiration
is known. This pattern involves a decline in O, production caused by a reversible down-
regulation of PSII activity (Berman-Frank et al., 2001; Kiipper et al., 2004). In terms of
respiration, high rates were observed at the beginning of the photoperiod, which decline towards
midday and evening (Berman-Frank et al., 2001). The diurnal pattern in photosynthesis and
respiration was modulated by light (Breitbarth et al., 2008) and correlated with N, fixation
activity (Berman-Frank et al., 2001).

2422 CARBON ACQUISITION

Most of the reductive power and biochemical energy generated in the light reactions of
photosynthesis are allocated for uptake of inorganic carbon and its subsequent reduction into
organic compounds (Falkowski and Raven, 2007). The rate of CO; fixation largely depends on
the carboxylation efficiency of Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO). This
ancient and highly conserved enzyme, which evolved at times of high CO, and low O, levels
(Falkowski and Raven, 2007), is generally characterized by low affinities to CO,, slow
maximum turnover rates, as well as susceptibility to a competing and wasteful reaction with O,
(photorespiration). As cyanobacterial RubisCO possesses one of the lowest CO; affinities among
phytoplankton (Ky 105-185 gmol L™ CO,; Badger et al. 1998), a considerable amount of
resources has to be invested to circumvent this bottleneck in photosynthesis. To achieve
sufficient rates of C fixation, cyanobacteria as well as other phytoplankton groups operate so-
called CO, concentrating mechanisms (CCMs) which enhance the CO, levels in the close
proximity of RubisCO, thereby increasing the carboxylation reaction.

Cyanobacterial CCMs comprise several functional elements. In so-called carboxysomes,
RubisCO is condensed and closely associated with carbonic anhydrase (CA). The latter enzyme
accelerates the otherwise slow interconversion between CO, and HCO;5". Next to this structural
characteristic for cyanobacteria, CCMs involve the active uptake and accumulation of CO,
and/or HCO5™ (Giordano et al., 2005). There are large species-specific differences but also within
a single species, the CCM has been shown to vary depending on environmental conditions, for
instance, changes in CO, supply (Ogawa and Kaplan, 2003; Giordano et al., 2005). For
Trichodesmium IMS101, genomic analysis identified constituents of a beta type carboxysome as
well as a Na'-dependent HCOs transporter (BicA) and the CO, transport system NDH 14, which
is located at the thylakoid membrane (Fig. 6). Genes encoding for external CA were not

identified (Giordano et al., 2005).
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The ability to take up HCOs™ is advantageous since concentrations of HCO;™ are an order of
magnitude higher than concentrations of CO,. Especially in cyanobacteria, HCOj; transport
allows for high accumulation of inorganic carbon within the cell to compensate for the poor
substrate affinities of RubisCO (Badger et al., 1998; Price et al., 2004). Uptake of CO,, on the
other hand, may be less costly than the ionic form HCOs™ but its accumulation bears the risk of
high CO, efflux (Price and Badger, 1989). Thus, CO, molecules entering the cell have to be
converted to HCOj, for which membranes are less permeable. This conversion is accomplished
by a protein complex at the thylakoid membrane (NDH) and the reaction is thought to be
catalyzed by electrons or NADPH+H" (Price and Badger, 1989; Friedrich and Scheide, 2000).

The characteristics of the CCM will partly determine whether and how Trichodesmium will
respond to environmental changes like ocean acidification. The CCM of Trichodesmium has not
yet been characterized, neither its regulation in response to changes in CO, supply. This
information is urgently required as it may provide an explanation for responses of

Trichodesmium to elevated CO,.

2423 N> FIXATION

As a diazotroph, Trichodesmium mainly fuels its N demand by N, fixation (Mulholland et al.,
2004). The reduction of N, by the enzyme nitrogenase, which evolved under O,-free conditions
in the Archean (Falkowski, 1997; Falkowski and Raven, 2007), is highly energy-demanding and
sensitive to O,. Thus, photosynthetic energy generation and N, fixation within the same cell
appear to be mutually exclusive processes (Falkowski, 1997). To circumvent this inhibitory
effect, diazotrophs evolved biochemical as well as morphological adaptations to separate
photosynthetic O, evolution and N fixation in time and space. In this respect, Trichodesmium
differs from other diazotrophs as it lacks the clear spatial (i.e. heterocysts) and temporal
separation (day vs. night activity) of both processes. In Trichodesmium, nitrogenase is localized
in subsets of neighboring cells, so-called diazocytes, which also contain photosynthetic
components and comprise about 15 to 20 % cells within a trichome (Durner et al., 1996;
Berman-Frank et al., 2003). To protect the nitrogenase from photosynthetic O, evolution,
Trichodesmium has developed a distinct diurnal rhythm in photosynthesis and N fixation (Lin et
al., 1999; Berman-Frank et al., 2001). Also O,-reducing mechanisms, like the Mehler reaction,
have been proposed (Berman-Frank et al., 2001; Kiipper et al., 2004). In the latter, electrons
from the ETC are transferred to an O, molecule, forming superoxide radicals, which are
disproportionate by superoxide dismutase to H,O, and O,. The H,0, is rapidly detoxified to H,O

by the ascorbate peroxidase pathways.
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Regarding energy requirements for N, fixation, the splitting of the triple-bond of N, to form
NH; requires at least 16 ATP as well as 8 electrons (Kana, 1993; Milligan et al., 2007). ATP is
proposed to be mainly supplied through linear, but also cyclic electron transport, while electrons
are donated by reduced Fd. Since there is competition between N, fixation and C assimilation for
energy and reductants, a concerted regulation of these processes is essential to survive, especially
under oligotrophic conditions. To fully understand responses to environmental changes one

therefore has to look at the interplay rather than the processes in isolation.

2.5 OUTLINE OF THE THESIS
This thesis investigates the response of the diazotroph Trichodesmium IMS101 to different

environmental conditions with emphasis on ocean acidification. In dilute batch cultures, the
effect of CO, concentration and light regime on growth, elemental composition and production
rates is investigated. In addition to describe these responses, the study aim to understand the
underlying metabolic processes, such as photosynthesis, carbon acquisition and N, fixation. Next
to the influence of pCO, on ecophysiology of Trichodesmium, the effect of a bloom situation on
carbonate chemistry is described. The findings of the different experiments will be used to make
prediction about the fate of this important cyanobacterium.

Publication I compares the two most common approaches to quantify different aspects of
carbon acquisition and tests their key assumption and reliability. The methods are applied on a
range of different phytoplankton species from different taxa including Trichodesmium.
Publication II investigates the ecophysiological responses of Trichodesmium to different pCO,
levels (150, 370 and 1000 patm). To explain the observed CO;-sensitivity in biomass production,
the CCM and its regulation by CO; and diurnal changes are described.

Publication III examines the combined effect of light and CO, on Trichodesmium. To
understand the strong CO,-dependent ecophysiological responses and their modulation by light,
gross photosynthesis, carbon acquisition, N, fixation and Mehler reaction are investigated in
detail. Implications for biogeochemical cycles are discussed.

Publication IV describes the effect of a Trichodesmium bloom on carbonate chemistry under
different availability of inorganic phosphorus. To explain the observed aragonite precipitation
under P-depletion, changes in bulk carbonate chemistry are measured and additionally modeled

for the diffusive boundary layer of Trichodesmium aggregates.

In a concluding discussion, main results of this study are summarized and evaluated in the
context of physiology, ecology and biogeochemistry. At the end, perspectives are given for

future research.
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Isotope disequilibrium and mass spectrometric studies of inorganic
carbon acquisition by phytoplankton
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Abstract

Given the need to assess potential effects of rising atmospheric CO, on aquatic primary productivity, many
studies have investigated the physiological mechanisms of inorganic carbon acquisition by a variety of phyto-
plankton species. Membrane inlet mass spectrometry (MIMS) has become the preferred methodological
approach for laboratory experiments, whereas the “C disequilibrium method has proven to be particularly use-
ful for field studies. In the present investigation, we explicitly compare results of carbon acquisition mea-
surements obtained with both of these approaches. Testing a range of phytoplankton species from different
taxa, we show that both methods provide nearly identical results on the contribution of HCO,” and CO, rela-
tive to net carbon fixation. In contrast, although both approaches yielded highly reproducible estimates for
extracellular carbonic anhydrase activity, the results differed significantly between the two methods. By direct-
ly comparing these two leading methods, we provide experimental confirmation of key assumptions used for
data interpretation and discuss possible effects of assay conditions. Our analysis highlights the individual

strengths and weaknesses of different approaches.

Over the past two decades, significant progress has been
made toward understanding the physiological mechanisms of
inorganic carbon (C) acquisition in marine and freshwater phy-
toplankton. This research recently has gained increased atten-
tion given the need to understand the potential effects of rising
atmospheric CO, on marine primary production. While early
studies suggested that phytoplankton could be growth-limited
by the CO, supply in the ocean (e.g., Riebesell et al. 1993), sub-
sequent laboratory and fieldwork has documented the existence
of carbon concentrating mechanisms (CCM) in many phyto-
plankton species (Giordano et al. 2005 and references therein).
The CCM - which functions to saturate C fixation by RubisCO
- involves the active transport of CO, and/or HCO,, as well as
various isoforms of the enzyme carbonic anhydrase (CA) that
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catalyze the interconversion between these C, species. The
extent to which various taxa possess CCMs, and the relative effi-
ciency of these C, uptake mechanisms remain poorly under-
stood. This information is needed to understand the effects of
changing CO, levels on marine primary productivity and phy-
toplankton ecology (Giordano et al. 2005), and for the inter-
pretation of *C signatures in marine organic matter (Laws et al.
2001 and references therein).

A variety of methods have been developed to examine C,
use by phytoplankton. Early work focused on Kkinetic
approaches aimed at characterizing C, affinities of cells and
the O,/CO, sensitivity of C, fixation, providing evidence for
the existence of C,like photosynthetic properties in phyto-
plankton (Graham and Whittingham 1968; Berry et al. 1976).
Subsequent studies using silicone oil centrifugation methods
(Badger et al. 1977, 1980; Kaplan et al. 1980) demonstrated
that cells had the capacity to transport HCO,™ and concentrate
large intracellular C, pools, whereas the activity of both intra-
cellular and periplasmic carbonic anhydrase became apparent
in a wide variety of phytoplankton taxa (Reed and Graham
1981; Aizawa and Miyachi 1986; Siiltemeyer et al. 1993). More
recently, the use of MIMS to study cellular CO, and O, fluxes
has provided a new level of insight into C, uptake by phyto-
plankton (Badger et al. 1994; Siiltemeyer et al. 1995). In prin-
ciple, MIMS can be used to measure intracellular C, pool sizes,
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the kinetic properties of CO, and HCO," transport, and the
activities of intracellular and extracellular CA. This approach
has proven extremely useful for integrated C, uptake studies in
phytoplankton, and, recently, has been successfully applied to
a number of environmentally relevant marine species grown
in laboratory cultures (Giordano et al. 2005). Although the
MIMS is increasingly used in field studies (e.g., Tortell 2005;
Tortell et al. 2006), the high cost and technical requirements
for instrumentation remain a limitation. Moreover, MIMS
analysis is not ideally suited for natural phytoplankton assem-
blages given the small net CO, and O, fluxes associated with
many mixed autotrophic and heterotrophic communities.

Oceanographic field studies of C, uptake by phytoplankton
have thus far lagged behind laboratory work, and there have
been relatively few published reports documenting the physi-
ological mechanisms of C, use by natural marine phytoplank-
ton assemblages (Tortell et al. 2000; Tortell and Morel 2002;
Cassar et al. 2004; Martin and Tortell 2006; Tortell et al. 2006).
These studies have confirmed the existence of CCMs in situ,
and demonstrated that HCO," is a major source of inorganic C
for photosynthesis in several ocean regions. For the most part,
these field studies have relied on sensitive *C-based methods
to estimate C, uptake rates and the relative importance of
extracellular CA activity. In particular, the isotope disequilib-
rium method (Espie and Coleman 1986; Elzenga et al. 2000)
has proven to be useful for open ocean field work (Tortell and
Morel 2002, Martin and Tortell 2006), and it is likely that this
technique will be applied widely in future field studies of
marine and freshwater phytoplankton assemblages.

As we progress in our understanding of C, uptake by phy-
toplankton, it will become increasingly important to compare
the results of laboratory and field experiments. This task is
complicated by the different methods and protocols employed
by various investigators. In most cases, independent methods
are used to measure the same physiological parameters, yet
the agreement between methods has not been explicitly
examined. Moreover, each method has its own inherent
assumptions that often are difficult to assess directly. A com-
parison of methods, therefore, is highly desirable. In this arti-
cle, we present a comparison of two leading methods for C,
uptake measurements in phytoplankton. Using a range of
phytoplankton taxa, we show that the isotope disequilibrium
and MIMS methods provide very similar estimates of
CO,:HCO," uptake ratios. In contrast, significant discrepancies
exist in the estimates of extracellular CA activities. We discuss
the individual strengths and weaknesses of the different
approaches, and provide experimental confirmation of the
key assumptions used for their interpretation.

Materials and procedures

Cultures conditions and sampling—For our method compari-
son, we chose to work with a variety of phytoplankton species
(Trichodesmium ervthracum [IMS101], Heterocapsa triguetra
[K-0481], Emnilicrria luxleyi [PML B92/11, highly calcifying strain],
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Phacodactvlum  fricornutumm [CCAP 1052/1A], Thalassionema
nitzschioides, and Phaeocystis globosa) tepresenting a wide
range of taxonomic groups (cyanobacteria, dinoflagellate, coc-
colithophore, and diatoms) and functional modes of inorganic
carbon acquisition. Cells were grown at 15°C in 0.2-um-filtered
seawater (salinity 34) enriched with nutrients according to f/2
medium (Guillard & Ryther 1962), except for 7. erpthracuumn,
which was grown at 25°C in artificial media YBCII (Chen et al.
1996). Acclimations were performed in dilute batch cultures (<
40 pg L' Chlorophyll #) under incident light intensities of 150
umol photons m s and a light-dark cycle of 16:8 h, or 12:12
h in the case of 7. erythiracuni.

Cultures generally were sparged with air containing pCO, of
370 patm (37.5 Pa) for all species except Z. fricorniirn which
was cultured with 1800 patm (182.4 Pa) CO, to minimize
HCO,~ use. Cultures of . #riguefra were not aerated as dinofla-
gellates are known to be negatively affected by the turbulence
resulting from air bubbling (PJ. Hansen, pers. comm.). For this
species, medium pH was adjusted to 8.0 and culture bottles
closed with no headspace. Cultures in which the pH has
shifted significantly from the target value (pH drift > 0.08) were
excluded from further analysis. For all species, cells were accli-
mated to the respective carbonate chemistry for at least 5 d.

Prior to the measurements, cells were concentrated by gentle
filtration onto polycarbonate membranes (pore size 3, 5, or 8 um).
During the filtration, culture media was exchanged with the
respective assay buffer in a stepwise fashion maintaining the
cells in suspension. Unless stated otherwise, cells were har-
vested simultaneously from the same culture flask and then
were used in parallel assays (**C versus MIMS). Both approaches
yield estimates of the fraction of HCO,~ versus CO, taken up by
cells as well as the activity of extracellular carbonic anhydrase.

4C disequilibrium measurements—The "“C disequilibrium
technique was developed to examine steady-state “CO, and
H™CO,~ uptake by phytoplankton following a transient iso-
topic disequilibrium induced by the addition of a neutral pH
1C, spike into an alkaline pH cell suspension. The theory and
methodology of this technique has been described extensively
in several recent articles (Elzenga et al. 2000; Tortell and
Morell 2002; Martin and Tortell 2006). Briefly, the method is
based on the slow interconversion between HCO,™ and CO,,
which allows differential labeling of these carbon species with
1C over time periods of several minutes. In the C, spike solu-
tion (pH 7.0) "CO, represents 20% of the total DIC pool. In
contrast, CO, accounts for only 0.4% of the total DIC in the
cell suspension (pH 8.5) once equilibrium is reached. As a
result, the specific activity (dpm mol-') of CO, in the “C, spike
solution is initially high, and it decays exponentially to an
equilibrium value over the duration of the assay. If a phyto-
plankton species takes up CO, only, the '*C incorporation rate
should reflect these changes in the specific activity, i.e., high
initial rates which decrease to lower values at equilibrium. The
specific activity of H"CO,/"“CO,> (hereafter referred to as
HCO,") in the injected "C, spike is close to its equilibrium
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value and therefore remains nearly constant during the exper-
iment. Consequently, species which use predominantly HCO,-
as the carbon source show a near constant “C incorporation
rate, i.e., a virtually linear time course of incorporation.

In practice, it is the accumulation of C, rather than the
instantaneous uptake rate which is measured in time-course
experiments. As a result, the uptake curves are best modeled in
their integral form (modified from Elzenga et al. 2000):

DPM, = V, (1-£) (ot + (ASA ,/SA,, ) (1- e ) /o,
* Vl (f) ((12t * (ASA””)‘JSAU"_) (1-e Id‘))/az (85)]

V, is the total rate of C, uptake; fis the fraction of uptake
attributable to HCO,; «, and «, are the temperature-, salinity-,
and pH-dependent first order rate constants for CO, and HCO,
hydration and dehydration, respectively (calculated as
described by Espie and Colman 1986 with temperature and
salinity corrections derived from Johnson 1982). Under the
experimental conditions used for most experiments (15°C,
salinity 34, pH 8.5) o, and o, are 0.0272 and 0.032 s™', respec-
tively. For experiments conducted at 25°C, the constants were
calculated as 0.0801 and 0.0977 s, respectively. ASA_, and
ASA, ., are the differences between the initial and equilibrium
values of the specific activity of CO, and HCO,; and SA _ is
the specific activity of all inorganic carbon species at equilib-
rium. During steady-state photosynthesis, V, and fare assumed
to be constant so that changes in the instantaneous *C uptake
rate reflect only changes in the specific activity of the two C,
species. The values of ASA__,/SA . and ASA . ./SA . are set by
the difference in pH between the “C spike and seawater buffer,
with the values of 49 and (.19, respectively.

In this study, we largely followed the experimental protocol
described by Rost et al. (2006) with a few modifications. Con-
centrated cell suspensions were transferred into a cuvette (4 mL
volume) with the respective media buffered at pH 8.5 (BICINE-
NaOH, 20 mmol L"). After pre-incubation to 300 umol photons
m-? s for 6 min, a 10 pCi “C spike (37 MBq) of pH 7.0 (Amer-
sham, CFA3, in HEPES, 50 mmol L") was injected into the cell
suspension. Afterwards, subsamples of 200 ul. were withdrawn
at short intervals and dispensed into 1.5ml of HCI (6 N) to stop
C fixation. To remove residual "C, (i.e., which was not fixed
into acid-stable, photosynthetic products), samples were purged
with air for at least 3 h. Following this, 10 mL scintillation cock-
tail (Packard, Ultima Gold AB) was added to the vials and the
1“C was measured by standard liquid scintillation procedures. To
correct for any residual inorganic “C not removed by the
degassing procedure, blanks consisting of spike added to cell-
free buffer were measured and subtracted from all samples.

We ran the isotope disequilibrium experiments in two ways
to examine CO,:HCO,” uptake ratios and the importance of
extracellular carbonic anhydrase activity. In the standard
approach, potential eCA activity was eliminated by the pres-
ence of dextran-bound sulfonamide (DBS; Synthelec AB), a
membrane-impermeable inhibitor of extracellular carbonic
anhydrase. The inhibitor was added to a final concentration of
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50 umol L' at least 10 min prior to the experiments. In a mod-
ified approach (i.e., control experiments), incubations were
also run without DBS in order to assess potential eCA activity
in cells. For quantitative interpretation, the *C disequilibrium
data were fit according to Eq. 1, using a Marqand-Levenberg
non-linear regression algorithm. In the DBS run, the rate con-
stants «, and «, were taken as the uncatalyzed values (see
above), and the fraction of HCO,™ take up by cells, £, was esti-
mated (Elzenga et al. 2000) from the curve fitting procedure.
In the control experiment, eCA activity was estimated from
the data fits by allowing the rate constant, «,, to vary as a
model parameter whereas / was constrained to the value
obtained in the DBS-treated sample (Martin and Tortell 2006).
Values of a, can be calculated directly from a,. Consequently,
the modeled increase in the rate of HCO,/CO, equilibration
(hereafter referred to as o) was used to assess eCA expression.
Extracellular CA activity (CA'¥¢) was expressed as:

CAMC = (of — a)/o 2)

MIMS: C, flux measurements—The mass spectrometric tech-
nique uses the chemical disequilibrium between CO, and
HCO,  during light-dependent C, uptake to differentiate
between CO, and HCO," fluxes across the plasmalemma. Esti-
mates of these fluxes were made using the equations of Badger
et al. (1994). Briefly, C, flux estimations are based on simulta-
neous measurements of O, and CO, during consecutive light
and dark intervals. During dark intervals, known amounts of C,
are added prior to the initiation of the subsequent light inter-
val. Rates of O, consumption in the dark and O, production in
the light are used as direct estimates of respiration and net C
fixation, respectively. Net CO, uptake is calculated from the
steady-state rate of CO, depletion at the end of the light period,
corrected for the CO,/HCO, interconversion in the medium.
The HCO, uptake is derived by a mass balance equation, i.e.,
the difference between net C fixation and net CO, uptake. As
for all disequilibrium approaches, a lack of eCA activity is
required, as this enzyme acts to rapidly dissipate CO,/HCO,
disequilibrium in the cell boundary layer. The pseudo-first-
order rate constant k, (formation of CO, from HCO,) is deter-
mined experimentally from the initial slope of CO, evolution
after injection of known amounts of HCO,  into CO,-free
buffered medium. The rate constant k, (formation of HCO,
from CO,) is calculated from the product of k, and the ratio of
CO, and HCO, concentrations. Badger et al. (1994) provides
more background on the numerical analysis of the data.

All MIMS measurements were carried out in an 8 mL ther-
mostated cuvette, which was attached to a sectorfield multi-
collector mass spectrometer (Isoprime; GV Instruments) via a
gas-permeable membrane (PTFE, 0.01 mm) inlet system. Prior
to C, flux measurements, the MIMS was calibrated for O, and
CO, concentrations. Calibration for O, was achieved by meas-
uring an air-equilibrated and oxygen-free assay buffer sample.
The MIMS CO, signals were calibrated by injection of known
amounts of NaHCO," into HCI (0.2 mmol L"), The CO, base-
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line was determined by addition of 20 pnL. NaOH (10 mmol L)
into C-free media. Whereas the consumption of CO, by the
MIMS is negligible, measured changes in O, signals were cor-
rected for the O, consumption of the system. The simultane-
ously recorded background signal of argon, which is not
affected by biological activities, was used to correct for small
signal fluctuations in the oxygen signal. Assays were performed
in the respective media, buffered with HEPES (50 mmol L,
pH 8.0). Light/dark intervals lasted 6 min and the incident
photon flux density was 300 umol photons m~? s-!. Concen-
tration of DBS was 50 umol L' to ensure the complete inhibi-
tion of any eCA activity.

MIMS: CA activity measurements—CA activity was deter-
mined from the ™O depletion of doubly labeled aqueous
C10, caused by several hydration and dehydration steps of
CO, and HCO, (Silverman 1982). This mass spectrometric
procedure allows the determination of CA activity from intact
cells under conditions similar to those during growth, and
also can differentiate between intracellular and extracellular
CA (eCA) activity (Palmgqvist et al. 1994). Changes in the ion
beam intensities corresponding to concentrations of the CO,
isotopomers "C"O"™0O (m/z = 49), “C™0'*O (m/z = 47) and
BC10™0 (mfz = 45) were recorded continuously. The O
enrichment was calculated as:

*0 log (enrichment) = log(("*C"™0,) x 100)/2%CQ,) =
log ((49 x 100)/(45 + 47 + 49)) 3)

CA assays were performed in f/2 medium, buffered with HEPES
(50 mmol L', pH 8.0) and were carried out in the dark.
NaH“C"¥0, was added to a final concentration of 1 mmol L' and
the uncatalyzed rate of O loss was recorded for at least 8 min.
Subsequently, 50-150 uL of cell suspension were added to yield a
final Chl @ concentration of 0.05-1.0 ug mL-'. For the calculation
of eCA activity (CA'™™), the linear rate of decrease in O atom frac-
tion after the addition of the cell suspension (S,) was compared to
the non-catalyzed decline (S,) and normalized on Chl « basis:

CA™O = (8, -8 ))/(S, x ug Chl @) (4)
Assessment and discussion

The aim of this investigation was to compare different
approaches for estimating CO, and HCO,~ uptake and eCA activ-
ity in phytoplankton. We purposefully chose a diverse group of
species with a wide range of carbon acquisition mechanisms and
unique cellular architectures. As anticipated, we observed a large
range in physiological characteristics among the species tested.
For the purposes of this study, we shall not discuss these differ-
ences as they have been or will be addressed in other studies
(Rost et al. 2003, 2006, Kranz et al. in prep.). Before comparing
"C disequilibrium and MIMS results, it is important to summa-
rize main assumptions underlying the calculations.

Assumptions of calculation—The interpretation of “C incor-
poration time-courses depends critically upon knowing the
rate at which "C species approach equilibrium and the ratio
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Fig. 1. Verification of theoretical rate constants from '*C disequilibrium
assay by MIMS measurements using *C as a tracer. At time zero, a "*C,
spike (pH 7.0, HEPES, 50mM) was added into buffered media (pH 8.5,
BICINE, 20mM) and the exponential decay of '*CO, into the HCO," pool
was monitored over time. Symbols represent measurements and the solid
line represents a first order exponential decay fit to the data. The fit
yielded a mean value for «, of 0.029 + 0.004 s™' (n= 6).

of CO, to HCO," in the "“C spike and seawater buffer. In pre-
vious studies, these values have been derived from thermody-
namic and kinetic constants published in the literature (John-
son 1982; Espie and Colman 1986). Here we used the MIMS to
check the values experimentally for our buffer solutions.

Central to the data analysis are the rate constants «, and
a, that determine the time required for *CO, / H*CO," inter-
conversion. In the absence of eCA activity, a, and a, are the-
oretically expected to be 0.0272 and 0.032 s-!, respectively,
under the experimental conditions used at 15°C. To verify
these calculated values, the rate of C, equilibration was mea-
sured under our assay conditions using '*C as a tracer. For
these tests, a '-‘Ci spike solution (pH 7.0, HEPES, 50 mM) was
added into buffered media (pH 8.5, BICINE, 20 mM) and the
exponential decay of “CO, into the HCO,” pool was moni-
tored over time. In order to resolve the rate constants more
precisely, the concentration of the C, spike was twice as high
as that used in the "C assay.

We found excellent agreement between theoretical and
experimentally-derived rate constants. Figure 1 shows the
time-course of *CO, decay following the addition of the C,
spike to the alkaline buffer at 15°C. The initial increase in sig-
nal intensity corresponds to the time required for homoge-
neous mixing and the response time of the sampling inlet and
mass spectrometer. Beyond this initial rise, CO, concentra-
tions subsequently decay exponentially as chemical equilib-
rium is approached. A first-order exponential decay fit to the
data (ignoring the first ~ 30 seconds) yielded a rate constant
(0.029 + 0.004 s7'; 7= 6), which was practically identical to the
theoretical calculations (0.0272 s7!). It should be noted, how-
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ever, that erroneous rate constants (resulting, for example,
from small temperature shifts) cause a bias in festimates. In
species preferring CO, (/= 0.25), for instance, an overestima-
tion in rate constants by about 10% would result in slightly
higher estimates (7= 0.28) whereas estimates in HCO, users
(/= 0.75) are less sensitive to errors in the rate constants.

When the “CO, decrease was extrapolated back to time zero,
the predicted concentration added to the system was 33 umol L,
a concentration that is very close to the theoretical value for a
20 uCi (74 MBg; SA ~ 55 mCi/mmol) spike into 4 mL assay media.
QOur calculations and experimental results (Fig. 1) indicate that
“C, additions greater than 10 pCi (37 MBq) under these condi-
tions can introduce a significant perturbation in the carbonate
system during the early part of the experiment, by elevating CO,
levels. In contrast, the ™C additions have only a minor (<5%)
effect on total DIC concentrations in the seawater buffer.

In a second test, we used the MIMS to determine the rela-
tive proportions of CO, and HCO," in our two experimental
buffers (pH 7.0 and 8.5), as these ratios determine the initial
and final conditions of the measurement. This was done by
measuring the increase in CO, concentration upon additions
of known amounts of C, into the respective buffer. As with our
determination of the rate constants, we also found excellent
agreement between the expected and measured CO,/DIC
ratios. The measured values of 19.5% (+ 1.5%; 7= 4) in the pH
7.0 spike and 0.48% (£ 0.11%; # = 6) in pH 8.5 media are not
significantly different from those derived theoretically for use
in our calculations (i.e., 19.5% and 0.4% CO, fraction, respec-
tively). Thus, we are fully confident in the empirical constants
used for our “C data analysis. Nevertheless, it should be noted
that small changes in pH, both in the acidic spike and in the
alkaline media, have large effects on the respective CO, frac-
tion. The corresponding changes in ASA of the C, species intro-
duce an error in the festimates derived from the model fit. In
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species preferring CO, (/= 0.25), for example, an overestima-
tion of CO, fraction of the acidic spike by about 10% would
cause the festimate to be about 8% lower (/= 0.17) whereas
/estimates in species preferring HCO,~ are hardly affected.

The MIMS approach also relies on several key assumptions.
The chemical disequilibrium between CO, and HCO," during
light-dependent C, uptake is used to differentiate between CO,
and HCO," fluxes. O, fluxes are subsequently converted into
carbon by applying a respiratory quotient (RQ) and photosyn-
thetic quotient (I'Q). Since the HCO,~ uptake is derived from a
mass balance between net CO, uptake and C, fixation, the PQ
directly affects the HCO,” uptake estimates. As in previous
studies (e.g., Siiltemeyer et al. 1995; Amoroso et al. 1998;
Burkhardt et al. 2001), we applied values of 1.0 and 1.1 for the
RQ and PQ, respectively. Underestimating the PQ would cause
an overestimation of net C, fixation and hence HCO, contri-
bution, whereas an overestimation in PQ would yield erro-
neously low HCO,~ uptake.

The process of calcification (i.e., calcium carbonate produc-
tion by cells like £. /ucxleyi) presents a further complicating
factor for MIMS analysis. This process potentially affects the
estimation of HCO,/CO, uptake as an additional cellular C,
sink that is not accounted for in the calculations of Badger et
al. (1994). However, since the HCO,~ uptake is calculated from
0O,-derived C, uptake (i.e., photosynthetic C, fixation) the
influence of calcification on the calculations will only be
small. The good agreement with HCO,/CO, uptake estimates
based on the "C method (see below), which is not affected by
the photosynthetic quotient or the process of calcification,
suggests that assumptions and calculations of the MIMS
approach are robust.

Estimates for CO, and HCO, uptake—Examples of "*C incor-
poration time-courses by 7. fricormutum and 7. nitzschioides are
given in Fig. 2. For P. fricornutfurn, identical time-courses were
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Fig. 2. Representative results from 'C disequilibrium assays for 2. tricornutum (a), and 7. nitzschioides (b). Values of fshown on Fig. 2 represent the pro-
portion of HCO," uptake relative to net C fixation in DBS-treated cells (50 umol L"), yielding values of 0.56, and 0.85 for the two species, respectively.
The dashed lines represent best possible model fits with only CO, uptake, and the dotted curve in (a) represents the CO,-only model fit constraining the
final slope. Differences in 'C incorporation between DBS and control, as seen in 7. n/itzschioides, were used to quantify eCA activities.
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Fig. 3. Representative results from C, flux assay showing Chl a-specific
rates of net photosynthesis (squares), net CO, uptake (triangles), and
HCO," uptake (circles) as a function of DIC concentration in the assay
medium for 2 ({ricornuturn. Curves were obtained from a Michaelis-
Menten fit.

obtained in the presence and absence of DBS, indicating a lack
of eCA activity in this strain as noted in previous studies
(Burkhardt et al. 2001). The "C incorporation time-course
obtained for this species could not be fit using a CO,-only
model (i.e., /= 0). As is evident from respective dashed and
dotted curve (Fig. 2a), the observed C, uptake curves cannot be
fit without including a substantial contribution of HCO,
uptake. This is particularly obvious when final slope (V) is
constrained to fit the observed slope (dashed curve on Fig. 2a).
Values of f(the proportion of HCO, uptake relative to net C-
fixation) in DBS-treated cells were 0.56. For 7. nitzschioides,
there was a substantial difference between the time-course
data for control and DBS experiments, indicating the presence
of eCA activity (see below). As with 2. fricornuturn however, the
time-course data could not be fit using a CO,-only uptake
model. Indeed, HCO, accounted for the large majority of C
uptake in 77 witzschiofides with an fvalue of 0.85.
Representative results for C, flux assays are shown for 2. #7-
cornuturn (Fig. 3). Rates of net photosynthesis, CO, and HCO,
uptake were calculated and expressed as a function of DIC
concentration. In order to compare these results with those
obtained from the "C experiments we estimated the HCO,
contribution relative to net C, fixation at DIC concentrations
at ~2 mmol L. For the data shown in Figure 3, the contribu-
tion of HCO, was 0.45 under this external DIC concentration.
Comparison of the HCO,~ contribution estimated from iso-
tope disequilibrium results and MIMS analysis (at 2 mmol L
external DIC) revealed excellent agreement between the two
methods for all species tested (Fig. 4). The methods produced
similar results for “HCO, users” such as 7. erpthiraenn, “CO,
users” like 2. &icornutur as well as the calcifying coccol-
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Fig. 4. Comparison of the HCO, contribution relative to net C, fixation
obtained by C, flux measurements (white columns) and C disequilibrium
technique (black columns) for the various phytoplankton species tested.
Uptake ratios from MIMS measurements were based on the rates
obtained at C, concentrations of about 2 mmol L. Values and standard
deviations are based on at least triplicate measurements (n = 3) and the
same culture was sampled for simultaneous measurements using both
techniques.

ithophore £. /uxleyi. The largest discrepancy between meth-
ods was observed for 2. fricormutum. In this species, the “C
disequilibrium technique yielded HCO,  contributions of up
to 10% higher than those derived by C, flux measurements.
This difference was, however, not statistically significant
(£ test, 7> 0.05), given the relative error associated with each
measurement.

Estimates for CA activity—Whereas the MIMS has been used
to measure CA activities for more than two decades, the mod-
ified approach of the '*C disequilibrium technique recently was
described by Elzenga et al. (2000). Examples of '*C incorpora-
tion time-courses by 7. nitzschioides are given in Fig. 2b. In con-
trast to P. tricornuturn, “C incorporation differed significantly
between control and DBS-treated cells, indicating the presence
of eCA activity in this species. We used the isotope disequilib-
rium data to estimate the rate of CO,/HCO," interconversion in
the cell boundary layer. To quantify this, the data from control
(i.e., no DBS) experiments were fit while constraining /to the
value obtained in the DBS-treated sample, but allowing o to
vary (Elzenga et al. 2000, Martin and Tortell 2006). In the con-
trol for 7. mitzschioides, o' was estimated to equal 0.19 s,
which is approximately a 6-fold enhancement of the non-
catalyzed rate constant (« = 0.0272 s7).

Representative results from a mass spectrometric CA assay
are shown for 77 nitzschioides (Fig. 5). Changes in the '*O-loss
after the addition of cells compared to the spontaneous rate
indicate significant eCA activity in this species. Activities for
eCA by this approach are plotted together with those obtained
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Fig. 5. Representative results for mass spectrometric CA assay with 7. mitzs-
chioides. Based on the concentrations of different CO, isotopomers
3C'0"0 (m/z 49), '*C'80'0 (m/z 47), and "*C'*0Q'%0 (m/z 45) the '*0
log(enrichment) is calculated. Activities of eCA are calculated by comparing
the final linear rate of '*O depletion (S,) after the addition of cells with the
initial linear slope (S,), representing the uncatalyzed rate of '*O exchange.

by "C technique in Figure 6, including also 7. g/obosa and
P. tricornutirn. Both approaches yielded high eCA activities in
7. nitzschioides and P. globosa and confirmed the lack of eCA
in 2. tricomutinn. Unlike the estimation of 4 however, the two
methods yielded largely different values for activities, even
when changes in o’ were normalized to Chl # (data not
shown). Moreover, errors in the *C derived CA estimates are
much higher than those obtained by the MIMS approach.
These findings can most likely be explained by inherent dif-
ferences of the methods, which will be discussed below.

The “C disequilibrium technique assesses eCA activity by
comparing the “C fixation modeled as an increase in «, hence
by changes in the rate constants in the cell boundary layer. As
a consequence, CA activity estimates reflect “effective activi-
ties” in the boundary layer and as such should be independent
of the total biomass of plankton in the sample. In contrast, the
MIMS approach quantifies bulk eCA activity in suspension by
monitoring the changes in 'O loss of doubly labeled HCO,~.
These “quantitative activities” are clearly biomass-dependent
and have to be normalized. In other words, whereas the MIMS
measures eCA activities directly by its effect on the intercon-
version of CO, and HCO,, the MC technique derives eCA activ-
ities indirectly by comparing the C uptake kinetics in the
absence and presence of DBS. Based on these considerations,
one could expect that "C-based “boundary layer” estimates are
higher than those O-based “bulk” estimates of eCA activities.
This is only true, however, for 7. witzsclioides and not P. glo-
bosa. A further reason for the discrepancy may be the fact that
eCA activities are measured in the dark for MIMS and in the
light for the "C method. Potential light-activation of eCA, as
has been suggested by Nimer et al. (1998), is consequently not
accounted for by the MIMS approach.
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Fig. 6. Comparison of extracellular CA activities obtained by MIMS and
C disequilibrium technique with 7. nitzschioides, P. globosa, and P. tri-
cornutum. Values were estimated from control 'C time course data, by fit-
ting the data using Eq. 1, allowing o' to vary (@ = 0.0272 57"), fwas con-
strained to the value obtained in the DBS run. Activities obtained by
MIMS were normalized to Chl @ whereas activities obtained by "C were
not normalized. Error bars represent standard error in o estimates
obtained by the model fit.

Estimates for eCA activities by the “C approach showed
high errors for 7. witzschivides whereas in P. globosa and P. tri-
cornuturn the errors in o were much smaller (Figure 6). To
understand this result, we applied the model (Eq. 1) to a series
of hypothetical *C time-course experiments with different
fand o values (Martin and Tortell 2006). A random error of up
to 5% was introduced to simulate experimental noise in the
test data sets. The results given in Fig. 7 indicate that the curve-
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Fig. 7. Model calculations on «‘estimates for a series of hypothetical 'C
time-course data with specified values of fand « (given by the dashed
lines). A random error of up to 5% was introduced to simulate experi-
mental noise to the test data set.
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fitting algorithm does not provide accurate estimates of a at
high contribution of HCO, and high eCA activities (such as
observed for 7. nitzschioides). This occurs because the *C incor-
poration does not deviate strongly enough from a linear func-
tion. The errors in the model-derived o’ estimates are smaller,
however, when the HCO,~ contribution is lower and moderate
or no eCA activity is present. This approach, therefore, provides
a means to estimate eCA activities with reasonable precision,
provided that cells are not predominant HCO, users (/< 0.7)
and possess moderate amounts of eCA (CA'™° < 4). Unfortu-
nately, high proportion of HCO, uptake is often accompanied
by high levels of eCA activities, especially when cells were
acclimated under low CO, levels (e.g., Rost et al. 2003).

Assay conditions and limitations—Despite the close agree-
ment in CO,/HCO, uptake ratios obtained by the different
approaches, assay conditions differ in some aspects from the
conditions under which cells are cultured, and this could
potentially introduce some bias into the results. As disequi-
librium techniques, both MIMS and "C approaches require
the lack of eCA activity. In the present study this was
achieved by treating cells with dextran-bound sulfonamide
(DBS), a membrane-impermeable inhibitor of eCA (Siilte-
meyer et al. 1990). Since DBS prevents CA-mediated HCO,"
use, the proportion of direct HCO,™ or CO, uptake could also
be altered by this treatment. Whereas the presence of DBS
most likely will not affect the estimates on HCO,-/CO, uptake
in species lacking eCA, the contribution of direct CO, uptake
may be higher in situ when cells express extracellular CA
activity. Inhibitors for eCA may also have other effects than
eliminating eCA activity. It has recently been argued that CA
inhibitors like acetazolamide (AZ) affect photosynthesis
non-specifically over and above the effects on eCA activity
(Pollock and Colman 2001, Martin and Tortell 2006). We
therefore tested the effect of DBS on photosynthesis by com-
paring the "“C fixation with our control. Whereas DBS and
control samples always yielded similar rates of photosynthe-
sis (compare final "*C incorporation rates given in Fig. 2), the
presence of the inhibitor AZ often resulted in lower incorpo-
ration rates (data not shown). Martin and Tortell (2006) sug-
gested that AZ may affect the HCO, transport system
directly, leading to an underestimation of the HCO, contri-
bution to total C, uptake and thus experiments with AZ-
treated cells should be interpreted with caution.

The methods tested here are also limited to a certain pH
range, i.e., rather low values of 8.0 for the MIMS and higher
values of 8.5 for the C approach. Since the pH strongly alters
the speciation between CO, and HCO," in the media, assay pH
may directly influence the uptake ratio of the respective car-
bon species. The higher pH of the C experiments, may favor
HCO, uptake by cells compared to that seen at pH 8.0. In
addition, results also may be altered by pH effects unrelated to
carbonate chemistry, such as by differences in the energy
requirement to maintain internal pH (Raven & Lucas 1985). In
view of the similar results obtained by the different methods,
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this influence can be considered small, at least for those
species investigated in our study.

For both approaches, it is important that cells are not
affected negatively over the entire course of the experimental
assay. For instance, cells can be damaged during the process of
harvesting or as a result of turbulent shear stress in the stirred
cuvette. Oxygen accumulation over the duration of the assays
(as a byproduct of photosynthesis in a closed system) also can
alter photosynthesis and hence cause bias in the results. In the
C disequilibrium technique, a progressive decrease in photo-
synthetic net fixation would increase the difference between
initial and final slope of the "C uptake curve, yielding a
higher apparent CO, contribution to total carbon fixation. In
the MIMS assay, a decrease in photosynthetic activity with
time will cause underestimation of net fixation, CO, and
HCO, uptake and consequently lower apparent half-satura-
tion constants of these processes. This effect would not, how-
ever, specifically affect the relative contributions of CO, and
HCO," uptake.

C, flux measurements usually are performed across a range
of C, concentrations to yield the kinetics of CO, and HCO-
uptake. Hence, these experiments typically last longer than
the “C disequilibrium assays, and consequently are more
prone to introducing physiological stress on cells. It is there-
fore advisable to test the constancy of cellular activity by mon-
itoring photosynthetic O, evolution over the assay time range
in all species. None of the species investigated here showed a
decline in photosynthesis under assay condition (data not
shown). Elevated O, concentrations during MIMS assays can
be counteracted by purging with N,, prolonging the dark
phases, or by working with lower cell densities.

Comments and recommendations—Our comparison of the
MIMS and "C disequilibrium technique demonstrate that reli-
able and comparable estimations of the ratio of photosyn-
thetic CO, and HCO,~ uptake can be obtained. This was true
for a variety of phytoplankton species from different taxo-
nomic groups. The "C method can be regarded as a robust and
accurate method, easily adaptable for field applications. For
more detailed carbon flux studies, the MIMS technique offers
a powerful tool as it also provides uptake kinetics and changes
therein. This information is needed to fully characterize the
CCM in phytoplankton and assess the CO, sensitivity of pho-
tosynthesis and C, uptake.

Assessing extracellular CA activities by the “C approach
allows accurate estimates of the acceleration in rate constants
provided that cells are not predominant HCO,~ users and pos-
sess moderate amounts of eCA. For estimates of eCA activities,
covering a range of activities in CO, as well as HCO,~ users, the
MIMS provides a more accurate approach. It should be noted
that values for absolute eCA activities cannot be compared
directly between approaches.

In view of the general goal of adapting methods to low cell
concentrations (resembling conditions of the natural environ-
ment) the carbon flux measurements by MIMS are limited by

335

38



PUBLICATION |

Rost et al.

the need to create a measurable chemical disequilibrium in
the bulk solution. In this respect, the C approach in which
an isotopic disequilibrium is induced has a significant advan-
tage for field studies, as it allows experiments to be conducted
with cell densities closer to in situ values.
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Abstract

We investigated carbon acquisition by the Na-fixing cyanobacterium Trichodesmium IMS101 in response to
CO; levels of 15.1, 37.5. and 101.3 Pa (equivalent to 150, 370, and 1000 ppm). In these acclimations, growth rates
as well as cellular C and N contents were measured. In vivo activities of carbonic anhydrase (CA), photosynthetic
05 evolution, and CO; and HCO ; fluxes were measured using membrane inlet mass spectrometry and the HC
disequilibrium technique. While no differences in growth rates were observed, elevated CO, levels caused higher C
and N quotas and stimulated photosynthesis and N» fixation. Mimimal extracellular CA (eCA) activity was
observed, indicating a minor role in carbon acquisition. Rates of CO, uptake were small relative to total inorganic
carbon (Ci) fixation, whereas HCO ; contributed more than 90% and varied only slightly over the light period
and between CO, treatments. The low ¢CA activity and preference for HCO; were verified by the BC
disequilibrium technique. Regarding apparent affinities, half-saturation concentrations (K, ;) for photosynthetic
O, evolution and HCO ; uptake changed markedly over the day and with CO, concentration. Leakage (CO,
efflux : Ci uptake) showed pronounced diurnal changes. Our findings do not support a direct CO, effect on the
carboxylation efficiency of ribulose-1.5-bisphosphate carboxylase/oxygenase (RubisCO) but point to a shift in
resource allocation among photosynthesis, carbon acquisition, and N, fixation under elevated CO, levels. The
observed increase in photosynthesis and N, fixation could have potential biogeochemical implications, as it may
stimulate productivity in N-limited oligotrophic regions and thus provide a negative feedback on rising

atmospheric CO; levels.

Marine phytoplankton contribute up to 50% of global
primary production (Falkowski et al. 1998) and influence
Earth’s climate by altering various biogecochemical cycles
(Schlesinger 2005). In this respect, phytoplankton can be
distinguished into so-called functional types, which atfect
these cycles differently. Next to diatoms (silicifiers) and
coccolithophores (calcifiers), diazotrophic cyanobacteria
(dinitrogen-fixers) contribute largely to overall marine
primary production. The current increase in atmospheric
CO; and rising sea-surface temperature are bound to affect
phytoplankton communities in numerous ways (Boyd and
Doney 2002). In view of potential ecological implications
and feedbacks on climate, several studies have investigated
CO, sensitivity in key phytoplankton species, mainly
focusing on the groups of diatoms and coccolithophores
(Nielsen 1995; Burkhardt and Riebesell 1997; Rost et al.
2003).

Diazotrophic cyanobacteria affect marine ecosystems by
providing reactive nitrogen to otherwise nitrogen-limited
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regions. The filamentous nonheterocystous cyanobacteri-
um Trichedesmium thrives in oligotrophic areas of tropical
and subtropical seas. Forming large blooms, this species
contributes about half of all marine N> fixation (Mahaffey
et al. 2005). In contrast to other diazotrophs, Trichodes-
mium has evolved special features allowing N, fixation to
occur during the photoperiod. To protect the oxygen-
sensitive enzyme nitrogenase, which catalyzes the reduction
of N5 to NH;, from photosynthetic O, evolution, this
species has developed distinet diurnal rhythms in photo-
synthesis and N> fixation (Berman-Frank et al. 200156).
This intriguing species has been investigated by several
studies focusing on the effects of phosphorus and iron
limitations as well as temperature, salinity, and irradiance
(Berman-Frank et al. 2001a; Fu and Bell 2003; Breitbarth
et al. 2007). The potential influence of COs-induced
changes in seawater chemistry, however, has been ignored
until very recently.

Barcelos ¢ Ramos et al. (2007), Levitan et al. (2007), and
Hutchins et al. (2007) observed a strong increase in
photosynthesis and N, fixation in Trichodesmium under
clevated CO; levels. This trend is predominantly attributed
to changes in cell division (Hutchins et al. 2007; Levitan et
al. 2007) but also altered elemental ratios of carbon to
nitrogen (Levitan et al. 2007) or nitrogen to phosphorus
(Barcelos ¢ Ramos et al. 2007). Despite differences in their
findings. e.g.. in terms of absolute rates or elemental ratios,
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the magnitudes of these CO, effects exceed those previously
seen in other marine photoautotrophs. The underlying
processes responsible for the strong CO, sensitivity in this
important diazotroph are currently unknown.

Understanding CO, sensitivity in photosynthesis, which
provides the encrgy for growth and any other downstream
processes, requires information about modes of carbon
uptake and fixation in phytoplankton. Most of the
reductive power and energy generated in the light reactions
of photosynthesis are allocated for assimilation of inor-
ganic carbon (Ci) and subsequent reduction (Falkowski
and Raven 2007). A large proportion of these costs is
associated with the operation of so-called CO, concentrat-
ing mechanisms (CCMs), which function to increase the
carboxylation reaction of ribulose-1,5-bisphosphate car-
boxylase/oxygenase (RubisCO). This enzyme evolved
during times of elevated CO, levels and is characterized
by very low affinity for its substrate CO», a slow maximum
turnover rate, as well as a susceptibility to a competing
reaction with OQ-. Since cyanobacterial RubisCO has one of
the highest half-saturation constants ever measured (Ky; of
105-185 pmol L' CO,; Badger et al. 1998), this group has
to invest considerable resources into the CCM to avoid the
risk of carbon limitation as well as the wasteful process of
photorespiration. This CCM involves active uptake of CO,
and/or HCO ;7 as well as carbonic anhydrase (CA). which
catalyzes the otherwise slow conversion between HCO
and CO,. Processes that minimize the CO, efflux from the
cell are also important components of an efficient CCM.
To date, there are no physiological studies on these central
processes in Trichodesmium.

In the present study, we investigated the physiological
responses of Trichodesminm IMS101 to different CO,
levels, comparing Last Glacial Maximum (15.1 Pa), pres-
ent-day (37.5 Pa). and projected upper CO» values for the
year 2100 (101.3 Pa; Raupach et al. 2007). To assess
diurnal changes in these treatments, responses were
generally measured at different time intervals over the
photoperiod. In each CO; treatment, responses in growth
rates, elemental ratios, and rates of photosynthesis and
production of particulate organic nitrogen were measured.
To develop a process-based understanding of responses in
the incubations, different in vivo bioassays were applied.
05 evolution under steady-state photosynthesis, quantified
CO; and HCO ; uptake rates, as well as cellular leakage
(CO; efflux:Ci uptake) were measured by the use of a
membrane inlet mass spectrometer. Activities of external
carbonic anhydrase (eCA) were determined by monitoring
180 exchange from doubly labelled 13C#Q0,. As a second
approach, short-term 'C disequilibrium measurements
were conducted to estimate CA activities and distinguish
the carbon source taken up.

Methods

Culture conditions—Stock cultures of Trichodesmium
ervthraeum IMS101 (isolated by Prufert-Bebout et al.
1993) were grown at 25°C i a 12:12 h light : dark (LD)
cycle at 150 ymol photons m—2 s~ ! in 0.2-um-filtered
unbuffered YBCII media (Chen et al. 1996). For experi-

Table |. Parameters of the secawater carbonate system
calculated from pCOs, alkalinity, pH, phosphate, temperature,
and salinity using the CO2Sys program (Lewis and Wallace 1998)
(n=3; =8D).

pCO; pH CO- DIC TA

(Pa) (NBS) {umol L-1) (umol L1 (uEq L-1)
1501 8.56+0.03 39+0.3 1879+24 2535x12
378 8.26+0.03 99+0.7 2113%20 2535+12
101.3 7.89+0.03 27.2+19 2322+16 2535*12

ments, semicontinuous batch cultures were grown in 1-liter
custom-made cylinder flasks (diameter 7 cm) at the same
temperature and light regime. Air containing three different
CO, partial pressures (pCO,) of 15.1, 37.5, and 101.3 Pa
(equivalent to 150, 370, and 1000 ppm) was sparged
continuously through the cultures. CO, gas mixtures were
generated with gas-mixing pumps (Digamix 5KAI18/8-F
and SKA36/8-F, Woesthoff GmbH), using COs-free air
(Nitrox CO,RP280; Domnick Hunter GmbH), pure CO,
(Air Liguide Deutschland GmbH), or ambient air. Regular
dilution with fresh, pre-acclimated media ensured that the
carbonate chemistry remained constant and that the cells
stayed in the midexponential growth phase. Cultures in
which the pH had shifted in comparison to cell-free media
at the respective pCO; (pH drift >0.06) were excluded from
further analysis. Total alkalinity was measured in duplicate
by potentiometric titration and calculated from linear Gran
Plots (Gran 1952). The carbonate system was calculated
from total alkalinity (TA), pCO,, phosphate, temperature,
and salinity using the program CO2Sys (Lewis and Wallace
1998). Equilibrium constants of Mehrbach et al. (1973)
refitted by Dickson and Millero (1987) were chosen.
Carbonate chemistry for the respective pCO, treatments
is given in Table 1.

Growth, elemental composition, and fixation rates—Cul-
tures were acclimated to the respective pCO- for at least
14 d (>5 generations) before measuring. In general,
samples were taken at the beginning of the photoperiod
to account for diurnal changes. Cell densities were
determined using an inverted microscope (Zeiss, Axiovert
200) by measuring the number of filaments, length, and cell
size in a Sedgwick-Rafter Cell (S50, Graticules). The
average cell size for each pCO; treatment was estimated
based on the length of individual filaments and corre-
sponding cell counts (=10,000 individual counts). Samples
for chlorophyll a (Chl @) measurements were filtered onto
cellulose nitrate filters (Sartorius) and stored at —80°C. Chl
a was subsequently extracted in 5-10 mL acetone (over-
night in darkness, at 4°C) and determined with a
fluorometer (Turner Designs).

Samples for particulate organic carbon (POC) and
nitrogen (PON) were filtered onto precombusted (500°C:
9 h) GFF filters and stored in precombusted (500°C; 9 h)
petri dishes at —20°C. Prior to analysis, filters were treated
with 200 uL. HCI (0.1 gmol L-1) to remove all inorganic
carbon. POC and PON were subsequently measured in
duplicate on an EA mass spectrometer (ANCA-SL 2020).
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Growth rates were determined based on changes in cell
density, Chl a concentration, as well as POC and PON,
respectively, and are given as mean values. Growth rates ()
were calculated as:

;z(d_!) _ In(Ny) ;{ In(Ny) (1)

where N and N, are concentration of cells, Chl ¢, POC, or
PON at time fy and f;. respectively, and Ar is the time
between sampling intervals. Production rates of PON (Py)
and POC (P¢) per day were calculated according to the
following equations:

Py = st x PON x (Chla)™! (2)

Pc = i x POC x (Chla)™' (3)

Determination of CA activity—After a minimum of 14 d
acclimation to the respective pCOs, cells were concentrated
by gentle filtration over a membrane filter (pore size 8 um;
Isopore, Millipore). The culture media was stepwise
exchanged with the respective assay medium, and CA
activities were determined using a membrane inlet mass
spectrometer (MIMS). The system consisted of a temper-
ature-controlled cuvette, a membrane-inlet (polytetrafluo-
roethylene membrane, 0.01 mm). and a sectorfield multi-
collector mass spectrometer (Isoprime; GV Instruments).
Gas molecules dissolved in solution permeated through the
membrane and were ionized. and, depending on their
mass: charge ratio (m/z), ions were then separated and
detected.

CA activity was determined from the 130 depletion of
doubly labelled '3C!%0, in water caused by several
hydration and dehydration steps of CO, and HCO
(Silverman 1982). The reaction sequence of 180 loss from
initial 13C!180Q180 (m/z = 49) via the intermediate
13CISQ160 (m/z = 47) to the final isotopomer 13C16Q160
(mlz = 45) was recorded simultaneously. The 120
enrichment was calculated as:

log (enrichment)
(3C0,) x 100

#13cT0, + BCPO10 + 1BCO, (4)
(m/z49) x 100

(m/z45) + (m/z47) + (m/z49)

CA measurements were performed in 8§ mL of YBCII
medium buffered with 2-(4-[2-hydroxyethyl]-1-piperazin-
ylethanesulfonic acid (HEPES, 50 mmol L !, pH 8.00) at
25°C. If not stated otherwise, all measurements were
carried out in the dark to avoid interference with light-
dependent carbon uptake by the cells. Bicarbonate was
added (1 mmol L-! NaH!*C180), and once the chemical
equilibrium was reached, the uncatalyzed rate of 8O loss
was recorded for at least 5 min. Subsequently, 100-200 uL
of concentrated cell suspension were added to the media to
yield a final Chl & concentration of 0.5-2.5 ug mL~1. For
calculation of extracellular CA activities (eCA), the

= lo

= log

45

increasing rate of 80 depletion after addition of the cells
(S,) was compared to the uncatalyzed reaction (S;) and
normalized on a Chl a basis (Badger and Price 1989):

U= (S2 — Sy) x 100 (5)
S; x ug Chla

Consequently, 100 units (U) correspond to an enhance-
ment in the interconversion between HCOj; and CO;
relative to the spontaneous rate by 100% per pg Chl a.
Following the eCA measurements, light was added
(300 gmol photons m 2 s 1) to monitor light-induced
changes in the 0 exchange. This method is indicative of
active transport of Ci, as there will be an enhanced influx of
labelled Ci into the cell to the active site of internal CA,
resulting in an increase of the 20 loss (Badger and Price
1989).

Intracellular CA (iCA) activity was determined in the
presence of 50 gmol L-! dextran-bound sulfonamide
(DBS), a membrane-impermeable inhibitor of ¢CA. The
activity of iCA was estimated from the rapid decline in log
(enrichment) upon the injection of cells, defined as A, and
calculated according to Palmquvist et al. (1994). Values of A
are expressed per pug Chl a.

Determination of photosynthesis and Ci fluxes—The O,
and Ci fluxes were determined during steady-state photo-
synthesis with the same MIMS as for the CA measure-
ments. The method established by Badger et al. (1994) is
based on simultaneous measurements of O, and CO»
during consecutive light and dark intervals. Known
amounts of inorganic carbon were added to measure
photosynthesis and carbon uptake rates as a function of
CO,, HCO;, or dissolved inorganic carbon (DIC)
concentrations. Photosynthesis, CO, uptake, and HCO ;
uptake were calculated according to the equations of
Badger et al. (1994). Cells were harvested in the same
manner as for the CA measurements using CO,-free YBCII
medium (50 mmol L—! HEPES, pH 8.00) and transferred
into the cuvette before DBS was added (final concentration
of 50 gumol L-1). Light and dark intervals during the assay
lasted 6 and 5 min, respectively. The incident photon flux
density was 300 gmol photons m~—2 s~!. Chl ¢ concentra-
tions in the assay ranged from about 0.5 to 4 pg mL 1.
Further details on the method and calculations are given in
Badger et al. (1994) and Rost et al. (2007).

14C disequilibrium method—Cells were concentrated via
gentle filtration in the same manner as for the MIMS
assays, but they were washed and resuspended with
buffered YBCII media (BICINE-NaOH, 20 mmol L !,
pH 8.50). Afterward, cells were transferred into a cuvette
(4 mL volume) and pre-incubated to 300 umol photons
m-—2s-! for 6 min. The C disequilibrium technique
makes use of the transient isotopic disequilibrium upon
an acidic C spike into cell suspension at high pH to
determine whether CO, or HCO ; is the preferred carbon
species for photosynthesis (Espie and Colman 1986;
Elzenga et al. 2000). This approach also provides semi-
quantitative estimates of external CA activity. In the
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present study. we followed the protocol described by Rost
et al. (2007).

Results

Growth, elemenral ratios, and fixation rates—To assess
the overall sensitivity of Trichodesmium to different CO,
levels (15.1, 37.5, and 101.3 Pa), responses in growth
rates, elemental ratios, rates of photosynthesis, and
production rates of particulate organic nitrogen were
measured. Growth rates were determined during mid-
exponential growth phase based on cell counts, Chl 4,
POC, and PON. The mean growth rate was 031 =
0.04 d- ' (Fig. la) and did not differ significantly between
pCO; treatments (p = 0.378; one way ANOVA), The C: N
ratios (4.6 = 0.1) and Chl a:cell ratios (1.0 £ 0.2) did not
differ between the treatments. However, POC and PON
increased from 4.1 = 0.6 pmol C cell ! and 0.9 = 0.1 pmol
N cell ! at 37.5 Pa to 54 = 0.6 pmol C cell ! and 1.2 =
0.1 pmol N cell-! at 101.3 Pa CO, (Figs. 1b.c). The
corresponding POC and PON production rates increased
from 51.7 = 8.0 to 67.6 = 7.4 ymol C (mg Chl @) ' h!
and from 11.4 = 22 to 149 = 1.8 ymol N (mg Chl
a)~! h~1, representing a stimulation in carbon and nitrogen
fixation by almost 40%.

In terms of diurnal changes, carbon and nitrogen
contents per cell showed distinet patterns leading to strong
changes in C:N ratios (Fig. 2a). During the course of the
day. the C: N ratio increased from 4.76 = 0.04 at the onset
of the photoperiod to 4.91 = 0.04 around midday (09:00 h-
12:00 h). It decreased to 4.48 *= 0.08 during the afternoon
(12:00 h—17:00 h) and subsequently increased to 4.95 = 0.09
toward the scotoperiod (21:00 h). This diurnal variation in
the C: N ratio indicates distinct differences in the patterns
of carbon or nitrogen fixation over the day. Rates of
photosynthesis and respiration (based on O, evolution) as
determined by MIMS also showed pronounced diurnal
changes in all acclimations (Fig. 2b). Rates of photosyn-
thesis decreased by 48% during the first 3 h of the
photoperiod, while dark respiration increased by 102%.
After reaching lowest and highest rates around midday,
respectively, this pattern reversed, and photosynthesis
increased while dark respiration decreased toward the end
of the photoperiod (Fig. 2b).

Carbonic anhydrase activities—External CA activity
determined by MIMS directly reflects the acceleration in
the conversion between CO, and HCO ; relative to the
spontaneous rate. In Trichodesmium, eCA activities were
about 50 = 10 units (ug Chl @) !, and they neither varied
between treatments nor over the photoperiod (data not
shown). The activity of internal CA remained constant in
all acclimations and was near the detection limit, ie., A
values were about 0.25 = 0.08 (ug Chl q) ! following
calculations of Palmquist et al. (1994).

The 80 exchange technique can provide information
about active Ci transport systems. As shown in Fig. 3,
illumination resulted in an enhanced uptake of '8O-labelled
13CO; (m/z 49 and 47) and a large efflux of unlabelled
13CO, (m/z 43), leading to a light-dependent decrease in log
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Fig. 1. (a) Mecan growth rates of Trichodesmium based on

changes in cell density, Chl 4, POC, PON (b) content of POC per
cell, and (c¢) content of PON per cell in different acclimations of
15.1 Pa, 37.5 Pa, and 101.3 Pa pCO,. Data present mean values (n
=3; £8P}

(enrichment). Similar patterns were observed in all accli-
mations and throughout the photoperiod.

Photosynthetic O> evolution and carbon fluxes—Photo-
synthesis and Ci uptake are shown as functions of CO; and
HCO 7 concentration measured during steady-state condi-
tions (Fig. 4) by MIMS. Maximum rates of photosynthesis
(Vmax) and half-saturation concentrations (K;;») were
obtained from a Michaelis—Menten fit and are summarized
for all pCO, treatments in Table 2. Kinetics for photosyn-
thetic O, evolution were affected both by pCO, and
photoperiod. While ¥,,,, differed only slightly between
pCO, treatments. diurnal variations were pronounced
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Fig. 2. (a) Diurnal variations in C:N ratios of the 37.5 Pa  Occurs during steady-state photosynthesis. The proportion

acclimation in Trichodesmium. Symbols represent average values
(n=2 = SD). (b) Pattern of photosynthesis and dark respiration as
measured during carbon flux measurements in light and dark
cycles, respectively, Data present mean values (n=3; =8D),

(Fig. 5a: Table 2). Minimum values were obtained about
3 h after illumination (125 to 170 yumol O, [mg Chl
al~' h~!), and increased by nearly twofold toward the
end of the photoperiod (303 to 330 pmol O, [mg Chl
a] ' h1). As indicated by the K;» (DIC) values, affinities
differed significantly between pCO, acclimations and also
showed a strong diurnal pattern, with highest values
around midday (Fig. 5b; Table 2). K, (CO») values for
photosynthesis ranged between 0.9 and 13.6 umol L~ CO,
(data not shown).

In terms of carbon fluxes, Trichodesmium showed a
preference for HCO: as a carbon source for photosyn-
thesis (Fig. 4; Table 3). The high HCO ; contribution to
net fixation was verified by the “C disequilibrium method
(see below). The K, values for HCO ;- uptake and diurnal
variability therein strongly increased from low to the high
pCO, acclimation (Table 2), ranging between 40 and
100 pmol DIC L-! in the low pCO, treatment and 85
and 520 pmol DIC L' in the high pCO, treatment. This
CO; effect on affinities persisted despite the large diurnal
variations in Ky, being most pronounced during midday
and lowest at the beginning of the photoperiod. Rates for
CO, uptake were very low in all acclimations and
throughout the photoperiod (Table 2). In terms of gross
CO, uptake, K> and V.« remained unaffected by pCO» in
the acclimation as well as over the photoperiod. K> values
ranged between 3.3 and 6.1 ymol L-1 CO,, and Vi
ranged between 51 and 114 gmol CO, (mg Chl a) ' h 1,
Net CO, flux was often negative, showing lowest values
between 12:00 h and 15:00 h, which made it impossible to
calculate K, values. These rates reflect the CO; efflux that
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of Ci efflux compared to gross Ci uptake, ie., cellular
leakage, was estimated by MIMS from the CO, efflux
observed directly upon darkening. Independent of the
pCO; acclimation. Trichodesmium showed large variations
in leakage during the photoperiod, and the highest ratio
(~0.5) occurred at 12:00 h (Fig. 6).

HC disequilibrium method- Figure 7 shows an example
of the #C incorporation of a culture acclimated to 101.3 Pa
CO,. Monitoring the '4C incorporation for more than
12 min, i.e.. well into equilibrium, yielded a high level of
precision for determining the carbon sources. In measure-
ments of the same culture without DBS (control), similar
rates of '*C incorporation were obtained, indicating a lack
of significant eCA activity. The ratio of HCO; to net
fixation did not significantly differ between the acclima-
tions or throughout the photoperiod; values ranged
between (.86 and (.95 (Table 3).

Discussion

This study assessed the sensitivity of Trichodesmium
ervthraeum (IMS101) to changes in CO; concentration by
measuring responses to the different acclimations (e.g.,
growth, elemental ratios, fixation rates) and by describing
the modes of carbon acquisition (e.g.. CA activitics., O»
evolution, carbon fluxes). Cells were acclimated in unbuf-
fered artificial seawater and maintained at low cell densities
to match the natural environment in nonbloom situations
as closely as possible. Trichodesmium showed no responses
in growth rate, but particulate organic carbon and nitrogen
production rates increased strongly at clevated pCO,
(Fig. 1) The apparent K, values for photosynthetic O,
evolution were significantly lower than values known for
RubisCO (Badger et al. 1998), demonstrating the operation
of a CCM in this species. Trichodesmium showed a strong
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Fig. 4. Chla-specific rates of (a) photosynthesis and HCO ; uptake and (b) photosynthesis and gross as well as net CO; uptake and
as a function of HCO ; and CO; concentration in the assay media. The given examples show results from cells acclimated to 101.3 Pa
CO; and were measured at 07:00 h. Curves were obtained from a Michaelis-Menten fit.

preference for HCO 7 as a carbon source, which did not
change with CO; availability or over the diurnal cycle. In
terms of CO, and HCO y affinities, however. cells showed
strong responses to CO, treatments and photoperiod.

Growth, elemenral ratios, and production rates—Previous
studies have observed CO, effects on growth (Riebesell et
al. 1993), photosynthesis (Nielsen 1995; Rost et al. 2003),
and eclemental ratios (Burkhardt and Riebesell 1997) in
diatoms and coccolithophores. Large responses in growth,
photosynthesis, and elemental ratios with respect to
changes in pCO, have recently been found in the
diazotrophic species Trichodesmium (Barcelos ¢ Ramos et
al. 2007;: Hutchins et al. 2007; Levitan et al. 2007). It should
be noted that all these studies, including the present one,

Table 2.

have used the same Trichodesmium isolate from the
Atlantic Ocean (IMS101).

Our findings indicate no sensitivity in growth rates over
the tested CO» range (15.1 to 101.3 Pa CO,), but they do
show CO,-dependent changes in the elemental composition
of Trichodesmium (Fig. 1a). In comparison to the previ-
ously published data, growth rates (¢ = 0.32) are slightly
higher than those obtained by Levitan et al. (2007; p =
0.27) and lower than those from Barcelos e Ramos et al.
(2007; i = 0.45) under high CO,. For low CO, levels, our
data do not agree with the diminished rates observed by
Levitan et al. (2007; u = 0.12) and Barcelos ¢ Ramos et al.
(2007; p = 0.15 to 0.3) or the absence of growth observed
by Hutchins et al. (2007). According to the latter study,
Trichodesmium cannot thrive under the CO» levels that

K\p and V,,,, of photosynthesis, HCO ; uptake, and gross CO, uptake over a diurnal cycle and acclimated to 15.1, 37.5,

and 101.3 Pa pCO,. The photoperiod started at 09:00 h and ended at 21:00 h. Kinetic parameters were calculated from a Michaelis
Menten fit to the combined data of several (n=3; =SD) independent measurements. Values for Ky and Vi, are given in gmol L1 and

pumol (mg Chl a)~! h—!, respectively.

Photosynthesis HCO ; uptake Gross CO» uptake
Time (h) PC02 (Pa) K (DIC) Vinax (DIC) Ky {HCO3 ) {HC03 ) Ky (COs) Vimax (COz)
07:00 15.1 6124 233x14 63%25 242+15 4+ 887
37.5 12613 219x7 1119 213+4 6x1 56+3
101.3 214+18 274+8 190+16 250+7 5+1 60+5
09:30 15.1 4011 1879 41+11 23211 4+ 82+7
375 72+12 207*6 27x8 2199 4=+1 73*6
101.3 85+33 233+20 52+23 226+18 62 56+6
12:00 15.1 102+33 1479 30+6 199+6 32 6710
37.5 286*96 171x16 11229 198=11 4x1 60x3
101.3 51954 125+4 111x23 1507 7x1 51%2
15:00 15.1 54+12 298+12 25+6 266+9 %] 908
37.5 94+29 270+20 51+11 232+9 3+1 97+10
101.3 443+105 19215 188+38 206=10 i 64x2
18:00 15.1 25+35 319+21 30+8 248+9 4+1 92+4
375 112x25 33016 61x15 284+13 42 114£13
101.3 25770 303%=22 18156 27420 S 90x7
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different pCO, conditions. Kinetic parameters were calculated
from a Michaelis- Menten fit to the combined data of several
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Table 3. Contribution of HCO; uptake relative to net C
fixation. Values of MIMS measurement were obtained at
2 mmol L1 DIC. Values of #C were obtained by fitting the
MC incorporation pattern. Values represent the mean of three
independent measurements (n=3; =SD).

HCO ; uptake: C fixation

Time (h) pCO; (Pa) MIMS 14C disequilibrium
07:00 L5:1 1.02+0.20 -
37.5 1.01£0.08
101.3 0.98=0.11 0.94+0,01
09:30 15.1 1.08+0.28 0.94+0.01
37.5 1.02=0.19 0.95+0.01
101.3 1.02+0.22 0.92+0.01
12:00 15.1 1.11£0.35 0.93%0,01
37.5 1.09=0.31 0.93+0.01
101.3 1.13+0.38 0.90+0.01
15:00 15.1 0.99=0.19 0.92+0.02
37.5 0.98%0.15 0.93+0.01
101.3 1.06%£0.27 0.87x0.02
18:00 15.1 0.99+0.17 -
37.5 1.01=0.24 -
101.3 1.02£0.35 0.92+0.02
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prevailed during glacial times and commonly occur under
bloom conditions. Some of the strong CO-, dependence
observed by Barcelos ¢ Ramos et al (2007) is also caused by
reduced growth rates in the low pCO-, range, which
furthermore shows significant variability.

The carbon and nitrogen contents per cell increased at
high pCO; compared to the lower pCO, acclimations
(Figs. 1b,c) while the C:N ratios remained constant at
~4.6 (obtained at the beginning of the photoperiod).
Measured carbon quotas and elemental ratios are compa-
rable with those obtained by Hutchins et al. (2007) and
similar to C:N ratios reported for the low pCO,
acclimation by Barcelos e Ramos et al. (2007). However,
in their study, the cell quotas for C and N decreased with
mcreasing pCO,, which is the opposite to the trend

35
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time (s)

0 100 300 400

Fig. 7. Examples of disintegrations per minute (DPM) of 14C
during a short-term incubation of cells acclimated to 101.3 Pa
CO, and measured at 15:00 h. Values of fin DBS-treated cells
(closed symbols) and the control (open symbols) represent the
proportion of HCO ; uptake relative to net C fixation.
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observed by Levitan et al. (2007), who found an increase in
C and N quota as well as the respective ratio under elevated
pCOs. In all studies, the observed magnitude in CO,
sensitivity to carbon and N, fixation differed strongly.
Using the acetylene reduction assay, Barcelos ¢ Ramos et
al. (2007) and Levitan et al. (2007) observed stimulation in
N, fixation by approximately 40% and even up to 400%,
while Hutchins et al. (2007) obtained stimulation by up to
35% over the respective CO» range. In our study, we
assessed the process of N, fixation by measuring the
production of particulate organic nitrogen. The results
show a 40% increase in the production rates under high
pCOs (Fig. 1c) as well as elevated C fixation (Fig. 1b).
Both processes were equally stimulated, which is reflected
by the constant C: N ratios. These findings are consistent
with Barcelos ¢ Ramos et al. (2007) and Hutchins et al.
(2007), while in Levitan et al. (2007), C: N ratios increased
with CO,.

The discrepancy between studies may be attributed to
differences in methodology (e.g., midexponential growth
versus late stationary phase) or growth conditions (light
mtensities). Preliminary data (S. Kranz and O. Levitan
unpubl. data) showed that light levels strongly influenced
CO; dependency of growth as well as C and N quotas in
Trichodesmium. Responses consistent within all mentioned
studies on Trichodesmium show that elevated COs> stimu-
lates both C and N, fixation rates

Diurnal variations in photosynthesis and N> fixation
Diazotrophic organisms have developed numerous strate-
gies to fix N, efficiently (Berman-Frank et al. 2007).
Nitrogenase, the enzyme that catalyzes the reduction of
atmospheric N> to ammonia, is inhibited by O, and thus
N, fixation has to be separated from photosynthetic O,
evolution. In the nonheterocystous Trichodesmium, a
distinct diurnal pattern of N, fixation and Os evolution
has been observed (Berman-Frank et al. 20015; Milligan et
al. 2007). Our study verifies these diurnal rhythms. finding
a pronounced decrease in photosynthesis and increased
dark respiration during midday (Fig. 2b). The concomitant
decrease in C:N ratio during that time also reflects
increasing rates of N; fixation (Fig. 2a). Additionally, the
Mehler reaction appears to be involved in light-dependent
O- uptake during N, fixation (Kana 1993; Milligan et al.
2007). The inverse correlation between photosynthesis and
respiration observed in the present and previous studies is
caused by the fact that both processes share the same
protein complex in the electron transport chain. Conse-
quently, the increase in dark respiration results in a down-
regulation of the water splitting in Photosystem II (PSII)
due to a negative feedback reaction in the electron trans-
port chain (Milligan et al. 2007).

Due to high adenosine triphosphate (ATP) and electron
requirements, N, fixation is among the most costly
processes for the cell next to carbon assimilation (Falk-
owski and Raven 2007). However, this process occurs
during midday when photosynthesis is down-regulated and
hence the ATP and nicotinamide adenine dinucleotide
phosphate (NADPH) supply is low. The way in which
Trichodesmium copes with this shortage in energy supply is

not yet fully understood. Another enigma relates to CO,
sensitivity in photosynthetic carbon assimilation and N,
fixation, as both processes compete for ATP and reductants
provided by the light reaction of photosynthesis. While
external CO, levels could affect the C fixation directly by
controlling the carboxylation efficiency of RubisCO or
indirectly by modifying the energy costs of their CCM,
there are currently no COs-related processes known to
directly influence nitrogenase activities. The strong effects
of CO, as well as diurnal changes in C and N fixation
observed in this and previous studies must be reflected in
the modes of carbon acquisition of Trichodesmium. In the
following, we will characterize the CCM of Trichodesmium,
the diurnal changes, and regulation with respect to CO,
availability.

Carbonic anhydrase activities—External CA (eCA),
which accelerates the interconversion between HCO ;
and CO5 at the cell surface, has been found to increase in
response to decreasing CO, supply in various microalgal
species (Berman-Frank et al. 1995; Rost et al. 2003). It is a
common notion that ¢CA is involved in indirect HCO 7
utilization by converting HCO ; to CO-, which could then
diffuse into the cell or be actively transported through the
plasma membrane and subsequently used for photosynthe-
sis (Siiltemeyer et al. 1998; Elzenga et al. 2000). External
CA activity in Trichodesmium was low—values of about 50
units per ug Chl ¢—and did not change with CO, supply
(data not shown). In species that express significant
quantities of eCA, activity is usually an order of magnitude
higher (Rost et al. 2003; Trimborn et al. 2008). Moreover,
there was no stimulation of photosynthesis by the addition
of bovine CA (data not shown). The lack of significant eCA
activity was further verified by the “C disequilibrium
method (Elzenga et al. 2000), which yiclded similar 4C
incorporation patterns in the presence and absence of DBS
(Fig. 7). Consequently, the low activity and the lack of
induction under low CO, supply indicate that eCA does not
play an important, if any, role in the carbon acquisition by
Trichodesmium.

Internal carbonic anhydrase (iCA) in cyanobacteria is
required for the rapid conversion from HCO; to CO,
prior to the fixation by RubisCO. When interpreting iCA
activity, as defined according to Palmgvist et al. (1994),
one has to bear in mind that A values are in vivo estimates,
which depend not only on the rate of intracellular 80
depletion (i.e., CA activity) but also on the diffusive influx
of doubly labelled CO; and. thus, on the diffusive
properties of cyanobacterial membranes and cell shape.
Therefore, despite being semiquantitative estimates. A
values are still appropriate for direct comparison between
treatments within the same species. Internal CA in
Trichodesmium is presumably located in the carboxysome
to operate near RubisCO (Price et al. 2008). These data
show that Trichodesminm possesses low 1CA activity,
which is constitutively expressed. The iCA activity
observed, despite being low, possibly reflects the CA
activity inside the carboxysome catalyzing the interconver-
sion between HCO; and CO, (Price et al. 2008). In
addition. the CO, uptake system in Trichodesmium, located
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at the thylakoid membrane. functions like CA by
accelerating the conversion of CO; into HCO ; (Price et
al. 2008). However, this function may only play a role
under illumination when electrons and NAD(P)H are
available to drive this process.

Using the 20 exchange technique, we examined the
presence of light-dependent Ci transport systems. In the
case of active Ci uptake. a decline in log (enrichment)
during llumination would be expected as a result of an
enhanced uptake of '¥0-labelled CO, and HCO ;7 into the
cells, increased %0 exchange catalyzed by internal CA, and
subsequent efflux of 1#0-unlabelled CO, (Badger and Price
1989: Palmgvist et al. 1994). Such a net CO, efflux from
photosynthetically active cells can only be explained by an
active accumulation of Ci and the presence of iCA within
the cells. As shown in Fig. 3, illumination resulted in a
decrease of 13C130; (m/z = 49) due to uptake of labelled
carbon species and an increase in 13C1°0, (m/z = 45) as a
result of efflux of the latter. The consequent decrease in log
(enrichment) was accompanied by an increase in oxygen
production (data not shown). These patterns were mea-
sured in all acclimations throughout the photoperiod and
are indicative of the presence of a CCM.

Photosynthetic Q> evolution—Early studies demonstrated
a CO»-dependent regulation of the CCM of cyanobacteria
(Kaplan et al. 1980). More recent studies have shown that
the apparent affinity for Ci increases strongly with
decreasing Ci availability in the culture medium (Woodger
et al. 2003; Price et al. 2004). These studies typically
compared present-day (i.e., —37.5 Pa) with unnaturally
high CO; levels (i.e.. 2000-5000 Pa). and it is therefore not
yet fully understood to what extent this regulation occurs
under environmentally relevant CO, concentrations. In the
present study, photosynthetic O, evolution as a function of
CO> concentration was monitored to gain information
about the overall efficiency and regulation of carbon
acquisition in  Trichodesmium. Half-saturation constants
were generally lower (0.9-13.6 ymol L' CO») than those
reported for cyanobacterial RubisCO (105-185 gmol L-!
CO»; Badger et al. 1998). Moreover, we observed a gradual
regulation by pCO, in the acclimations. While we obtained
lowest apparent affinities for Ci at high pCO,, maximum
photosynthetic O» evolution rates were not affected in the
bioassays (Fig. 5a; Table 2). The high apparent affinitics,
as well as the COs-dependent changes therein, demonstrate
the operation of a CCM for Trichodesmium, and these
findings are consistent with kinetics observed in other
cyanobacteria (Siiltemeyer 1998; Price et al. 2004).

The strongest variation in the CCM was, however,
observed over the diurnal cycle. As an example, Ky for
photosynthetic - evolution varied between 85 and
520 gmol L' DIC in the 101.3 Pa CO, treatment
(Fig. 6b). This up- and down-regulation of the CCM is
most likely associated with the diurnal pattern of Nj
fixation. During midday, when N, fixation is greatest, the
apparent affinities as well as maximum rates for photosyn-
thetic O, evolution are down-regulated. The down-regula-
tion of the CCM and the up-regulation of dark- and light-
dependent respiration (see previous discussion) result in
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lower net O, evolution, which is a prerequisite for efficient
N, fixation, as shown previously (Berman-Frank et al
20015; Milligan et al. 2007). The trigger for this diurnal
CCM regulation may be changes in the redox state of the
photosynthetic electron chain, which could result from
lower PSII activity in line with higher respiration in
Trichodesmium and/or the concentration of photorespira-
tory metabolites (Kaplan et al. 2001).

Although the CO, dependence of O, evolution provides
information about the efficiency and regulation of carbon
acquisition, it cannot provide any details about the
underlying mechanisms. To get a process-based under-
standing, we therefore have to look at the carbon source(s)
and respective uptake kinetics.

Carbon source and uptake kinetics—An essential compo-
nent of a CCM is the active uptake of inorganic carbon and
its accumulation within the cell. Several methods have been
employed to distinguish between CO, and HCO ; uptake
in microalgae and cyanobacteria. In this study, estimates of
CO, and HCO ; uptake were obtained by means of mass
spectrometry (Badger et al. 1994) and the 4C disequilib-
rium technique (Espic and Colman 1986; Elzenga et al.
2000). This is the first time such techniques have been
applied to Trichodesmium.

Rates of CO, uptake determined by MIMS were very
low in Trichodesmium, representing generally less than 10%
relative to net carbon fixation (Table 2). Net CO, fluxes
were low, even negative under some conditions, reflecting
higher CO, efflux than uptake. Since the CO, uptake could
not support the observed rates of photosynthesis, most of
the inorganic carbon was taken up as HCO ; (Table 3). In
the instances when net fluxes of CO, were negative, HCO ;
uptake exceeded net fixation (Badger et al. 1994). The
strong preference for HCO in Trichodesmium did not
change with CO- treatments or photoperiod. These findings
were confirmed by the C disequilibrium method (Espic and
Colman 1986; Elzenga et al. 2000), which showed on average
92% contribution of HCO ; uptake relative to net carbon
fixation. Please note that the contribution of HCO ;. as
determined by C disequilibrium approach, can never
exceed net fixation (Elzenga et al. 2000). These results are
consistent with previous studies showing that CCMs in
cyanobacteria are generally based on active HCO ; uptake
(Price et al. 2008). With respect to the high accumulation of
Ci necessary to compensate for their low-affinity RubisCO,
cyanobacteria may prefer HCO ;- over CO, because of the
higher equilibrium concentration of HCO; in marine
systems. Moreover, as a charged molecule, HCO ; can be
accumulated more efficiently in the cytoplasm than CO,
(Price and Badger 1989).

The apparent affinities of the HCO; uptake systems
differed among CO. treatments and over the photoperiod.
With decreasing CO; availability, apparent affinity for
HCO i uptake increased (Table 2), and this trend generally
persisted throughout the photoperiod. Various studies have
shown that changes in apparent affinity can be accom-
plished by expression of high versus low affinity transport-
ers (Omata et al. 1999; Price et al. 2004) or by post-
translational modifications of existing transport proteins,
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e.g., by phosphorylation (Siiltemeyer et al. 1998). For
Trichodesmium, deoxyribonucleic acid (DNA) sequence
analysis indicates the presence of one medium and/or low
affinity HCO { transporter (BicA) and a low-affinity
NDH-1, CO, uptake system (Price et al. 2004, 2008). The
observed Ky, values for HCO; uptake and the low
contribution of CO, to the overall uptake observed in our
study support the findings from these molecular studies.

The uptake kinetics for HCO ; varied strongly over the
photoperiod, although they were less pronounced than
variations in photosynthetic O, evolution (Table 2).
Apparent affinities for HCOj; were highest at the
beginning of the photoperiod, with K, values between
~25 and 50 gmol L-! HCO;, and lowest during and
following N, fixation, with K, values up to 190 gmol L !
HCO ;. These diurnal variations in HCO; transport
efficiency occurred in all treatments but were more distinet
under high pCO,.

Changes in uptake kinetics, as in the HCO 7 uptake
system, may be caused by variations in the reductive state
of photosynthetic electron transport carriers, which affect
the balance between cyclic and linear electron transport
and thus the energy supply for transporters (Li and Canvin
1998). With respect to diurnal changes in Trichodesmium,
the electron flow can also be altered by the up-regulation of
the Mehler reaction (Kana 1993; Milligan et al. 2007). As
an O,-consuming process, it can additionally effect the
[0-]:[CO,] ratio in the proximity of RubisCO, which has
been suggested to be another trigger for the regulation of
CCMs (Kaplan et al. 2001). Consequently, changes in the
redox state of the photosynthetic electron transport carriers
as well as the low [0,]:[CO,] ratios during midday could
have contributed to the observed down-regulation of the
HCO; uptake efficiency. The highly induced HCO
uptake systems at the beginning of the photoperiod may
have been triggered by light and the excess of electrons. An
up-regulated CCM and consequently efficient Calvin cycle
provides the best mechanism to drain clectrons (photo-
chemical quenching) and avoid photodamage, similar to
the response observed in Chlamydomonas reinhardtii
(Marcus et al. 1986). The frequently excessive HCO
uptake observed may further provide a means to efficiently
dissipate excess light energy (Tchernov et al. 1997). These
and possibly other quenching mechanisms are important
for Trichodesmium, since it thrives in low latitudes close to
the surface, with high average irradiance.

Leakage—The efficiency of a CCM not only depends on
the kinetics of the active carbon uptake systems but also on
the loss of Ci via efflux. Leakage (ratio of Ci efflux to total
Ci uptake) will increase the energetic costs of a CCM and/
or decrease its capability to reach carbon saturation (Raven
and Lucas 1985). Consequently, to increase the overall
CCM efficiency, it is necessary to minimize the leakage.
Following the approach by Badger et al. (1994), the MIMS
was used to estimate leakage.

The MIMS approach yielded similar estimates for
leakage in all pCO, treatments, yet the photoperiod
imposed strong changes in leakage, with values as high as
0.55 during midday (Fig. 6). These high values were the

result of increasing efflux combined with the down-
regulation of total Ci uptake (Fig. 5; Table 2). As argued
already, such high leakage might help to dissipate excess
energy at times when PSII and Calvin cycle activity are
down-regulated in Trichodesmium. Such modification of
leakage will most likely be associated with a COs-trapping
mechanism. It has been suggested that CO, efflux from the
carboxysome is converted back to HCO; by the PSII-
associated NDH-CO, uptake system (Price et al. 2008). The
diurnal changes in PSII activity (Berman-Frank et al.
2001b) may therefore directly regulate the effective leakage
of the cell and thus explain most of the diurnal variation we
observed in Trichodesmium. It should be noted, however,
that the CO, efflux estimated according to Badger et al.
(1994) is based on the assumptions that the rate of diffusive
CO, efflux in the light is well represented by the first
seconds upon darkening. Despite shortcomings in method-
ology, our data indicate that higher leakage, for instance
during midday, reflect a down-regulation of the overall
CCM activity, which is consistent with the lower affin-
ities of the Ci uptake system during these times (Table 2;
Fig. 5).

Eecological and biogeochemical implications—Diazo-
trophic cyanobacteria like Trichodesmium support a large
fraction of biological productivity in tropical and subtrop-
ical areas and exert, over long timescales, a significant
influence on global carbon cycles by providing a major
source of reactive N to the water column (Falkowski and
Raven 2007). Despite its global importance, studies have
only recently begun to investigate the effect of elevated CO,
on species such as Trichodesmium (Barcelos e Ramos et al.
2007; Hutchins et al. 2007; Levitan et al. 2007). This study,
consistent with previous investigations, showed a strong
increase in photosynthesis and N, fixation under elevated
CO3, levels. To the extent that we can extrapolate these
laboratory experiments to the real ocean, the marine N,
fixation by Trichodesmium could increase from present-day
to future pCO, level by 40% (the present study) or even up
to 400% (Levitan et al. 2007). Similarly, high sensitivity to
changes in carbonate chemistry has been observed in
photosynthesis (Barcelos e Ramos et al. 2007; Hutchins et
al. 2007; Levitan et al. 2007; present study).The magnitude
of these CO; effects would, if representative for the natural
environment, have large implications for the future ocean.

The relevance of marine N, fixation is also expected to
increase owing to the projected expansion of oligotrophic
regions to higher latitudes as a result of surface ocean
warming and increased stratification (Boyd and Doney
2002; Breitbarth et al. 2007). Elevated N, fixation in a
future ocean will likely influence phytoplankton in terms of
productivity and species composition, and thereby alter the
microbial food web (Mulholland et al. 2006). In summary,
CO;-related effects on photosynthesis and N, fixation as
well as the overall changes in the ecosystem would provide
a negative feedback on the increase in atmospheric COs.
Significant uncertainties remain, however, as to the degree
of sensitivity to CO, and the modification of these
responses by other environmental factors (e.g., P or Fe
limitation). Moreover, it is still unknown whether the
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observed responses in Trichodesmium can be generalized to
include other important diazotrophic cyanobacteria.

The present study has taken a first step toward
understanding the underlying processes behind strong
CO, sensitivity by photosynthesis and N, fixation in
Trichodesmium. This diazotrophic organism was found to
operate an efficient CCM based almost entirely on direct
HCO ; uptake. Consequently, a direct effect of elevated
CO; on RubisCO carboxylation efficiency is unlikely (i.c..
higher active or diffusive CO, uptake would increase
internal CO-/0> concentrations) or at least not the main
reason for the CO, sensitivity observed. Instead. owing to
the observed plasticity in CCM regulation, Trichodesmium
may be able to optimize the allocation of resources (e.g..
ATP and NADPH) between the CCM and other processes
like N, fixation. Such a resource allocation would explain
the influence of CO; on nitrogenase activity. In view of the
potential ecological and biogeochemical implications,
investigation into the regulation of photosynthesis, CCMs,
and N, fixation in Trichodesmium and other important
diazotrophs is clearly a research priority.
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Combined Effects of CO, and Light on the N,-Fixing
Cyanobacterium Trichodesmium IMS101:
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Recent studies on the diazotrophic cyanobacterium Trichodesmium erythraeum (IMS101) showed that increasing CO, partial
pressure (pCO,) enhances N, fixation and growth. Significant uncertainties remain as to the degree of the sensitivity to pCO,,
its modification by other environmental factors, and underlying processes causing these responses. To address these questions,
we examined the responses of Trichodesmium IMS101 grown under a matrix of low and high levels of pCO, (150 and 900 patm)
and irradiance (50 and 200 pmeol photons m 257", Growth rates as well as cellular carbon and nitrogen contents increased
with increasing pCO, and light levels in the cultures. The pCO,-dependent stimulation in organic carbon and nitrogen
production was highest under low light. High pCO, stimulated rates of N, fixation and prolonged the duration, while high
light affected maximum rates only. Gross photosynthesis increased with light but did not change with pCO,. HCO, was
identified as the predominant carbon source taken up in all treatments. Inorganic carbon uptake increased with light, but only
gross CO, uptake was enhanced under high pCO,. A comparison between carbon fluxes in vivo and those derived from Y
fractionation indicates high internal carbon cycling, especially in the low-pCQO, treatment under high light. Light-dependent
oxygen uptake was only detected under low pCO, combined with high light or when low-light-acclimated cells were exposed
to high light, indicating that the Mehler reaction functions also as a photoprotective mechanism in Trichodesnium. Our data
confirm the pronounced pCO, effect on N, fixation and growth in Trichodesmium and further show a strong modulation of these
effects by light intensity. We attribute these responses to changes in the allocation of photosynthetic energy between carbon
acquisition and the assimilation of carbon and nitrogen under elevated pCO,. These findings are supported by a comple-
mentary study looking at photosynthetic fluorescence parameters of photosystem II, photosynthetic unit stoichiometry

(photosystem I:photosystem II), and pool sizes of key proteins in carbon and nitrogen acquisition.

Human-induced climate change will significantly
alter the marine environment within the next century
and beyond. Future scenarios predict an increase from
currently approximately 380 to about 750 to 1,000
patm CO, partial pressure (pCO,) in the atmosphere
until the end of this century (Raven et al., 2005;
Raupach et al., 2007). As the ocean takes up this
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anthropogenic CO,, dissolved inorganic carbon (DIC)
in the surface ocean increases while the pH decreases
(Wolf-Gladrow et al., 1999). Rising global tempera-
tures will increase surface ocean stratification, which
may affect the light regime in the upper mixed layer as
well as nutrient input from deeper waters (Doney,
2006). Uncertainties remain regarding both the mag-
nitude of the physicochemical changes and the bio-
logical responses of organisms, including species and
populations of the oceanic primary producers at the
basis of the food webs.

In view of potential ecological implications and feed-
backs on climate, several studies have examined pCO,
sensitivity in phytoplankton key species (Burkhardt and
Riebesell, 1997; Riebesell et al., 2000; Rost et al., 2003;
Tortell et al., 2008). Pronounced responses to elevated
pCO, were observed in N,-fixing cyanobacteria (Barcelos
é Ramos et al., 2007; Hutchins et al., 2007; Levitan et al.,
2007; Fu et al., 2008; Kranz et al., 2009), which play a
vital role in marine ecosystems by providing a new
source of biologically available nitrogen species to
otherwise nitrogen-limited regions. Recent studies
focused on the impact of different environmental fac-
tors on the filamentous Trichodesmium species, which is
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known for high abundance and the formation of mas-
sive blooms in tropical and subtropical areas (Capone
et al., 2005; Mahaffey et al., 2005). Higher pCO, levels
stimulated growth rates, biomass production, and N,
fixation (Hutchins et al., 2007; Levitan et al., 2007;
Kranz et al., 2009) and affected inorganic carbon
acquisition of the cells (Kranz et al, 2009). While
elevated sea surface temperatures are predicted to
shift the spatial distribution of Trichodesmium species
toward higher latitudes (Breitbarth et al., 2007), the
combined effects of pCO, and temperature may favor
this species and extend its niche even farther (Hutchins
et al.,, 2007; Levitan et al., 2010a). An increase in the
average light intensity, caused by the predicted shoal-
ing of the upper mixed layer, may further stimulate
photosynthesis and thus growth and N, fixation of
Trichodesmium (Breitbarth et al., 2008). To our knowl-
edge, the combined effects of light and pCO, have not
been studied yet, although these environmental fac-
tors are likely to influence photosynthesis and other
key processes in Trichodesium.

To understand the responses of an organism to
changes in environmental conditions, metabolic pro-
cesses must be studied. In Trichodesmium, photosynthet-
ically generated energy (ATP and NADPH) is primarily
used for the fixation of CO, in the Calvin-Benson cycle.
A large proportion of this energy, however, is also
required for the process of N, fixation via nitrogenase
and for the operation of a CO,-concentrating mecha-
nism (CCM). The latter involves active uptake of inor-
ganic carbon, which functions to increase the rate of
carboxylation reaction mediated by Rubisco. This an-
cient and highly conserved enzyme is characterized by
low affinities for its substrate CO, and a susceptibility to
a competing reaction with oxygen (O,) as substrate
(Badger et al., 1998); the latter initiates photorespira-
tion. As cyanobacterial Rubisco possesses one of the
lowest CO, affinities among phytoplankton (Badger
et al., 1998), a considerable amount of resources have
to be invested to achieve sufficient rates of carbon
fixation and to avoid photorespiration. A first step
toward a mechanistic understanding of responses in
Trichodesmium has been taken by Levitan et al. (2007),
focusing on pCO, dependency of nitrogenase activity
and photosynthesis. Subsequently, Kranz et al. (2009)
described variations in CCM efficiency with pCO, and
suggested that the observed plasticity in CCM regula-
tion allowed energy reallocation under high pCO,,
which may explain the observed pCO,-dependent
changes in nitrogenase activity, growth, and elemental
composition (Barcelos é Ramos et al., 2007; Hutchins
et al., 2007; Levitan et al., 2007).

In this study, we measured growth responses as well
as metabolic key processes in Trichodesmium eryth-
raeum (IMS101) under environmental conditions that
likely alter the energy budget and/or energy alloca-
tion of the cell. Cultures were acclimated to a matrix of
low and high pCO, (150 and 900 patm) at two different
light intensities (50 and 200 umol photons B T,
For each of the four treatments, changes in growth
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rates, elemental ratios, and the accumulation of par-
ticulate carbon and nitrogen were measured. Meta-
bolic processes (gross photosynthesis, CCM activity,
and O, uptake) were obtained by means of membrane-
inlet mass spectrometry (MIMS), while N, fixation was
detected by gas chromatography. As these processes
may vary over the diurnal cycle in Trichodesmium
(Berman-Frank et al., 2001; Kranz et al., 2009), mea-
surements were performed in the morning and around
midday. The results on metabolic processes were ac-
companied by measurements of the fluorescence of PSII,
ratios of the photosynthetic units (PSI:PSII), and pool
sizes of key proteins involved in carbon and nitrogen
fixation as well as assimilation (Levitan et al., 2010b).

RESULTS

Elemental Composition, and Growth and
Production Rates

Cellular quotas of particulate organic carbon (POC)
and particulate organic nitrogen (PON) increased
with both pCO, and light, while particulate phos-
phorus (PP) quotas remained constant in all treat-
ments (one-way ANOVA for PP; P > 0.05; Table I).
POC quota ranged between 3.79 = 0.09 and 4.51 = 0.21
pmol cell " under low light and 4.60 = 0.46 and 5.02 =
0.57 pmol cell ! under high light (Table I). Elevated
pCO, significantly increased the POC cell ' by 19%
at low light (t test; P = 0.001) and by 9% (although not
significant) at high light (t test; P = 0.226). PON quotas
exhibited similar patterns, with values ranging from
0.59 = 0.03 to 0.88 =+ 0.06 pmol cell " under low light
and 0.86 = 0.08 to 1.04 = 0.09 pmol cell " under high
light at low and high pCO,, respectively (Table I). The
pCO,-dependent changes in the PON quota were even
larger than those of the POC, with a significant in-
crease by 47% under low light (f test; P < 0.001) and
21% under high light (f test; P < 0.05). Respective
carbon-nitrogen ratios decreased from 6.41 * 0.39 to
5.04 = 0.15 under low light (one-way ANOVA fol-
lowed by a posthoc test; P < 0.05) and from 5.25 * 0.19
to 4.85 = 0.10 under high light with increasing pCO,
(one-way ANOVA followed by a posthoc test; P =
0.09; Table I). Chlorophyll a (chl a) cell ' did not dif-
fer significantly between treatments, excluding cells
grown under low light and low pCO, (one-way
ANOVA followed by a posthoc test; P < 0.001; Table I).

Growth increased significantly with both elevated
pCO, and higher light (one-way ANOVA followed by
a posthoc test; P < 0.001). There was no difference
between growth rate estimates whether based on
changes in cell densities, chl a, POC, or PON; thus,
they are reported as mean values. Growth rates ranged
between 0.15 + 0.03 and 0.24 + 0.03 d" ' at low light
and from 0.38 + 0.02 to 0.42 = 0.02 d ™" at high light
(Fig. 1A). Elevated pCO, increased growth rates by
60% under low light and by 11% under high light.
Rates of POC production also increased significantly
under elevated pCO, (t test; P < 0.001), ranging
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Table 1. Elemental composition of Trichodesmium IMS101 under a matrix of pCO, and light
Values represent means of triplicate cultures, sampled over several days, all within exponential phase. Errors are £1 sp (n > 10).

Acclimation

Elemental Compuosition

Low Light (50 wmol Photons m2Zs7Y

High Light (200 pmol Photons m” 2 )

150 patm pCO,

900 patm pCO,

150 paim pCO, 900 paim pCO,

POC (pmol carbon cell™")* 3.79 + 0.09
PON (pmol nitrogen cell ') 0.59 = 0.03
PP (fmol phosphorus cell ) 73410

Chl a (pg cell™ )" 0.47 *+ 0.04
Carbon:nitrogen (mol:mol) 6.41 = 0.39

4.
0.

0.
LY

51021 4.60 £ 0.46 502 E 057
88 * 0.06 0.86 = 0.08 1.04 £ 0.09
789 70 £ 14 714

72-% 0.05 0.67 = 0.14 0.69 = 0.08
04 = 0.15 525 =049 4.85 £ 0.10

Ut test: significant difference between high-light acclimations.
ANOVA: significant difference between all acclimations.

o test: significant difference between low-light acclimations.

“‘One-way

between 0.57 + 0.11 and 1.10 = 0.17 pmol carbon cell '
d " under low light and between 1.76 = 0.26 and 2.12 =
0.34 pmol carbon cell ' d ! under high light (Fig. 1B).
The PON production increased under elevated pCO,
(t test; P < 0.001), ranging between 0.09 = 0.02 and
0.21 = 0.04 pmol nitrogen cell”' d~' under low light
and between 0.33 £ 0.05 and 0.44 = 0.06 pmol nitrogen
cell ' d ! under high light (Fig. 1C). Notably, at low
light, elevated pCO, caused the strongest relative
increase in POC and PON production, being 93%
and 133% higher than under low pCQO,, respectively.

N, Fixation

Both the diurnal pattern and the rates of N, fixation
responded strongly to pCO, and light (Fig. 2). For the
low-light acclimations, N, fixation peaked 3 h after the
beginning of the photoperiod with maximum rates,
which range between 1.61 = 0.51 and 3.03 *+ 0.56 wmol
N, mgchla ' h™! for low and high pCO,, respectively.
Under high light, both pCO, acclimations peaked
about 5 h after the onset of light, and maximum
rates were 15 45 = 1.29 and 1921 * 6.48 pumol N,
mg chl a' h™" for the low and high pCO, treat'ments,
respectively (Fig. 2A). Elevated pCO, increased max-
imum rates about 2-fold under low light, while max-
imum rates appear not to differ at high light. More
prominently, under high light, elevated pCO, led to a
prolonged phase with high N, fixation rates, which
lasted until the end of the photoperiod. This pCO,
effect on the diurnal cycle was also present but less
pronounced under low light. No N, fixation occurred
during the dark period in all acclimations. As a result
of the higher fixation rates and the prolonged N,
fixation under elevated pCO,, the integrated diurnal
values of N, fixation increased by 200% and 112%
under low and high light, respectively (Fig. 2B).

Photosynthetic O, Evolution and O, Uptake

Gross O, evolution increased with light but was
neither affected by pCO, nor varied among measure-
ments performed between 2 to 3 h (am) and 6 to 7 h
(pm) after the beginning of the photoperiod (Fig. 3A;
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Table II). O2 evolution ranged between 119 + 22
and 156 = 4 umol O, mg chl a ' h™" at low light
and between 432 * 153 and 534 * 51 umol O, mg chl
a ' h™! at high light (Fig. 3A; Table II). O, uptake in
the light was present in all treatments (Fig. 3B), yet
rates were, with one exception, similar to those de-
termined in the dark (Table II) At 150 patm pCO, and
200 pmol photons m * s !, O, uptake in the light
significantly exceeded dark resplrahon by about
140% in the morning and by about 70% during
midday (t test; P < 0.001; Table II). Light-dependent
O, uptake was also induced when cells acclimated to
50 pmol photons m 25 ! were exposed to 200 pmol
photons m g durmg the measurements, irrespec-
tive of the pCO2 level of the acclimation (Table II).
Such instantaneous effects were also observed in the
gross O, evolution (i.e. low-light-acclimated cells
exposed to high light yielded rates similar to cells
that had been acclimated to high light).

Inorganic Carbon Acquisition and Leakage

HCO, was the major inorganic carbon source taken
up by Trichodesimium in all acclimations, while CO,
contributed only a minor fraction. Rates of HCO,
uptake were affected by both light and pCO,, rangmkJ
from 82 + 19 to 121 + 25 gmol HCO, mgchla 'h™"
low light and from 224 =+ 30 to 287 g 50 pmol HCO
mg chl a~ LH S high light at low and high pCO .
respectively (Table IIT). Under low light, HCO, uptake
decreased slightly, although not significantly, when

cultures were acclimated to high pCO, (one-way
ANOVA followed by a posthoc test; P > 0.05). Under
high light, HCO, uptake remained relatively stable at
both pCO, levels. Rates of gross CO, uptake were
affected by both light and pCO,, rangmg between 10 +
1and 22 + 10 wmol CO, mg chia "h ™" in low light and
between 59 = 6 and 147 + 31 wmol CO, mg chla 'h™!
at high light at low and high pCO,, respechvely (Table
1I). To illustrate the contribution of each carbon species
to the total carbon uptake, the ratio of HCO;™ uptake
to gross CO, uptake is depicted in Figure 4. Ratios
ranged between 2 and 10, reflecting that HCO,~ was the
major carbon species taken up in all treatments. The
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Figure 1. Responses of Trichodesmium IMS101 to different light (50
and 200 pmol photons m ™ s~ ") and pCO, (150 and 900 patm) levels.
A, Growth rates. B, Production rates of POC. C, Production rates of
PON. Numbers in brackels denote the relative increase from low to
high pCO, levels. Asterisks between bars indicate significant differ-
ences between low and high pCO, levels (t test; P < 0.05). Error bars
indicate 1 sp (n = 10).

increased relevance of CO, uptake was indicated by the
declining HCO; :CO, uptake ratios under elevated
pCO, and high light (Fig. 4). Rates of net O, evolution
obtained in these assays (data not shown) were similar
to those obtained in the assays on O, fluxes (Table II).
Cellular leakage (CO, efflux:gross carbon uptake)
determined by MIMS measurements was generally
low under low pCO,, ranging between 0.24 * 0.13 and
0.29 = 0.19 in the low- and high-light acclimation,
respectively (Table IV). In the high-pCO, acclimation,
leakage was 0.41 = 0.09 and 0.31 * 0.14 in the low- and
high-light acchmatlon respectively. Leakage estimates
deduced from C fractionation were much higher
than those measured directly by MIMS. In the low-
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pCO, acclimations, leakage was 0.57 = 0.02 at high light
and 0.84 = 0.03 at low light, and it was about 0.90 in
both high-pCO, acclimations (Table IV). These leakage
estimates were derived from *C fractionation (sp)
ranging between 12.94% = 0.78%. and 7.19%.
0.58%0 under low pCO, at low and high light, respec-
tively. Higher &, values were measured under elevated
pCO,, being 15. 9% * 1.12% and 16.54% + 0.10% at
low and high light, respectively.

DISCUSSION

The results of our study confirm the pronounced
pCO, effect on N, fixation and growth in Trichodes-
mium and further show a strong modulation of these
effects by irradiance. Cellular gas-exchange measure-
ments revealed pCO,-dependent changes in rates of
N, fixation over the course of the photoperiod as well
as in modes of carbon acquisition. Taken together, our
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Figure 2. A, Diurnal cycle of nitrogen fixation of Trichodesmium
IMST01 at the different light and pCO, acclimations. Measurements
were obtained from duplicate cultures. Error bars indicate 1 sp. The
black and white areas at top correspond to the dark and light periods of
the diurnal cycle. B, Integrated diurnal N, fixation rate from A.
Numbers in brackets denote the relative increase from low to high
pCO, levels. Error bars indicate 1 sp (n = 2).
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Figure 3. O, fluxes of Trichodesmium IMS101 measured between 2 to
3 h (am; plain bars) and 6 to 7 h (pm; striped bars) after the beginning of
the photoperiod. A, Gross O, evolution rate. B, Gross O, uptake rate in
the light. Error bars indicate 1 5o (n = 2).

results indicate the reallocation of photosynthetic en-
ergy between both processes. Further evidence for this
is presented in our complementary study (Levitan
et al., 2010b).

Elemental Ratios, and Growth and Production Rates

Trichodesmium demonstrates high plasticity in growth
and/or elemental composition with changing levels of
pCO, (Barcelos é Ramos et al.,, 2007; Hutchins et al.,

2007; Levitan et al., 2007; Kranz et al., 2009) and light
(Breitbarth et al., 2008). The observed responses to these
abiotic factors provide prima facie evidence for the
increasing importance of Trichodesmium species in fu-
ture oceans. In our study, the combined effect of pCO,
and light, two factors that are predicted to change in the
future ocean, were studied on Trichodesmium IMS101
and are discussed on an ecophysiological level.

The elemental composition of Trichodesmium cells
showed an increase in POC and PON quotas with
enhanced pCO, concentrations (Table I), a finding
consistent with Kranz et al. (2009) but contradicting
Barcelos é Ramos et al. (2007), who reported decreas-
ing POC and PON quotas with elevated pCO,. No
pCO,-dependent changes in elemental stoichiometry of
carbon to nitrogen were observed in previous studies
with light intensities between 80 and 150 umol pho-
tonsm 28! (Barcelos é Ramos et al., 2007; Hutchins
et al., 2007; Levitan et al., 2007; Kranz et al., 2009).
However, under 50 umol photons m™*s ", lower carbon-
to-nitrogen ratios were obtained under elevated pCO,
(Table I), reflecting a greater pCO, effect on the PON
than on the POC quota under low light. Cell quotas for
PP did not differ between acclimations (Table 1), a
finding that disagrees with decreasing organic phos-
phorus quotas under elevated pCO, observed by
Barcelos € Ramos et al. (2007). The pCO,-dependent
increases in carbon-to-phosphorus and/or nitrogen-
to-phosphorus ratios observed in this and previous
studies imply that more biomass can be produced per
available phosphorus.

The observed increase in growth rates under ele-
vated pCO, (Fig. 1A) is consistent with previous
findings from Trichodesmium (Barcelos € Ramos et al.,
2007; Hutchins et al., 2007; Levitan et al., 2007). Yet, the
magnitude in pCO,-dependent stimulation differed
strongly between studies and is probably associated
with the different light intensities applied (approxi-
mately 80-150 wmol photons m > s '; Barcelos é
Ramos et al.,, 2007; Hutchins et al., 2007; Levitan
et al., 2007; Kranz et al., 2009). As our study focused

Table Il. O, fluxes in Trichodesmium IMS101 according to the method of Peltier and Thibault (1985)

Values represent rates measured between 2 to 3 h (av) and 6 to 7 h (em) after the beginning of the photoperiod. Blanks denote no measurement.
Errors are £1 sn (n = 3). No sb is given when only one measurement was obtained.

Acclimation

Oxygen Fluxes Assay Condition

Low Light (50 pmol Photons m )

High Light (200 pmol Photons m *s ')

150 patm pCO, 900 patm pCO, 150 patm pCO, 900 patm pCO,
Gross O, evolution (umol O, Low light AM 143 = 16 119 = 22
mgchla'h™) PM 156 * 4 135 £ 17
High light  am 453 538 = 70 454 = 28 534 + 51
PM 612 429 %= 42 486 = 81 432 £ 153
O, uptake in the light (wmol O;  Low light AM ol =21 46 = 18
mg chl a Thih PM 27 12 93 =723
High light  au 200 137 + 33 254 * 49 17 + 42
PM 81 83 =62 TG 57 123, 20007
O, uptake in the dark (umol O,  Nao light AM 115 70 83 =11 106 = 44 126 = 30
mg chl a™' h™) PM 25+ 8 24 + 7 67 =13 1171 + 24
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Table 1. Carbon fluxes in Trichodesmium IMST101 measured according to Badger et al. (1994)
Values represent rates measured between 2 to 3 h (am) and 6 to 7 h (pm) after the beginning of the photoperiod. Errors are £1 sp (n = 3).

Acclimation

Inorganic Carbon Fluxes Assay Condition

Low Light (50 umol Photons m™* s

Big 1) High Light (200 gmol Photons m 2 s™")

150 patm pCO,

Net fixation (umol C mg Same as acclimation  am
chla'h™) PM

HCO,  uptake (wmol HCO, Same as acclimation  am 1
mg chla "h™} P 1

CO, uptake (pmol CO, mg Same as acclimation  am
chla'h™) P

98 =+
92 *
05 =
29
10 =
17 =

900 patm pCO, 150 patm pCO, 900 patm pCO,

4 69 £ 7 301ES 226558
10 528 330 = 40 290 = 15
8 82 £ 19 247 = 50 224 = 30
25 98 £ 8 287 + 50 282 + 28
1 2210 59 = 6 90 £ 19
5 196 61 = 8 147 = 31

on different pCO, levels in combination with low and
high light, we could indeed verify that light levels
strongly modify the responses of Trichodesmium to
pCO, (Fig. 1; Table I). Like the responses in elemental
composition, the relative changes in growth rates to
elevated pCO, were largest under low light.

Due to the described effects on elemental compo-
sition and growth rates, the buildup of biomass in
Trichodesmium increased strongly under elevated pCO,
(Fig. 1, B and C). The pCO,-dependent stimulation
was highest under low light, with a 93% increase for
POC production and a 133% increase for PON pro-
duction relative to low pCO,. Hutchins et al. (2007)
measured '*C incorporation over 24 h, an approach
comparable to POC production rates in our study, and
observed a 40% to 50% increase in carbon fixation
when elevating the pCO, from 380 to 750 patm pCQO,.
Such responses in growth or POC production rates to
elevated pCO, exceed those reported for other impor-
tant marine phytoplankton groups such as diatoms
and coccolithophores (Burkhardt et al., 1999; Zondervan
et al, 2002; Langer et al., 2006) and demonstrate the
exceptionally high sensitivity of Trichodesmium to pCO.,.

The strong responses in growth and POC and PON
production rates corroborate previous publications
stating that in Trichodesmium, central physiological
processes must be pCO, sensitive. While processes
like CCMs and carbon fixation are intrinsically CO,
dependent (Giordano et al., 2005), a direct CO, effect
on processes like N, fixation appeared unlikely. Fur-
thermore, the observation that the pCO, sensitivity of
POC and PON production rates is altered by light
levels hints at an essential role of energy availability
and allocation that we subsequently explored by mea-
suring metabolic processes like N, fixation, gross
photosynthetic O, evolution, CCM activity, as well as
the Mehler reaction. Our complementary study fo-
cuses on these processes by measuring the respective
protein pools (Levitan et al., 2010b).

N, Fixation

Since Trichodesmium cultures were grown in artificial
medium without nitrogen sources and thus had to
acquire all nitrogen for growth by fixation of dissolved
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N,, the differences in PON production between treat-
ments must be attributed to the respective changes in
N, fixation. Under both low-light acclimations, N,
fixation peaked about 3 h after onset of the light and
showed reduced activities over midday until the end
of the photoperiod (Fig. 2A). This atypical diurnal
pattern may be caused by an energy shortage imposed
by the low light levels, which first and foremost affect
energy-demanding processes such as N, fixation. De-
spite energy shortage under low light, elevated pCO,
highly stimulated N, fixation rates, which implies that
more energy is available for this process. Under high
light, maximum rates of N, fixation rates were more
than 6-fold higher than in the low-light acclimations
(Fig. 2A) and peaked during midday (5 h after onset
of the light), as typically reported for Trichodesmiuin
(Berman-Frank et al., 2001). While under low pCO,, N,
fixation rates declined after the midday peak, high
pCO, levels resulted in a prolonged N, fixation until
the end of the photoperiod. Such combined effects by
light and pCO, on the diurnal patterns have not
previously been reported and may indicate extended
resource and energy availability for N, fixation and a

12
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Figure 4. HCO, :CO, uptake ratio in Trichodesmium IMS101 ob-
tained from HCO;™ and gross CO, uptake rates (Table lll) measured
between 2 to 3 h (am; plain bars) and 6 to 7 h {pm; striped bars) after the
beginning of the photoperiod. Error bars indicate 1 sp (n = 3).
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Table IV. Leakage (CO, efflux:gross carbon uptake) under respective culture conditions for Trichodesmium IMST01

Values for two different approaches for leakage estimation are presented. Errors are %1 sp (n > 3).

Acclimation

Appmach Low Light (50 umol Photons m R~ High Light (200 gmol Photons m BN
150 patm pCO, 900 patm pCO, 150 patm pCO, 900 patm pCO,
MIMS-based leakage 0.24 = 0.13 0.29 £ 0.19 0.41 *+ 0.09 031 = 0.14
YC-based leakage 0.84 = 0.03 0.92 = 0.04 0.57 + 0.02 0.90 + 0.01

change in the regulation of nitrogenase (Levitan et al.,
2010b).

As a consequence of the changes in rates and pat-
terns of N, fixation under high light and elevated
pCO,, integrated N, fixation rates over the day in-
creased by 200% under low light and 112% under high
light (Fig. 2B). N, fixation by nitrogenase should be
coupled to PON production (Fig. 1C), since N, is the
only nitrogen source available. While both approaches
indeed confirm the strong pCO, sensitivity in Tricho-
desmium, the relative stimulation by elevated pCO,
was larger for the integrated N, fixation rates than
those of the daily PON production (Figs. 1C and 2B).
This apparent difference between acetylene reduction
assay (i.e. gross N, fixation) and PON production (i.e.
net N, fixation) could be explained by the loss of
previously reduced N, as dissolved organic nitrogen
(Capone et al., 1994; Glibert and Bronk, 1994) or am-
monia (Mulholland et al., 2004) to the medium. In our
experimental setup with continuous gas exchange, a
significant proportion of ammonia may in fact be
stripped out and subsequently cannot be used for
PON production.

Fixation of N, and PON production differ in their
demand for energy and resources. Consequently,
pCO,-dependent changes in the availability of energy
and resources may affect both processes differently.
While N, fixation by nitrogenase is mainly controlled
by the availability of energy and electrons provided by
the photosynthetic and respiratory pathways (a min-
imum of 16 ATP, eight electrons, and eight protons are
required to reduce N, to NH, "), the PON accumulation
is regulated by glutamine synthetase (GS) and gluta-
mine oxoglutarate aminotransferase (GOGAT), called
the GS/GOGAT pathway. The primary substrates for the
GS/GOGAT pathway are NH;" and a-ketoglutarate,
a respiratory intermediate of the citric acid cycle, and
this pathway requires relatively little energy (one
ATP, one NADPH + H*, and two protons to form one
Glu). For a mechanistic understanding of these find-
ings, it is important to look at possible regulations of
key proteins in nitrogen metabolism (Levitan et al,,
2010Db).

What is the source of the additional energy and
resources supporting the observed stimulation in N,
fixation and PON production under elevated pCO,?
To answer this question, we compared the changes of
energy generated in photosynthesis and energy con-
sumed by processes involved in carbon metabolism.
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Gross Photosynthesis

Photosynthesis generates energy and reductants
that maintain metabolic processes such as N, fixation,
carbon assimilation, and biomass buildup in Tricho-
desmium. In this study, direct measurements of gross
photosynthesis (O, evolution from water splitting)
yielded rates of photosynthetic electron generation,
providing estimations about energy and reductant
production. Regardless of pCO,, gross photosynthesis
was greatly stimulated by light (Fig. 3A). Thus, the
enhanced N, fixation and PON production rates under
high light (Figs. 1 and 2) can be explained by a higher
supply of energy and reductants. Gross photosynthe-
sis was insensitive to the applied pCO, levels (Fig. 3A).
This is comparable with results obtained by Levitan
et al. (2007), reporting no change in O, evolution for
three different pCO, acclimations. The production of
energy and reductants is not only set by electron
generation at PSII but strongly controlled by the
downstream processes along the electron transport
chain. For example, rapid cyclic electron transport
around PSI would yield higher ATP production at the
expense of NADPH. We examined these light/pCO,
effects in more detail at the level of the core proteins of
PSII and PSI (Levitan et al., 2010b). Our findings show
that elevated pCO, did not alter the supply of energy
provided by gross photosynthesis. Thus, energy-
demanding processes related to carbon metabolism
must have been down-regulated to explain the strong
stimulation in nitrogen metabolism under elevated
pCO.,.

Inorganic Carbon Acquisition

Active acquisition of inorganic carbon is a manda-
tory process for the subsequent carbon fixation in the
Calvin-Benson cycle. For the operation of these so-
called CCMs, cyanobacteria like Trichodesmium need to
invest a large amount of energy, which is primarily
required due to the poor CO, affinity of Rubisco
(Badger et al., 1998). Trichodesmium IMS101 operates
an active CCM based predominantly on the uptake of
HCO; (Kranz et al., 2009). The relative HCO; con-
tribution to the total carbon fixation was about 90%
and remained rather constant under all applied pCO,
concentrations (150-1,000 patm; Kranz et al., 2009). In
this study, HCO,  was also the preferred carbon
species in all treatments (Fig. 4; Table III). These results

Plant Physiol. Vol. 154, 2010



PuBLICATION III

concur with studies showing that CCMs in marine
cyanobacteria are generally based on the transport and
accumulation of HCO,  within the cell (Price et al.,
2008). In some cyanobacteria, internal pools of inor-
ganic carbon were up to 1,000-fold higher than ambi-
ent concentrations (Kaplan et al., 1980), emphasizing
the generally high energetic costs of their CCMs.

Despite the predominance of HCO, transport,
gross CO, uptake rate increased under elevated
pCO, (Fig. 4; Table III). Genome analysis identified
the NAD(P)H dehydrogenase complex (NDH1,), a CO,
uptake system located at the thylakoid membrane
(Ohkawa et al., 2001), to be present in Trichodesmium.
This complex is considered to catalyze the conversion
from CO, to HCO, (Badger et al.,, 2006) by utilizing
reductants or electrons provided mostly by electron
transport (Friedrich and Scheide, 2000; Price et al., 2002,
2008) and may generate extra ATP by shuffling pro-
tons through the Q cycle of the thylakoid membrane
(Friedrich and Scheide, 2000; Price et al., 2002). HCO,~
uptake, on the other hand, is mediated by BicA trans-
porters that are located in the plasma membrane and
function as Na"/HCO,  symporters (Price et al., 2004),
which are indirectly energized by ATP hydrolysis.
Consequently, the changes in HCO,  and CO, uptake
observed in our study (Fig. 4) may reflect changes in
the activity of the CCM components and the avail-
ability and /or utilization of ATP, NADPH, or reduced
ferredoxin. Furthermore, the changes in uptake ratios
may indicate a shift between linear and cyclic electron
transport (Li and Canvin, 1998).

The energetic costs associated with the operation of
a CCM (Raven and Lucas, 1985) play a central role in
the overall energy budget of the cell. Kranz et al. (2009)
observed a high plasticity of CCM regulation, for
instance in DIC affinities, in response to changes in
pCO,; concentrations and over the photoperiod. Reg-
ulation of DIC affinities will likely alter the energy
allocation between the CCM and other metabolic pro-
cesses. The ability of Trichodesmium to down-regulate
its DIC affinities under elevated pCO, (Kranz et al,,
2009) and the observed up-regulation in the CO,
uptake system (Fig. 4; Table III), therefore, could pro-
vide parts of the energetic “surplus” to explain the
stimulation in nitrogen metabolism and/or organic
carbon production.

Although the POC production rates increased sig-
nificantly under elevated pCO, (Fig. 1B), rates of net
carbon fixation in the MIMS assays were not stimu-
lated in the high-pCO, treatment (Table III). Part of
this apparent contradiction may result from the fact
that POC production rates cover several generations,
including dark and light phases, while net carbon
fixation is based on “instantaneous” measurements at
specific time points during the photoperiod. Such
discrepancies between direct measurements of car-
bon fixation and daily POC turnover rates in Tri-
chodesmium species were also reported for field
populations (Mulholland et al., 2006). As Trichodes-
ntium IMS101 was able to saturate carbon fixation in
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the assays at pCQO, concentrations of the respective
acclimations (data not shown; Kranz et al., 2009), we
conclude that the observed changes in POC produc-
tion cannot be caused by direct effects on the carbox-
ylation efficiency of Rubisco but rather are due to
changes in energy availability for downstream pro-
cesses. Additional information on Rubisco quantities,
energy requirements, and availability are provided
by Levitan et al. (2010b).

Leakage and Internal Inorganic Carbon Cycling

In addition to the processes involved in inorganic
carbon uptake and accumulation, the ability to reach
high rates of carbon fixation also depends on the loss
of inorganic carbon via leakage (CO, efflux:gross
carbon uptake). MIMS-based estimates of leakage
ranged between 0.24 and 0.41 in this study (Table
IV), confirming values published previously for Tri-
chodesmium (Kranz et al., 2009). Similar leakage esti-
mates have been determined for other species of
phytoplankton (Rost et al.,, 2006b; Trimborn et al.,
2008), and such values seem reasonable for operating
a cost-efficient CCM (Raven and Lucas, 1985). The
leakage estimates obtained by ’C fractionation, on the
other hand, were found to be as high as 0.9 (Table IV), a
value that would question the beneflts of a CCM. It
should be noted, however, that *C-based leakage
estimates are dependent on several assumptions (e.g.
the intrinsic fractionation of Rubisco). Also, this ap-
proach considers fluxes over the plasma membrane
only. However, any k_md of internal inorganic carbon
cychng would 1ncreaqe PC fractionation as the accu-
mulation of *CO, at the site of carboxylation is
lowered (Schulz et a] 2007). Following Sharkey and
Berry (1985), hlgh 3C fractionation values caused by
internal inorganic carbon cycling would then be mis-
interpreted as high leakage over the plasma mem-
brane. Thus, the large differences between MIMS- and
BC-based leakage estimates in our study likely reflect
significant internal inorganic carbon cycling for Tri-
chodesmium. High inorganic carbon cycling has also
been mdu:ated for other cyanobacteria based on ex-
change of O from doubly labeled CO, in the light
(Prlce et al., 2002, and refs. therein).

The NDH CO, uptake systems in cyanobacteria
may be involved in both uptake of CO, and inorganic
carbon cycling as a leakage prevention mechanism
(Maeda et al., 2002; Price et al., 2002, 2008). The
overestimation of “C-based leakage found in the
high-pCO, treatments (Table IV) may thus reflect
higher internal inorganic carbon cycling mediated by
the NDHI1, in Trichodesmium. Such inorganic carbon
cycling appears consistent with the higher PSI-to-PSII
ratio at elevated pCO, (Levitan et al., 2010b). An
increasing role of NDHI, is also indicated by the
higher gross CO, uptake rates under these conditions
(Table III). As a consequence of higher inorganic
carbon cycling, more ATP may be produced under
elevated pCO, (Price et al., 2002), which in turn could
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fuel the observed higher N, fixation (Fig. 2B). In the
low-pCO, and high-light acclimation, the relatively
small differences in leakage estimates indicate rather
low internal inorganic carbon cycling (Table IV). This
finding may be attributed to light-dependent O, up-
take, which was observed only for this treatment (Fig.
3B; see “Discussion” below). Fluorescence data shown
by Levitan et al. (2010b) also indicate low cyclic electron
transport. However, further investigations on the dy-
namics of leakage and possible regulations by NDH1,
in Trichodesmium have to be conducted to understand
this essential process within its CCM.

Light-Dependent O, Uptake

Processes that reduce the O, concentration within
the cell may play an important function in supporting
and protecting nitrogenase in Trichodesmium from
oxidative degradation (Kana, 1993; Berman-Frank
et al., 2001; Milligan et al., 2007). In particular, the
photoreduction of O, by the Mehler reaction catalyzes
the conversion of O, to water. Changes in this O,-
scavenging process, therefore, could influence N, fix-
ation rates. The Mehler reaction was also identified to
be involved in photoprotection in other photoautotro-
phic species (Osmond and Grace, 1995; Osmond et al.,
1997; Asada, 1999; Foyer and Noctor, 2000). To test for
the presence and role of the Mehler reaction in our
different acclimations, light-dependent O, uptake was
measured.

In low-light-acclimated cells, in situ rates of O, up-
take in the light were similar to the rates measured in
the dark (Fig. 3B; Table II). Irrespective of the light
treatment, the O, uptake rates were unaffected by the
inhibition of PSII activity using 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (data not shown). Both observations
indicate that the Mehler reaction was not present in
Trichodesmium IMS101 grown under low light, regardless
of pCO,. Moreover, they indicate that the respiratory O,
uptake via the terminal oxidase is not repressed during
illumination. These findings provide an additional per-
spective to the current understanding of the Mehler
reaction and the terminal oxidase activity in Trichodes-
minum (Milligan et al., 2007). It is likely that under the low
light levels applied here, the Mehler reaction may not be
beneficial, as it competes for the “scarce” electrons and
its operation would decrease the energy supply for
carbon and nitrogen fixation. In addition, the need for
O, scavenging under low light is reduced because of low
photosynthetic O, production relative to respiratory O,
uptake (Table II).

In high-light-acclimated cells, the Mehler reaction
was only detected under low pCQO,. Gross CO, uptake
(i.e. NDH1, activity), inorganic carbon cycling, as well
as nitrogenase activity were lower in this treatment
than under high pCO,. As these processes can use
electrons supplied by ferredoxin, lower activities may
enhance the proportion of reduced ferredoxin and
impede electron transport. Under these conditions, the
Mehler reaction could act as a shunt for routing excess
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electrons to avoid an overreduction and damage of
PSIL. Under elevated pCO,, where the Mehler reaction
was not observed, rates of gross CO, uptake, N,
fixation, as well as POC and PON production may
provide sufficient electron sinks, thereby reducing the
need for the Mehler reaction.

Short-term exposure of the cells acclimated to 50
umol photons m s ' to 200 wmol photons m *s ' (6
min) resulted in a strong increase in light-dependent
O, uptake, irrespective of the applied pCO, levels
(Table II). The apparent operation of the Mehler reac-
tion under these conditions may reduce the sudden
electron flux within the electron transport chain,
which otherwise may cause photodamage. Further-
more, the Mehler reaction may compensate for some of
the light-stimulated O, evolution and thus act as a
protection mechanism for nitrogenase. Such a rela-
tionship between the Mehler reaction and N, fixation
was observed for Trichodesmium in several studies
(Kana, 1993; Milligan et al., 2007). However, different
growth conditions and the use of significantly higher
light levels during these experiments (Kana, 1993;
Milligan et al., 2007) could also account for the detec-
tion of the Mehler reaction in previous studies.

Under the conditions applied in this study, the
Mehler reaction does not contribute to the observed
stimulation in N, fixation under elevated pCO,. Our
findings suggest that under our experimental condi-
tions, the Mehler reaction in Trichodesmium is involved
in photoprotection rather than in O, scavenging.
This proposed role may be advantageous in view
of the high and variable light levels typical for the
natural environments of Trichodesmium (La Roche and
Breitbarth, 2005).

CONCLUSION

Our data on production rates and elemental com-
position bear important implications for future
changes in the relevant biogeochemical cycles. The
pCO,-dependent stimulation in the rate of biomass
production may increase the CO, drawdown in the
upper mixed layer and affect the vertical transport of
organic matter. This “fertilization” effect on Trichodes-
mium may also expand to other phytoplankton, as this
important diazotroph fixes N, into particulate and
dissolved compounds, thus providing a major
source of bicavailable nitrogen to oligotrophic oceans

Table V. Parameters of the seawater carbonate system

Values were calculated from TA, pH, phosphate, temperature, and
salinity using the CO2Sys program (Lewis and Wallace, 1998). Errors
are =1 s (n > 3).

pco, co, TA pH DIC
patm  pmol kg™! wmol kg™’ NBS pmol kg™

150 3803 2487 %9 8.57 £ 0.03 1,841 £ 19
900 233 x15 247014 794 003 2,240%18
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(Capone et al., 2005). In addition to the rate of pro-
duction, biomass buildup is ultimately limited by the
availability of other nutrients such as phosphorus.
Consequently, the observed increase in carbon to
phosphorus and/or nitrogen to phosphorus under
elevated pCO, may imply that more biomass can be
produced per available phosphorus, for instance over
the course of a Trichodesmium bloom. In terms of the
light-dependent changes in CO, sensitivity, the rise in
pCO, may have a stronger effect on Trichodesmium
thriving in deeper waters than for cells close to the
surface. Furthermore, new information about meta-
bolic key pathways and related proteins involved in
carbon and nitrogen metabolism are provided in this
and the complementary study (Levitan et al., 2010b).
Although Trichodesmium can saturate carbon fixation
even at low pCO, levels by operating an efficient
CCM, this comes at an energetic cost and competes
with other energy-demanding processes like N, fixa-
tion and the operation of the Calvin cycle. The ob-
served responses to elevated pCO, could not be
attributed to enhanced energy generation via gross
photosynthesis. Instead, energetic costs of the CCM
were reduced under high pCQO,, providing a surplus of
energy and reductants that in turn enabled higher
rates of N, fixation and PON and POC production and
growth. Future studies should investigate whether
phosphorus and iron limitation, often prevailing in
oligotrophic waters, may modify the described effects
of this study.

MATERIALS AND METHODS
Culture Conditions

Cultures of Trichodesmium erythraeum (strain IMS101; originally isolated by
Prufert-Bebout et al., 1993) were grown at 25°C in (.2-um-filtered unbuffered
nitrogen-free artificial seawater (YBCIl medium; Chen et al., 1996). All cells
were cultured as single filaments, grown in 1-L cylindrical glass flasks
(diameter of 7 cm), and incubated in a light:dark cycle (12:12 h) with light
provided by white fluorescent bulbs (Osram; BIOLUX) at two different light
intensities (50 and 200 pmol photons m *s '), representing light-limiting and
light-saturating values for Trichodesmium according to Breitbarth et al. (2008).
Cultures were continuously bubbled with air containing different pCO,
values of 150 and 900 patm. The bubbling was sufficient to avoid aggregate
formation but did not alter the integrity of the filaments. CO, gas mixtures
were generated with gas-mixing pumps (Digamix 5KA18/8-F and 5KA36/
8-F; Woesthoff) using CO,-free air (Nitrox CO,RP280; Domnick Hunter) and
pure CO, (Air Liquide Deutschland). Dilute batch cultivation (i.e. regular
dilution with fresh, preequilibrated medium) ensured that the carbonate
chemistry remained constant and cells stayed in the midexponential growth
phase. Cultures in which the pH shifted (pH shift > 0.06) in comparison with a
reference (i.e. cell-free medium at the respective pCO, levels) were excluded
from further analysis.

Seawater Carbonate Chemistry

Samples for total alkalinity (TA) were taken from the culture filtrate
(Whatman GFF filter; approximately 0.6 um), stored in 100-mL borosilicate
bottles at room temperature, and measured by potentiometric titration
(Brewer et al., 1981) with an average precision of =10 umol kg '. TA was
calculated from linear Gran Plots (Gran, 1952). TA measurements were
calibrated with certified reference material (Dr. Andrew Dickson, Scripps
Institution of Oceanography). The pH,z, was determined every morning
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using a pH/ion meter (model 713 pH meter; Metrohm). The carbonate system
was calculated from TA, pHyyg, temperature, salinity, and phosphate using
CO2Sys (Lewis and Wallace, 1998). Equilibrium constants of Mehrbach et al.
(1973) refitted by Dickson and Millero (1987) were chosen. Carbonate chem-
istry for the respective pCO, treatments are given in Table V.

Elemental Composition, and Growth and
Production Rates

Cells were acclimated to the respective pCO, and light levels for at least
30 d (more than 10 generations) prior to harvesting. In all acclimations,
samples for growth responses were taken simultaneously at the beginning of
the photoperiod to account for diurnal changes. Cell densities were deter-
mined using an inverted microscope (Zeiss Axiovert 200) by measuring the
number and the length of filaments as well as the cell size in a Sedgwick-Rafter
Cell (S50; Graticules).

Samples for POC, PON, and PP were filtered onto precombusted (500°C,
9 h) glass fiber filters (GF/F) and stored in precombusted (500°C, 9 h) petri
dishes at —20°C. Prior to analysis, filters for POC were treated with 200 pL of
HCI (0.1 ~) to remove all inorganic carbon. POC and PON filters were
measured in duplicate with a mass spectrometer (ANCA-SL 2020), with an
average precision of =1 ug of carbon and £0.5 ug of nitrogen, respectively. PP
was measured photometrically using a modified version of the ALOHA
protocol (Hawaii Institute of Marine Biology, Analytical Services Laboratory
at the University of Hawaii).

Growth and POC and PON production rates were determined based on
changes in cell density, chl a, as well as POC and PON. Growth rates (u) were
calculated according to the following equation:

wla] = 1n(Nw);r1n(Nu)

where N, and N, are concentrations (cell, chl 2, POC, PON} at the beginning
(t,) and the end (t,) of sampling, and At is the time between sampling
intervals. Production rates of POC and PON were calculated according to the
following equations:

POC production = u % POCcell '

PON production = g X PON cell

Samples for chl @ were filtered on GF/filters and immediately stored
at —80°C. Chl a was subsequently extracted in 5 to 10 mL of 90% acetone
(overnight in darkness at 4°C) and determined with a fluorometer (Turner
Designs) by measuring nonacidified and acidified fluorescence.

N, Fixation

Rates of N, fixation were estimated using the acetylene reduction
assay (Capone, 1993). The samples (concentrations between 0.02 and 0.08 pg
chl 7 mL ") were spiked with acetylene (20% of head space volume) and
incubated for 1 h at acclimation light and temperature with gentle continuous
shaking of the bottles to avoid aggregation or settlement. The rate of acetylene
reduction to ethylene was measured using a gas chromatograph with a flame-
ionization detector (Thermo Finnigan Trace) and quantified relative to an
ethylene standard. Rates were normalized to chl a, and a conversion factor of
4:1 (Capone and Montoya, 2001) was applied to convert ethylene production
to N, fixation rates. To account for the diurnal patterns, nitrogen fixation rates
were measured every 2 h from the onset of light until 2 h after dark.

Photosynthetic O, Evolution and O, Uptake

Rates of net O, production and O, uptake were measured by MIMS. All
MIMS measurements were carried out in an 8-mL thermostatted cuvette,
which was attached to a sectorfield multicollector mass spectrometer (Iso-
prime; GV Instruments) via a gas-permeable membrane (PTFE; 0.01 mm) inlet
system. O,-evolving and O,-consuming processes can be separated in the light
by measuring '°0, evolution from water splitting and '*0, uptake from the
medium. To this end, the medium was initially bubbled with nitrogen to
remove all the 'O, and then enriched with '*0,, ensuring that mainly *0, is
taken up by O,-consuming processes. For further details on the calculations of
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O, fluxes, the reader is referred to Peltier and Thibault (1985) and Fock and
Stiltemeyer (1989).

Assays were performed in YBCII medium buffered with HEPES (50 mw,
pH 7.8) or Bicine (50 mw, pH 8.4) depending on the respective pCO, of the
acclimation. To obtain assay conditions, the medium was purged with N,
overnight, subsequently sealed in 40-mL glass bottles, and spiked with 20 to
40 pL of YO, to yield air-equilibrated O, concentrations (i.e. 21%). For
measurements, cells were concentrated by gentle filtration (8 pum; Isopore;
Millipore). The culture medium was exchanged stepwise with the Bo,-
enriched assay medium, and cells were subsequently transferred to the MIMS
cuvette. Light and dark intervals lasted 6 min to obtain O, fluxes under
steady-state conditions. DIC concentrations were adjusted by the addition
of a 1 M HCQO, sclution prior to measurements. Measurements were per-
formed at respective acclimation light (50 or 200 #mol photons m s ™') and
DIC (approximately 1,900 or 2,300 pumol of DIC) levels if not mentioned
otherwise. Chl # concentration during the measurement ranged between 0.4
and 1.6 ug mL L

Inorganic Carbon Acquisition and Leakage

Uptake of net photosynthesis, inorganic carbon sources (CO, or HCO,™)
for photosynthesis, and leakage (CO, efflux:gross carbon uptake) were deter-
mined by MIMS measurements according to Badger et al. (1994). This
approach is based on simultaneous measurements of O, and CO, during
consecutive light and dark intervals at steady-state photosynthesis. For
measurements, cells were concentrated in the same manner as for the O,
flux measurements, exchanging growth medium with assay medium (pH 7.8
and 8.4) containing air-equilibrated O, levels. Light and dark intervals during
the assay lasted 6 min. Light was adjusted to the respective photon flux
densities in the acclimation (50 or 200 wmol photons m s To completely
inhibit external carbonic anhydrase activity, dextran-bound sulfonamide was
added to a final concentration of 50 pmol 1!, Chl a concentrations during the
measurement ranged between 0.5 and 2 pg mL . Further details on the
method and calculations are given by Badger et al. (1994) and Rost et al. (2007).

To obtain additional information about leakage, isotopic composition of
POC (5%Cpy) was determined by EA-mass spectrometry (ANCA-SL 2020)
follewing Rost et al, (2006a). Isotopic fractionation during POC formation (sp)
was calculated relative to the isotopic composition of CO, (3‘3cu,1) in the
medium. To determine the isotopic composition of DIC (5°Cy, ), 8 mL of the
culture medium was fixed with HgCl, (approximately 110 mg L' final
concentration). Extractions and measurements were performed in the labora-
tory of H.J. Spero (University of California, Davis) with a precision of £0.11%a.
The isotopic composition of CO, (BM'CCOZ) was calculated from 3‘3CDK_-,
following a mass-balance equation (Zeebe and Wolf-Gladrow, 2007). Isotopic
fractionation is driven by the intrinsic discrimination of “C by Rubisco (s,
setting the upper-most values for ;. Variations in fractionation are principally
determined by changes in leakage as well as carbon source taken up (Sharkey
and Berry, 1985):

gp= aXe+LXg

where £ is assumed to be approximately 25%» (Guy et al., 1993}, &, represents
the equilibrium fractionation between CO, and HCO, , and a is the fractional
contribution of HCO, ™ to total inorganic carbon uptake. Since HCO,~ is about
9%, enriched in PC relative to CO, (Zeebe and Wolf-Gladrow, 2007), an
increasing proportion of HCO,  uptake reduces the £p value, which is defined
relative to CO, as the carbon source. If there is no change in carbon source, &
increases with increasing leakage.
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Abstract

In this laboratory study, we monitored the buildup of biomass and concomitant shift in seawater carbonate
chemistry over the course of a Trichodesmium bloom under different phosphorus (P) availability. During
exponential growth, dissolved inorganic carbon (DIC) decreased, while pH increased until maximum cell densities
were reached. Once P became depleted, DIC decreased even further and total alkalinity (TA) dropped,
accompanied by precipitation of aragonite. Under P-replete conditions, DIC increased and TA remained constant
in the postbloom phase. A diffusion-reaction model was employed to estimate changes in carbonate chemistry of
the diffusive boundary layer. This study demonstrates that Trichodesmium can induce precipitation of aragonite
from seawater and further provides possible explanations about underlying mechanisms,

Phytoplankton plays a vital role in geochemical cycling
of biogenic clements and has influenced Earth’s climate
over geological time scales. These photoautotrophic organ-
isms fix carbon dioxide (CO,) in the upper mixed layer of
the ocean and subsequently drive the vertical export of
particulate organic carbon (POC). In the water column,
remineralization and respiration releases organically bound
CO5, which then accumulates in deeper layers. This
process, termed “‘organic carbon pump,” causes a net
drawdown of CO, from the atmosphere into the ocean.
Besides organic matter, some marine organisms also
produce calcium carbonate (CaCO;), mostly in the form
of calcite or aragonite, two polymorphs of CaCO; with
different lattice structures and solubility properties. Pre-
cipitation of CaCO; by various groups of organisms
provides a CO; source for the atmosphere. This counter-
intuitive effect of the so-called carbonate pump is caused by
consumption of dissolved inorganic carbon (DIC) and total
alkalinity (TA) in a 1:2 ratio during the process of
calcification (Zeebe and Wolf-Gladrow 2007).

Marine productivity is typically driven by diatoms,
coccolithophores, dinoflagellates, and cyanobacteria. As
the most ancient group, cyanobacteria were responsible for
the original oxidization of the Earth’s atmosphere and
dominated elemental cycles over geological time scales (Des
Marais 2000). In the Cretaceous, this group was also
known to play an important role in the buildup of immense
carbonate sediments (Riding 2006). Today, CaCO; pro-
duction by cyanobacteria seems to be more or less
restricted to specific environments like hard-water lakes,
stromatolites, or biological crusts (Pentecost and Riding
1986). In contemporary oceans, cyanobacteria are consid-
ered mostly in view of their ability to provide new nitrogen
by N, fixation.

The bloom-forming filamentous diazotroph Trichodes-
miwm plays a vital role for primary productivity in the
tropical and subtropical oceans (Capone et al. 2005;

* Corresponding author: Sven.kranz@awi.de

71

Mulholland et al. 2006). In contrast to nondiazotrophic
species, the development of a Trichodesmiwm bloom is
therefore often controlled by the availability of phosphorus
(P) and/or iron rather than “reactive N” (e.g., nitrate,
nitrite, ammonium, urea). As described in several studies
on phytoplankton bloom dynamics, the buildup of biomass
is typically accompanied by a decrease in DIC and an
increase in pH (Holligan et al. 1993; Arrigo et al. 1999). To
our knowledge, there are no data on changes in carbonate
chemistry over the course of a Trichodesmium bloom. Yet
high biomasses observed in Trichodesmium blooms (La
Roche and Breitbarth 2005) imply large alteration in the
carbonate chemistry.

In this study, we investigated the bloom development of
Trichodesmiwm under different P availability and moni-
tored corresponding changes in carbonate chemistry, In
addition to a strong shift in carbonate chemistry, CaCO;
was formed under P-deplete conditions. Possible explana-
tions for this precipitation process are provided.

Methods

Experimental setup—Cultures of Trichodesmium ery-
thraeum IMS101 (CCMP1985) were grown at 26°C in
0.2-um-filtered artificial seawater (based on YBCII media;
Chen et al. 1996; Table 1). Light intensity of 200 umol
photons m—2 s—! was provided in a 12:12-h light:dark
cycle. A preculture of Trichodesmium was grown under
these conditions in two 2-L borosilicate bottles for 20 d.
Cells were kept a low cell densities (Chl a concentration <
0.1 mg L-1), and P concentration ranged between 4 and
6 umol L—1. Experiments were carried out in sterile 20-L
polycarbonate Nalgene bottles. To keep cells in suspension,
bottles were placed on an orbital shaker. The headspace
was continuously exchanged via a membrane pump with
0.2-pum-filtered ambient air (~ 37.5 Pa pCO;). For each
treatment, cells from the precultures were inoculated into
15 L of culture media, and P concentration was adjusted to
6 umol L—!. In one treatment, the P concentration was kept
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Table 1.  Composition of the artificial seawater (modified YBCII media).
Chemical Amount (mmol L—1) Chemical Amount (gmol L=T)
Nadl 420 FeCly 0.41
KCl 10 Na,-EDTA 2
MgCl, 20 Biotin 0.002
CaCl, 10 Vitamin B12 0.004
MgSOy, 25 Thiamine-HCl 0.3
KBr 1 MnCl, 0.02
H;BO; 0.58 ZnS0y 0.004
SrCly 0.07 CoCl, 0.003
NaF 0.07 Na,MoOy 0.011
LiCl 0.03 CuS0, 0.001
NaHCO;, 262 KH,PO, 5

between 2.5 and 6 umol POi‘ by repeated additions of a
1 mol L-! PO}~ stock solution (P replete), while in the
other treatment, P was allowed to be fully consumed by the
cells (P deplete). Both treatments were run in duplicate
incubations.

Subsamples from these incubations were taken every day
to measure cell density and chemical composition of the
media. Samples for inorganic phosphorus (5 mL) were
measured colorimetrically on a daily basis using a
continuous flow analyzer (Evolution ITI; Alliance Instru-
ments). TA samples (80 mL) were filtered through glass-
fiber filters (GFF; nominal pore size ~ 0.6 ym) and stored
in borosilicate bottles at room temperature until potenti-
ometric titration with an average precision of =*
7 umol kg—1. TA was calculated from linear Gran Plots
(Gran 1952). DIC samples (5 mL) were sterile filtered
(cellulose acetate filters, pore size 0.2 um) and stored in
borosilicate flasks without headspace at 4°C. DIC was
measured using an Technicon TRAACS 800 (Stoll et al.
2001) with a precision of = 5 umol kg !'. TA and DIC
measurements were calibrated using certified reference
seawater standards (supplied by Dr. Andrew Dickson,
Seripps Institution of Oceanography). Salinity was deter-
mined by measuring apparent electrical conductivity
(WTW Cond330i; TetraCon 325). Conductivity was
subsequently converted to salinity using an inbuilt algo-
rithm. The carbonate system (pH,: Qa,) was calculated
from TA, DIC, temperature, salinity, and phosphate
concentration using CO2Sys (Lewis and Wallace 1998).
Equilibrium constants of Mehrbach et al. (1973) refitted by
Dickson and Millero (1987) were chosen.

For the analysis of chlorophyll a (Chl ) and POC,
sampling volumes were adjusted to biomass, ranging
between 500 mL (beginning of experiment) and 5 mL
(end of experiment). Chl ¢ samples were filtered onto GFF
and stored at —80°C. Chl ¢ was subsequently extracted in
acetone (overnight in darkness at 4°C) and determined with
a fluorometer (Turner Designs) by measuring nonacidified
and acidified fluorescence. Cell numbers were calculated on
the basis of the Chl ¢ quotas (Kranz et al. 2009). Samples
for POC were filtered onto precombusted (500°C: 9 h) GFF
and stored in precombusted (500°C; 9 h) petri dishes at
—20°C. Prior to analysis, filters were treated with 200 uL
HCl (0.1 mol L-!) to remove all inorganic carbon.
Subsequently, POC was measured on a mass spectrometer
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(ANCA-SL 2020) with a precision of ~ 1% of the total
carbon amount (Anders Ohlsson and Wallmark 1999).

Growth rates () within the exponential growth phase
were calculated on the basis of Chl @ concentration
according to

H(d7])= ln(Nl);fln(NO) (1)

where Ny and N, are concentration of Chl ¢ at time #y and
t, respectively, and Ar is the time between sampling
intervals in days.

At the end of the postbloom phase, the particulate
fraction of the residual medium (~ 6 L) was harvested via
centrifugation (5000 X g, 10 min). Scanning electron
microscopy (SEM; Philips XL-30) was used to identify
the structure of the particles. Aliquots of the solid phase
were placed onto polycarbonate filters (Nucleopore; pore
size 0.2 pm), dried for 3 h at 350°C, and stored in a
desiccator. Filters were finally sputter coated with gold-
palladium and analyzed by means of SEM. For phase
identification of the inorganic particles, a confocal Raman
microscope (WITec) was used, having a diode laser
(785 nm) with an excitation energy of 20 mW at the
sample surface (determined with a Coherent LaserCheck
powermeter) and a Nikon 100X (NA 0.95) objective. Prior
to the measurements, samples were washed in acetone
(90%) to remove organics and minimize the background
noisc. Raman spectra were determined at 20 different
positions chosen randomly across the precipitate.

To estimate the carbonate chemistry in the microenvi-
ronment of a Trichodesmium aggregate, a diffusion-
reaction model has been applied (Wolf-Gladrow and
Riebesell 1997). Bulk seawater carbonate chemistry mea-
sured at day 13 was chosen as model input. Carbon fixation
rates used in the model were approximated from growth
rates (0.31 d ') and POC quotas (5 pmol cell ') in the late
exponential phase. HCO ;- contributions on total C uptake
of 809% were taken from Kranz et al. (2009). For model
calculations, a spherical aggregate (diameter 700 pm) with
15,000 cells was assumed.

Results

At the beginning of the experiment, Chl & concentrations
ranged between 0.6 and 1.4 ug Chl @ L1, Cell growth was
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Fig. 1. Changes in concentrations of (A) Chl a and (B) PO i

over the course of a bloom. Gray diamonds present the P-deplete
and black circles the P-replete cultures. The vertical dotted line
represents the transition phase between exponential and post-
bloom phase. The gray area represents the range of PO}~
concentrations in the P-replete culture.

monitored over the duration of 25 d. After inoculation,
cells did not exhibit a lag phase and started to grow
exponentially for 13 to 14 d before reaching maximum Chl
a densities. followed by a postbloom phase (Fig. 1A). In
one treatment, cells were allowed to consume P entirely (P
deplete; Fig. 1B), reaching PO 3* levels below 0.1 pgmol L1
after day 11. In the other treatment, PO}~ concentrations
were maintained between 2.5 and 6 umol L1 (P replete;
Fig. 1B). Specific growth rates during the midexponential
phase, determined by changes in Chl ¢ concentration
(Fig. 1A), were similar for all cultures and ranged between
0.51 and 0.58 d—L. Maximum Chl ¢ concentrations were
0.54 = 0.02 mg L' in the P-deplete cultures and 0.48 =+
0.03 mg L1 in the P-replete cultures.

The carbonate chemistry showed similar patterns during
carly and midexponential growth phases in both P-replete
and P-deplete cultures but started to deviate strongly in
terms of DIC and TA at the end of the exponential phase
(days 13 and 14; Fig. 2A_B). In the P-replete cultures, the
DIC decreased from an initial concentration of 2150
pmol kg—! to a minimum of about 1500 pmol kg—! at the
end of the exponential phase (Fig. 2A). During the
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postbloom phase, DIC increased again to values slightly
lower than initial concentrations. The pH,,, increased with
mcreasing cell densities, from initial values of 8.0 up to 8.81
(days 13-15; Fig. 2C). A decline in pH was observed during
the postbloom phase. reaching values between 8.15 and
8.30 (Fig. 2C). TA remained relatively constant with a
mean of 2447 = 16 pumol kg~! over the duration of the
experiment (Fig. 2B). The calculated aragonite saturation
state (Qa, = [Ca2t] [CO %~ Vsolubility product of aragonite)
increased with increasing pH and decreasing DIC from
initial values of 3.3 = 0.0 up to 9.9 = 0.2 (Fig. 2D).

In the P-deplete cultures, DIC decreased from initial
concentrations of 2160 ymol kg—! to about 1000 gmol kg—1,
much lower than in the P-replete cultures, and values
remained low until the end of the experiment (Fig. 2A).
The pH,, increased from initial values of 7.95 to 8.76 (on
days 13 and 14) with a subsequent decline to values of
about 7.90 (Fig. 2C). TA values remained relatively
constant at 2447 = 12 umol kg ! until the transition to
the postbloom phase, when TA started to drop quickly and
leveled off to about 1400 umol kg—! (Fig. 2B). The
calculated Qy, increased from initial 3.1 += 0.2 to about
9.1 = 0.6 (Fig. 2C). Two to 3 d after TA dropped in the P-
deplete culture, white precipitates were observed, which
were sampled and analyzed at the end of the experiment.
No precipitates were present in the P-replete culture.

The precipitate was investigated by means of SEM,
showing particles that can be described best as aggregates
of fibers having a length of about 20 ym (Fig. 3A,B). The
Raman spectra (Fig. 3C) of a sample and two references
(calcite and aragonite) show the typical vibration modes v,
(1085 cm~! calcite and aragonite) and vy (711 em—! calcite
and 705 cm~! aragonite) for CO; in a crystal lattice
(Behrens et al. 1995). The precipitate can unambiguously be
identified as aragonite using the lattice vibrations between
100 and 400 ecm~! wave numbers. Both calcite and
aragonite show a strong peak at ~ 153 em—! (155 em~!
calcite and 152 cm—! aragonite) but show unique peaks at
282 ¢m~! (calcite) and 206 em—! (aragonite). Raman
spectra determined at 20 different positions chosen
randomly across the precipitate showed no other carbonate
phase than aragonite to be present. No Raman spectra
analysis could be performed on the P-deplete cultures,
as inorganic precipitates were not observed in this
treatment.

Model results for the carbonate chemistry in the
diffusive boundary layer of a Trichodesmium aggregate
indicate a strong deviation in pH, Qa., as well as DIC from
the measured bulk values (Fig.4). For the applied
conditions (day 13), an increase in pH by 0.12 units and
Q. by 1 unit was observed, while DIC decreased by ~
1000 pmol kg1 toward the aggregate surface.

Discussion

Bloom events by Trichodesmium are often associated
with highly stratified waters (Gianesella-Galvao et al. 1995;
Siqueira et al. 2006) and low inorganic nutrient availability
(Capone and Carpenter 1982), conditions that were
mimicked in our laboratory study. The pattern and rate
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in the buildup of biomass (Fig. 1A) is consistent with the
findings of previous studies on bloom dynamics of
Trichodesmiwm (Berman-Frank et al. 2004; La Roche and
Breitbarth 2005). Maximum cell densities obtained in this
study were around 5.5 X 109 cells L—1, which is within the
range of cell concentrations reported for blooms in the
ocean (up to 6.6 X 109 La Roche and Breitbarth 2005).
The observed termination of the bloom might be explained
by high pH (Hansen et al. 2007) or oxidatlive stress
triggering an autocatalyzed cell death pathway in Tricho-
desmium (Berman-Frank et al. 2004). P limitation did not
determine the end of the growth phase, as similar biomasses
were reached under P-replete as well as P-deplete condi-
tions (Fig. 1). This might be due to luxury uptake of P and/
or the use of phosphonates when inorganic P became scarce
(Dyhrman et al. 2006).

During bloom development, the DIC drawdown by
photosynthetic carbon uptake exceeds the slow reequilibra-
tion with the atmosphere, causing chemical speciation of the
DIC pool to shift toward higher CO3~ concentration and
pH. Upper pH values in our study are comparable to those
observed during phytoplankton blooms (Hansen 2002), but
such data on Trichodesmium blooms are scarce. Satpathy et
al. (2007) observed pH values of 8.3 within a Trichodesmium
bloom, yet the biomass in this field study was orders of
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magnitude lower (~ 4 X 106 cells L) than the one in our
and other studies (~ 5.7 X 109 cells L—!; Suvapepun 1992).
Next to the total biomass buildup, weather conditions and
mixing will also determine the magnitude in carbonate
chemistry shift. In calm and highly stratified waters, a large
change in the carbonate system of the bulk seawater can be
expected. The overall changes in carbonate chemistry due to
photosynthetic carbon uptake are, however, largest in the
close proximity of the cells. the dilfusive boundary layer
(Wolf-Gladrow et al. 1999; Ploug 2008).

The deviation in carbonate chemistry between cell
surface and bulk critically depends on the C uptake rate
as well as speciation and the surface-to-volume ratio (Wolf-
Gladrow and Riebesell 1997). Trichodesmium operates an
efficient carbon-concentrating mechanism based primarily
on direct HCO; uptake (Kranz et al. 2009). Because of
high affinities for HCO 3, Trichodesmium can maintain
high rates of carbon uptake even at low DIC concentra-
tions. As filaments of Trichodesmium tend to form
aggregates, so-called puffs and tufts often being > 500 pm
in diameter (La Roche and Breitbarth 2005), the surface-to-
volume ratio is significantly smaller than for single
filaments. Both high rates of C uptake in combination
with the large size of aggregates imply that carbonate
chemistry at the cell surface largely deviates from the
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calcite

Vi

aragonite
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200 400 600 80O 1000 1200 1400
Raman shift (cm™)
Fig. 3. (A, B) SEM pictures and (C) Raman spectra of the

precipitate [ound in the P-deplete cultures. (A, B) Precipitates
show needle type aragonitic crystals, Size bars are given in the
picture. (C) Raman spectra of reference material (calcite,
aragonite) and the sample. Calcite and aragonite both show a
strong peak at ~ 153 em ! (155 em ! calcite and 152 em !
aragonite) but show unique peaks at 282 em~! (calcite) and
206 cm ! (aragonite), using the lattice vibrations between 100 and
400 cmm—! wave numbers. Raman spectra were determined at 20
different positions chosen randomly across the crystal and showed
no other carbonate phase than aragonite to be present.

situation in bulk water. To assess the magnitude of these
differences, a diffusion-reaction model was applied. The
calculated pH and Q4. at the aggregate surface was
significantly higher than for the bulk media (Fig. 4). This
finding supports our hypothesis that in blooms of
Trichodesmium, which are often dominated by aggregates
(Taboada et al. 2010), the effect on carbonate chemistry at
the cell surface is comparable to or even more pronounced
than in our study, where no aggregation occurred (Fig. 2).

This is the first study reporting the capability of the
filamentous cyanobacterium Trichodesmium to induce
CaCO; formation, which was clearly reflected by the drop
in TA in the P-deplete culture (Fig. 2B). Further analysis
by Raman spectroscopy identified the precipitate as
aragonite (Fig. 3B). As discussed previously, the photo-
synthetic activity of Trichodesmium can shift the carbonate
system toward high pH and Q,4, within the bulk and even
further in the boundary layer. The increase in Qx, to values
as high as ~ 10 (Fig. 2C) likely triggers the aragonite
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Fig. 4. Modeled profiles of DIC, pH, and Q4. for a
Trichodesmium aggregate as a function of the distance from the
surface of the aggregate. Model input parameter for the bulk
conditions were taken from day 13 of the P-deplete culture.
Dotted line denotes DIC, solid line pHy., and dashed line Q4.

1.0

formation observed. As CaCOj; precipitation by cyanobac-
teria occurs at the cell sheath (Dittrich et al. 2003; Obst el
al. 2009), it is strongly influenced by ambient conditions
and thus, despite high supersaturation with respect to
aragonite, may be hindered by interfering ions like PO ;‘f
(House 1987; Lin and Singer 2005). This may explain why
no aragonite precipitation occurred in the P-replete
cultures. Consequently. late bloom situations with typically
high Q4, and low PO}~ concentrations, like in our study
(Figs. 1B, 2C), favor the precipitation of aragonite.
Additionally, cyanobacteria are known to produce extra-
cellular polymers (TEP), which can act as a binding site for
Ca2t and COF~ (Thompson and Ferris 1990; Schultze-
Lam et al. 1992; Dittrich and Siebler 2010). As TEP
production by Trichodesmiwm is induced by phosphorus
depletion at the end of a bloom (Berman-Frank et al. 2007),
that is, when aragonite precipitation was observed in our
study, high concentrations of TEP may thus have
contributed to the aragonite precipitation. For the fresh-
water cyanobacteria Synechococcus, experiments by Dit-
trich et al. (2003) showed that cell surface properties as well
as the carbonate chemistry in the boundary layer determine
whether CaCOyj is formed. The ability to precipitate CaCO,
therefore seems to be more widespread among cyanobac-
teria and follow similar mechanisms.

The importance of cyanobacteria-induced calcification
in biogeochemical cycling has differed strongly over
geological times and ecosystems. While in the limnic system
calcification by cyanobacteria is quite common, calcifica-
tion by marine planktonic cyanobacteria has rarely been
studied. In the early Neoproteozoic (about 750-700 million
years ago), however, immense carbonate sediments were
produced by the marine filamentous cyanobacterium
Girvanella (Riding 2006). In the Paleozoic and Mesozoic
(between 550 million and 80 million years ago), several
CaCO; precipitation events were triggered by a diverse
cyanobacterial flora (Riding 2006). In the early Cenozoic
(about 50 million years ago). calcification events by
cyanobacteria became scarce and thus less important for
sediment formation (Riding 2006). It was proposed that the
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oceanic carbonate chemistry over the Cenozoic changed,
making calcification by cyanobacteria less favorable
(Riding 1982; Pentecost and Riding 1986). Nonetheless,
there are indications for calcification events associated to
cyanobacteria appearance in present-day marine systems,
such as at the Great Bahama Bank (Robbins et al. 1996,
1997), where Trichodesmium also occurs (Carpenter et al.
1987). Field observations are needed to verify the potential
of Trichodesmium to induce CaCOj; precipitation and to
predict possible implications [or biogeochemical cycling.
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4 GENERAL DISCUSSION

Trichodesmium spp. challenged scientists for decades since Dugdale et al. (1961) reported the
fixation of N by this species. It became of particular interest for biogeochemistry when its
contribution to the overall N, fixation in the tropical and subtropical areas was estimated
(Carpenter and McCarthy, 1975). Several studies henceforward postulated a significant influence
of Trichodesmium on the global carbon and nitrogen cycles (Falkowski, 1997; Gruber and
Sarmiento, 1997). Considering the current increase in atmospheric CO, as well as global
temperatures and their effects on the marine environment (Solomon et al., 2007), it is necessary
to elucidate Trichodesmium’s response to those changes. This thesis describes the effects of
different CO, levels on the ecophysiology of the diazotroph Trichodesmium erythraeum and
investigates potential underlying processes. In the following, the main conclusions are
summarized and discussed in terms of consequences for ecology and biogeochemistry. Finally,

perspectives for future research are outlined.

4.1 ECOPHYSIOLOGY AND UNDERLYING PROCESSES

Responses of Trichodesmium erythraeum were assessed in different CO, perturbation
experiments. In these acclimations, 7richodesmium showed increased production of POC and
PON under CO, levels predicted for the future ocean (Publication II). Further investigations
showed that light levels strongly modify CO,-sensitivity in POC and PON production as well as
cell division rates (Publication III), observing the highest stimulation by CO; under limiting light
conditions. Such responses in growth and production rates due to elevated pCO, exceed those
reported for other important marine phytoplankton functional groups such as diatoms and
coccolithophores (Burkhardt et al., 1999; Zondervan et al., 2002; Langer et al., 2006) and
demonstrate an exceptionally high COs-sensitivity of Trichodesmium. Similar responses were
also found in other studies on Trichodesmium (Hutchins et al., 2007; Levitan et al., 2007), for
which various reasons have been discussed, including CO, limitation of photosynthetic C
fixation. Since cyanobacteria possess a RubisCO with one of lowest CO,-affinities among
phytoplankton, strong changes in C fixation with increasing CO, levels can be expected,
especially when cells depend on diffusive CO; uptake.

To understand the observed CO, effects on growth, elemental composition and production
rates (Publication II & III), information about modes of C acquisition in Trichodesmium is
required. These processes have been increasingly studied in marine phytoplankton as they were
identified to explain CO, effects on marine primary productivity and phytoplankton ecology

(Giordano et al., 2005). A variety of methods to examine these processes have been used, but as
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they differ in concepts and protocols, obtained results and interpretations may not match. In
Publication I, "*C and MIMS-based approaches were applied to quantify the uptake of CO,
and/or HCOs; as well as CA activities for several phytoplankton species including
Trichodesmium. The 'C disequilibrium technique was confirmed as a robust and accurate
method to differentiate between CO, and HCOs;™ as inorganic carbon source. Although data from
this technique lack central information on C acquisition, e.g. affinities, one can quantify species-
specific differences in the preference for CO, and HCOs™ or assess changes in the use of carbon
sources under different conditions. Being easily adaptable, the approach is ideal for field
applications, especially in combination with other '*C-based incubations (Tortell et al., 2008).

A more precise characterization of cellular carbon fluxes, such as rates and affinities for CO,
and HCOs™ uptake, can only be obtained by the instrumentally more sophisticated MIMS
approach. Such detailed data are needed to fully describe the acclimation responses in
photosynthetic C acquisition to ocean acidification. Although based on different assumptions,
both approaches yield comparable estimates on the relative contribution of CO, versus HCOj3
uptake. Regarding estimates for activity of extracellular carbonic anhydrase (eCA), results
differed significantly between the two approaches. Assessing eCA activities by the '*C approach
was found to be only applicable when cells take up mainly CO, and possess only low activities
of eCA. For more precise estimates, covering a range of activities in CO, as well as HCO;™ users,
MIMS provides the ideal tool. This method comparison provided experimental confirmation of
key assumptions and demonstrated strengths and weaknesses of the different approaches, which
were further considered for the detailed characterization of the CCM in Trichodesmium
(Publication IT & III).

Data in Publication II & III clearly demonstrated the presence of a CCM in Trichodesmium,
primarily based on HCOj™ uptake. The uptake and accumulation of HCOs™ allows Trichodesmium
to saturate its RubisCO, even under low DIC concentrations. Consequently, a direct effect of
CO; on the carboxylation efficiency of RubisCO, as suggested by Hutchins et al. (2007), can be
excluded as main reason for the COs-sensitivity observed for Trichodesmium. Despite the
predominance of HCOs™ transport, the gross CO, uptake rate increased under elevated CO,
(Publication III). Due to the high CO, permeability of membranes, uptake and accumulation of
this carbon species do not appear efficient for Trichodesmium. To prevent diffusive CO, loss,
cyanobacteria typically convert CO, to HCOs at the thylakoid membrane by the NDHI14
complex utilizing reductants from cyclic or linear electron transport (Friedrich and Scheide,
2000; Badger et al., 2006). Changes in uptake kinetics found for the HCO;™ transport at the
different CO; levels (Publication II) as well as the changes in the CO, to HCO;™ uptake ratios
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(Publication III) may be caused by variations in the reductive state of the electron transport
chain. This in turn will affect the balance between cyclic and linear electron transport and thus
alter the energy supply for transporters (Li and Canvin, 1998). Post-translational modification of
the transport proteins may also be a cause for changes in the transport affinities (Siiltemeyer et
al., 1998). Underlying mechanisms for affinity changes have, however, not been investigated to
this level in this study.

In addition to direct uptake of HCOj", extracellular carbonic anhydrase (eCA) may represent
another important component of the CCM. This enzyme accelerates the chemical equilibrium
between HCO3™ and CO; and thus replenishes the inorganic carbon species mainly taken up. In
diatoms, Trimborn et al. (2008) found high eCA activities to be correlated with high HCO3
uptake. The authors suggested that eCA converts effluxing CO, to HCOs", subsequently being
transported back into the cell via the HCOs™ transporter. Such a C recycling mechanism would be
most efficient when CA-mediated conversion is localized to the periplasmic space, i.e. in close
vicinity of the HCOj™ transporter. Despite being a HCO;™ user, Trichodesmium showed only low
eCA activities (Publication II). In contrast to eukaryotic phytoplankton, cyanobacteria like
Trichodesmium have developed other strategies that do not involve eCA. In analogy to the
proposed role of eCA in HCOj3™ users by Trimborn et al. (2008), NDH1,4 functions to convert
CO; to HCOj' in cyanobacteria. As this process is located at the thylakoid membrane, it seems to
be involved in the prevention of CO; loss rather than its uptake.

The CO, efflux is important to consider, as the CCM efficiency not only depends on the
uptake kinetics but also on the loss of inorganic carbon. In Publication II & III, MIMS and the
interpretation of C fractionation patterns were used to assess information on cellular leakage
(i.e. C efflux/gross C uptake). Although approaches attained different absolute values, which can
partly be attributed to differences in concepts (e.g. instantaneous versus integrated estimates),
both indicated CO,- and/or light-dependent regulations within this parameter. Based on “C
fractionation, estimated leakage was found to increase with pCO, as well as light availability
(Publication IIT). The higher leakage under these conditions can partly be explained by the
increasing overall C uptake relative to C fixation under high CO; levels. Since CO, efflux is the
key driver for changes in leakage, the underlying biochemical explanation may rest upon the
function of NDH14. While at high-light and low CO; levels, NDH14 may be used primarily as a
CO,-scavenging mechanism (consistent with the observed low leakage), high CO, levels may
lead to a higher CO, diffusion to the proximity of the NDH14 when it maily functions as a
system for CO, uptake (consistent with high rates of CO, uptake). As NDH1y4 is proposed to be

driven by reductants from cyclic or linear electron transport, this protein complex may represent
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a switch for the regulation of reductant-demanding metabolic processes. Further investigations
on leakage and possible regulations by NDH14 in Trichodesmium have to be conducted, but in
view of the current uncertainties in leakage estimates, new approaches are required to assess this
essential process within CCMs.

As discussed above, various aspects of the CCM in Trichodesmium were regulated as a
function of pCO,. Equally or even more pronounced changes in the CCM were observed over
the diurnal cycle (Publication II). Apparent affinities for HCOs™ uptake as well as leakage
changed markedly over the day. Lower overall CCM efficiency was found to be correlated with
highest activities of the nitrogenase during midday (Publication II & III). In addition to this
typical diurnal pattern in N, fixation (Berman-Frank et al., 2001; Mulholland et al., 2004;
Milligan et al., 2007) observed under low and ambient CO, levels, high CO, resulted in a
prolonged high N, fixation and low CCM efficiency until the end of the photoperiod (Publication
IT & III). Such CO,-dependent changes in diurnal patterns as well as the light-dependent changes
in CO, effects suggest altered energy allocation to be the key to the strong CO,-sensitivity in
Trichodesmium.

To investigate the energy budget and energy allocation, Publication III assessed major energy
sources and sinks such as gross photosynthesis, nitrogenase activity, carbon acquisition and
Mehler reaction simultaneously. Data presented in Publication III showed that the CO, effects on
growth, POC and PON production could not be attributed to changes in gross photosynthesis (i.e.
energy generation via linear electron transport). This finding supports the hypothesis that CO,
effects are caused by improved energy allocation (Publication II). The high energetic costs
associated with the operation of a CCM represent a large fraction of the overall energy budget in
Trichodesmium. The ability to regulate the CCM activity to its actual demand reduces the
energetic costs and allows reallocation of energy to N, and C fixation. Moreover, enhanced
cyclic electron transport around PS I, as indicated by the high PSI:PSII ratio at high CO;
(Appendix I), suggest an increased ATP production (Wolk, 1982). Overall, the high CO,-
sensitivity in Trichodesmium is not caused by a direct CO, effect on the carboxylation efficiency
of RubisCO (Publication II), but rather can be attributed to CO,-dependent reallocation of
resources between the CCM, N, fixation, the Calvin cycle (Publication III).

The allocation of electrons to O, via pseudocyclic electron transport was often discussed as
another way to enhance N, fixation. This photocatalyzed reduction of O, via the so-called
Mehler reaction can scavenge O, and thus protect the O,-sensitive nitrogenase. For
Trichodesmium, Mehler reaction has been observed especially during N, fixation (Kana, 1993;

Milligan et al., 2007). In Publication III, Mehler reaction was not correlated with N, fixation but
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mainly found to be induced when cells were exposed to high light. These results contradict with
the proposed function and rather hint to a photo-protective mechanism under high light. This
process may be advantageous in view of the high and variable light levels typical for the natural
environments of Trichodesmium (La Roche and Breitbarth, 2005).

Although having added another piece to the metabolic jigsaw of the diazotroph
Trichodesmium, many uncertainties remain regarding the interdependent regulation of different
metabolic pathways. Nontheless, data presented provide the potential to predict how this

organism will thrive in the future ocean.

4.2 IMPLICATIONS FOR ECOLOGY AND BIOGEOCHEMISTRY

As elevated CO; yield in increasing growth, improved N, fixation and C acquisition as well as P
utilization (Publication II & III), this sensitivity is likely to increase the competitive fitness of
Trichodesmium. Consequently, “CO,-fertilization” may increase the performance and dominance
of Trichodesmium in the oligotrophic tropical and subtropical areas. The resulting “N-
fertilization” may in turn be advantageous for cells like picocyanobacteria and nanoflagellates
specialized for the uptake of NH4" (Hutchins et al., 2009). Even though the increased N, fixation
may alleviate the effect of an enhanced stratification on productivity caused by global warming
(Doney, 2006), it will shift areas typically N-limited to be limited by inorganic phosphorus (P)
and/or iron (Fe) in the future. As global warming will also result in an expansion of oligotrophic
areas, a wider distribution of 7Trichodesmium can generally be expected (Breitbarth et al., 2007;
Carpenter and Capone, 2008). In view of consequences on higher trophic levels, the increased
C:P ratio under elevated pCO, (Publication IIT) may reduce the nutritional value of the produced
organic matter (Boersma, 2000; Sterner and Elser, 2002; Van de Waal et al., 2009). As
Trichodesmium is hardly grazed by heterotrophic eukaryotes (La Roche and Breitbarth, 2005),
the lower nutritional values will mostly impact on bacterial production. In summary, the findings
within this thesis and other recent studies on Trichodesmium (Barcelos é Ramos et al., 2007;
Hutchins et al., 2007; Levitan et al., 2007) suggest this genus to be among the “winners” of
global change. The consequences for the ecosystem structure and functioning, e.g. shift in
species dominance or interactions within the food web, remain uncertain.

The changes in production rates (Publication II & III) and a possible increase in dominance
of Trichodesmium, will have severe implications for future marine elemental cycling and climate
feedback. Assuming that the CO,-dependent increase in biomass and N, fixation can be scaled
up to the ocean, the potential increase in new N inputs by Trichodesmium can be calculated for

the future. The current annual N, fixation by 7richodesmium spp. has been estimated to be
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around 60 Tg N yr' (Mahaffey et al., 2005). Data on CO,-dependency in N, fixation rates
obtained within this thesis and recent publications (see Hutchins et al., 2009 for review) suggest
that N, fixation by Trichodesmium spp. might increase by 30 to 120 % to around 80 to 130 Tg N
yr'! until the end of this century. With respect to global N, fixation, Trichodesmium spp. would
increase its contribution from about 25 to about 50 % (Galloway et al., 2004), which underline
the role of Trichodesmium in the current and future global N budget. The high variability in
estimates may be attributed to differences in methodology or growth conditions in the laboratory
studies. Publication III explains part of these discrepancies as CO,-effects were found to be
strongly modulated by light.

In terms of vertical transport of organic matter, a fraction of senescent Trichodesmium sinks
and contributes to the biological carbon pump. As enhanced pCO; results in higher production of
biomass (Publication II & III), a correspondingly larger amount is expected to sink down to the
oceans interior in the future. The CO; effect on the biological carbon pump may expand to other
phytoplankton as more N become available via N, fixation by Trichodesmium. Moreover,
exudation of transparent exopolymeric particles (TEP) was observed for senescent
Trichodesmium cells (Berman-Frank et al., 2007). Assuming that CO, would not only stimulate
the production of POC but also TEP (Engel et al., 2004), especially at the end of a bloom,
relatively more biomass may sink to depth caused by TEP-mediated aggregate formation. But
not only the amount and the sinking velocity of particulate organic material impact the efficiency
of the biological pump, also the C:N:P stoichiometry is important to consider. The observed
increase in C:P (Publication III) may increase the remineralization depth and thus the export of
organic material. Since only a few measurements of sedimentation rates have been performed to
date in order to quantify the vertical flux of material produced by Trichodesmium (Karl et al.,
1997), sinking and sedimentation rates are poorly constrained. Nonetheless, the observed CO;-
dependency in POC production, C:N:P stoichiometry, and possibly TEP formation will increase
the CO, drawdown in Trichodesmium-dominated areas.

While most experiments in this thesis are concerned with the effect of carbonate chemistry on
Trichodesmium, working in dilute semi-continuous cultures, Publication IV monitored the effect
of biomass buildup on carbonate chemistry in a Trichodesmium bloom. The observed DIC
decrease and pH increase during exponential growth of Trichodesmium was comparable to those
variations in natural phytoplankton bloom events (Arrigo et al., 1999; Watson et al., 2000). A
diffusion-reaction model has been applied, demonstrating, that the carbonate chemistry at the
cell surface of a Trichodesmium aggregate largely deviated from the situation in bulk water.

Such changes in DIC and pH alter the CO, availability for photosynthesis and thus may impose
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restriction on bloom development (Hansen et al., 2007; Hansen, 2002). The CCM activity in
Trichodesmium (Publication II), however, enables the cells to perform high photosynthetic rates
even under low DIC and CO,; availability and thus circumvent limitation effects. Unexpected
changes in carbonate chemistry were observed at the transition from exponential to stationary
phase once P was consumed. The observed drop in TA could be explained by the precipitation of
inorganic carbon in form of aragonite. This phenomenon demonstrates the capability of
Trichodesmium to induce precipitation of CaCOs, a process known for cyanobacteria in the past
oceans (Riding, 2006). If this aragonite precipitation by Trichodesmium also occurs in the natural
environment, this bears new implications for the biogeochemical role of this cyanobacterial
species, as it may alter vertical profiles of TA and DIC in the oligotrophic ocean. If aragonite
formation is a typical phenomenon at the end of a Trichodesmium bloom, it may act as ballast
material and increase the export of organic matter (Armstrong et al., 2002; Klaas and Archer,
2002).

In this thesis, potential changes on future C and N cycling were discussed based on the
stimulation in POC and PON production in 7richodesmium (Publication Il & III). In order to get
a more general view on the marine N budget, one also has to look at nitrification as well as
denitrification and how these processes may be affected by ocean acidification. Nitrification is
driven by organisms such as proteobacteria like Nitrosomas, Nitrosococcus (NHz-oxidizing) and
Nitrobacter, Nitrospina (NO;-oxidizing). Since these bacteria are autotrophs, they depend on
CO; fixation by RubisCO and thus may benefit from elevated pCO,. Investigations on responses
of these organisms to ocean acidification indicated, however, a reduction in the global
ammonium oxidation rate in the surface ocean (Huesemann et al., 2002; Blackford and Gilbert,
2007; Yool et al., 2007). This scenario would ultimately reduce surface ocean nitrate
concentrations and thus nitrate-supported primary production. The marine denitrification may be
indirectly affected from ocean acidification as more organic matter may reach deeper waters
(Riebesell et al., 2007) and cause O, minimum zones to expand. This decline on O,
concentration in turn favors denitrification by bacteria likes Pseudomonas or anammox by
Scalindua-related species (Kuypers et al., 2003), resulting in the production of gaseous N
species. In summary, the overall marine N inventory and thus primary productivity will critically
depend on whether the N gain via N, fixation will be larger than the N loss via denitrification

and anammox.
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4.3 PERSPECTIVES FOR FUTURE RESEARCH

The results obtained in this thesis provide new information on ecophysiological responses of
Trichodesmium erythraeum to variations in CO, availability and give details on underlying
processes. Several questions for future research arise from the findings presented here. As shown in
Publication II and III, growth and primary production of the non-heterocystous filamentous
Trichodesmium was stimulated by increasing CO; levels, which in turn will have large implications
on the future marine C and N cycle. Significant uncertainties remain, whether the observed
responses of this diazotroph can be generalized to other important cyanobacteria like filamentous
heterocyst-containing or unicellular diazotrophic as well as endosymbiontic species associated to
e.g. diatoms. To assess the full diversity in responses of marine N, fixers to climate change,
species like marine Anabaena, Synecchocystis or Richelia should be included in future surveys.

Most studies investigated CO, effects in isolation from other environmental factors.
Publication III found strong modulation in CO;-sensitivity under different light levels. This
illustrates the need to look at multiple variables in combination with CO,. The availability of
nutrients generally has strong effect on the physiology of phytoplankton and thus will most
likely alter the CO,-sensitivity. Future CO; perturbation experiments on diazotrophs should for
instance address the availability of iron, as this micro-nutrient is highly required for their
nitrogenase enzyme as well as the photosynthetic apparatus and often limits growth in the natural
environment. As P-limitation in oligotrophic areas is expected to intensify in the future, CO,
effects should be investigated under different P availability. Experiments may also investigate
the effect of different nitrogen sources like nitrate or ammonia, as eutrophication in coastal areas
may reduce the competitiveness of diazotrophs.

Likewise to the approach taken in this thesis, future studies should go beyond the descriptive
level and unravel the underlying mechanisms for the observed responses. Such process-
understanding will allow for extrapolation to other species or growth conditions. To improve our
knowledge about metabolic key processes, methods have to be developed or optimized. In
comparison to the indirect approaches to assess N, fixation by acetylene-reduction, a MIMS-
based method to directly measure N, fixation would improve our estimates for this important
process. Additionally, these measurements could be combined with C and O, fluxes, allowing
for the characterization of key processes in Trichodesmium and their regulation under different
growth conditions.

Regarding the uncertainties in photosynthetic and respiratory electron transport, fluorescence
methods should be coupled with MIMS-based approaches. This combination provides a new tool

to investigate CO, leakage and the function of NDH1,4 (Publication III) in cyanobacteria but also
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more general aspects of the electron transport. Additionally, processes like the Mehler reaction
and photorespiration could be quantified with these methods by the use of specific inhibitors. A
first step towards this combined approach has been taken with the review on “Fluorescence as an
assay to understand aspects of the physiology of light regulation” (Appendix II). In this book
chapter, different inhibitors and their function to quantify electron flux in phytoplankton are
presented.

Future experiments should be expanded to the level of gene and proteins expression of key
enzymes (Appendix I). Those data on the molecular level in combination with ecophysiological
studies will maximize our current understanding of the CO»-sensitivity in this intriguing group of
cyanobacteria. Laboratory experiments shall ideally be complemented by field studies. These
may cover different perturbation experiments (CO,, N, P, Fe) during cruises or at field stations
like TENATSO on Cape Verde Islands. Data from this thesis as well as future projects shall be
exploited to develop cell models and to improve the parameterization of ecosystem and
biogeochemical models. The anticipated results from these models will significantly improve our
predictive capabilities on how the marine biosphere will respond to future environmental

changes.
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Combined Effects of CO, and Light on the

N,-Fixing Cyanobacterium Trichodesmium IMS101:
A Mechanistic View?

Orly Levitan®, Sven A. Kranz, Dina Spungin, Ondfej Prasil, Bjorn Rost, and Ilana Berman-Frank

The Mina and Everard Goodman Faculty of Life Sciences, Bar Ilan University, Ramat-Gan, 52900 Israel (O.L.,
D.S., LB.-F); Alfred Wegener Institute for Polar and Marine Research, 27570 Bremerhaven, Germany (S.A.K.,
B.R.); and Laboratory of Photosynthesis, Institute of Microbiology, Academy of Sciences of the Czech
Republic, 37981 Tiebon, Czech Republic (O.P.)

The marine diazotrophic cyanobacterium Trichodesmium responds to elevated atmospheric CO, partial pressure (pCO,) with
higher N, fixation and growth rates. To unveil the underlylng mechanisms, we examined the combined influence of pCO, (150
and 900 ,uatm) and light (50 and 200 wmol photons m~*s™") on Trichodesmium IMS101. We expand on a complementary study
that demonstrated that while elevated pCO, enhanced N, fixation and growth, oxygen evolution and carbon fixation increased

mainly as a response to high light. Here, we investigated changes in the photosynthetic fluorescence parameters of
photosystem I, in ratios of the photosynthetic units (photosystem I:photosystem 1), and in the pool sizes of key proteins
involved in the fixation of carbon and nitrogen as well as their subsequent assimilation. We show that the combined elevation
in pCO, and light controlled the operation of the CO,-concentrating mechanism and enhanced protein activity without
increasing their pool size. Moreover, elevated pCO, and high light decreased the amounts of several key proteins (NifH, PsbA,
and PsaC), while amounts of AtpB and RbcL did not significantly change. Reduced investment in protein biosynthesis, without
notably changing photosynthetic fluxes, could free up energy that can be reallocated to increase N, fixation and growth at
elevated pCO, and light. We suggest that changes in the redox state of the photosynthetic electron transport chain and
posttranslational regulation of key proteins mediate the high flexibility in resources and energy allocation in Trichodesmium.
This strategy should enable Trichodesmium to flourish in future surface oceans characterized by elevated pCQO,, higher

temperatures, and high light.

The marine filamentous N,-fixing (diazotrophic)
cyanobacteria Trichodesmium spp. bloom extensively
in the oligotrophic subtropical and tropical oceans
(Carpenter and Capone, 2008). Trichodesmium con-
tributes 25% to 50% of the estimated rates of N, fix-
ation in these areas, where the new nitrogen inputs
stimulate carbon and nitrogen cycling (Capone and
Subramaniam, 2005; Mahaffey et al., 2005). The in-
creases in atmospheric CO, partial pressure (pCO,)
and the subsequent impacts on ocean acidification are
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predicted to influence diazotrophs and specifically
Trichodesmium.

The reported sensitivity of Trichodesmium to changes
in pCO, prompted further investigation into the
cellular responses and underlying mechanisms, spe-
cifically when combined with other environmental
parameters such as temperature, nutrient availabil-
ity, and light. Elevated pCO, significantly increased
growth and N, fixation rates of Trichodesmium cultures
(Barcelos é Ramos et al., 2007; Hutchins et al., 2007;
Levitan et al., 2007, 2010). The physiological response
was also characterized by changes in inorganic carbon
acquisition, limited flexibility of carbon-nitrogen ra-
tios, and conservation of photosynthetic activities with
increased pCQ,. These manifestations suggested that
ATP and reductants [ferredoxin, NAD(P)H] are real-
located in the cells (Levitan et al., 2007, 2010; Kranz
et al., 2009, 2010).

In Trichodesmium, as in all cyanobacteria, the meta-
bolic pathways of respiration and photosynthesis
share several cellular complexes/proteins such as the
plastoquinone (PQ) pool, succinate dehydrogenase,
and ferredoxin (Fig. 1; Kana, 1993; Bergman et al.,
1997; Lin et al., 1998). Energetic currencies [reduced
ferredoxin, ATP, NAD(P)H] are also shared and can be
allocated and utilized according to cellular require-
ments. N, fixation by nitrogenase and the subsequent

346 Plant Physiology®, September 2010, Vol. 154, pp. 346-356, www.plantphysiol.org © 2010 American Society of Plant Biologists
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Figure 1. Schematic representation of major cellular complexes involved in energy flow [electron, ATP, NAD(P)H, carbon
skeletons] in Trichodesmium IMS101. Dashed arrows represent movement direction of electrons, and solid arrows represent
directions of protons, ATP, and NAD(P)H. Measured protein subunits are represented by gray diamonds. See Kranz et al. (2010)
for measurements of O, evolution, inorganic carbon fixation, and fluxes of N, fixation.

assimilation of NH," by Gln synthetase requires car-
bon skeletons from the tricarboxylic acid reactions.
Moreover, linear and pseudocyclic photosynthesis can
also generate additional ATP and reductants essential
for N, fixation (Fig. 1; Berman-Frank et al., 2001).

To understand the regulation of these metabolic
pathways in Trichodesmium under varying pCQO, levels
and light intensities, we designed an experiment to
characterize changes in the fluxes of carbon, nitrogen,
and oxygen (O,), related protein pool sizes, and var-
iable fluorescence parameters of PSII. Elevated atmo-
spheric pCO, combined with enhanced sea surface
temperatures are forecast to stabilize thermal stratifi-
cation, resulting in a shallower, more acidified, upper
mixed layer characterized by higher mean light inten-
sities (Doney, 2006). Thus, Trichodesmium IMS101 cul-
tures were acclimated to past and future pCO, levels
(150 and 900 patm) at low and high light (50 and 200
pmol photons m s ).

In the first part of this combined report (Kranz et al.,
2010), we examined the physiological responses to the
different acclimation conditions. The combination of
elevated pCQO, and light enhanced the production of
particulate organic carbon and nitrogen (270% and
390% increase, respectively) as well as growth rates
(180% increase; percentages are calculated from Kranz
et al., 2010). Generally, the pCO,-dependent stimula-
tion was higher in cultures acclimated to low light. The
pCO, effect was also reflected in other measured
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physiological parameters, particularly the diel pat-
terns of N, fixation and the integrated N, fixation rates
during the day, which increased approximately 30-
fold between the low-pCO,/low-light and the high-
pCO,/high-light acclimations (Kranz et al., 2010).
While at high light, elevated pCO, extended the period
of high N, fixation, which lasted from 5 h after the
onset of light throughout the end of the photoperiod,
the high-pCO, contribution to the integrated N,
fixation was more significant at low light (Kranz
et al., 2010). Light, but not pCO,, influenced gross
photosynthesis as measured by PSII O, evolution,
which increased by approximately 250% in high-
light-acclimated cultures. To supply the Calvin cy-
cle with sufficient CO,, Trichodesmium possesses a
CO,-concentrating mechanism mainly based on
HCO, uptake (Kranz et al., 2009, 2010). When Tricho-
desmium was acclimated to elevated pCO, (900 patm),
a decline in the cellular affinity to dissolved inorganic
carbon was observed (Kranz et al., 2009), while the
specific uptake of CO, showed a 9-fold increase be-
tween the low-pCO,/low-light and the high-pCO,/
high-light acclimations (Kranz et al., 2010).

Proteins are fundamental cellular components that
influence the underlying mechanisms subsequently
reflected in the cells” physiology. In this study, we
extend the experimental results presented by Kranz
et al. (2010) by examining the influence of pCO, at
different light regimes on the photosynthetic fluores-
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cence parameters of PSII and on the pool sizes of key
proteins involved in carbon and nitrogen fixation and
their subsequent assimilation processes.

RESULTS

We quantified amounts of key protein subunits
involved in N, fixation and assimilation, energy pro-
duction, and photosynthesis: NifH (iron [Fe] protein
of nitrogenase), GInA (a subunit of Gln synthetase),
PsbA (D1 protein of PSII), PsaC (core subunit of PSI),
AtpB (the CF, subunit of ATP synthase), and RbcL (the
large subunit of Rubisco). The amounts (pmol ug
protein ') of these proteins at the two sampling points
(1 and 5 h after the onset of light) are presented in
Table I. All protein subunits are normalized to total
protein amounts. The amount of total protein per cell
was similar for all acclimations measured (one-way
ANOVA; P < 0.05; Scheffe posthoc test; n = 6; data not
shown). For the two extreme acclimations, the protein
amounts were 8,36 ng cell ! for the low-pCO,/low-
light acclimation and 8.23 ng cell ' for the high-pCO,/
high-light acclimation.

Nitrogen Fixation and Assimilation Proteins

The Fe protein subunit of nitrogenase (NifH) was
influenced by pCO, and time (Fig. 2; Table I). Although
light itself did not distinctly influence NifH amounts,
the interactions of pCO, and light significantly af-

fected the protein pool size. For all treatments, exclud-
ing high pCO,/high light, NifH amounts were higher
at5 h after the onset of light relative to 1 h after the onset
of light. At low light (50 umol photons m *s '), pCO,
concentrations (150 and 900 patm) did not influence
the amount of NifH. At high light (200 umol photons
m *s ), high pCO, significantly influenced both the
amount and the pattern of NifH abundance. NifH
amounts remained constant for both time points mea-
sured (0.173 = 0.025 and 0.167 = 0.025 pmol pg
protein” ') and were as low as the NifH amounts mea-
sured 1 hafter light for both low-light acclimations (Fig.
2; Table I). Low-pCO,/high-light-acclimated cultures
had high NifH protein amounts (0.302 = 0.068 pmol ug
protein '), which differed from all other treatments
(0.169 = 0.033-0.217 =+ 0.072 pmol ug protein™").

NH," produced by the nitrogenase is incorporated
into an organic compound via the GInA decamer, Gln
synthetase (Fig. 1). While both pCO, and light affected
GInA amounts, the low-pCO,/high-light acclimation
had the highest GInA amounts (0.134 = 0.007 pmol pg
protein_1) of all other acclimations (0.093 £ 0.005 to
0.116 + 0.006 pmol ug protein '), which paralleled the
high amounts of NifH under the same acclimation
(Fig. 2; Table I).

ATP Synthase Abundance

AtpB, the CF, subunit of ATP synthase, was influ-
enced by neither pCO, nor light (Table I). Time de-

Table I. Average amounts (pmol pg protein ') of all measured protein subunits in Trichodesmium

IMST01

Shown are results (as averages) for 1 h and 5 h after the onset of light (n = 3). Average values of the two
sampling points (n = 6) are also shown. The proteins measured were PsbA (D1 protein of PSIl), PsaC (core
subunit of PSI), RbclL (the large subunit of Rubisco), NifH (Fe protein of nitrogenase), and GInA (a subunit

of Gln synthetase).

50 wmol Photons m™?

5

200 pwmol Photons m™% s~

Protein Amount

150 patm pCO, 900 patm pCO, 150 patm pCO, 900 patm pCO,
1 h after the onset of light
PsbA 0.083 + 0.022 0.065 * 0.021 0.061 = 0.010 0.040 + 0.000
PsaC 0113 = 0010 0.136 = 0.010 0.098 = 0.014 0.092 = 0.016
RbcL 0.504 + 0.059 0.600 £ 0.085 0.625 = 0.046 0.553 = 0.072
AtpB 0.103 + 0.021 0.114 £ 0.023 0.137 = 0.016 0.116 = 0.057
NifH 0.165 = 0.017 0.163 = 0.032 0.255 = 0.060 0.173: = 0.025
GlnA 0.111 £ 0.012 0.097 = 0.012 0.129 = 0.007 0.107 = 0.014
5 h after the onset of light
PsbA 0.088 + 0.005 0.075 * 0.012 0.068 + 0.018 0.056 * 0.017
PsaC 0.123 = 0.019 0.120 £ 0.010 0.087 £ 0.008 0.084 £ 0.005
Rbcl 0.683 = 0.075 0.709 = 0.065 0.563 = 0.048 0.529 = 0.054
AtpB 0.214 = 0.034 0.142 £ 0.010 0.159 = 0.061 0.128 = 0.035
NifH 0.256 = 0.009 0.270 £ 0.057 0.349 = 0.035 0.167 = 0.025
GlnA 0.120 = 0.000 0.090 = 0.024 0.139 = 0.013 0.108 = 0.004
Average of both time points
PsbA 0.085 + 0.015 0.070 = 0.017 0.064 + 0.014 0.048 = 0.014
PsaC 0.118 = 0.015 0.128 = 0.013 0.092 = 0.011 0.087 = 0.010
Rbcl 0.593 = 0.115 0.655 = 0.091 0.594 = 0.054 0.541 = 0.059
AtpB 0.158 + 0.079 0.128 + 0.019 0.148 = 0.016 0.122 = 0.008
NifH 0.201 = 0.051 0.217 £ 0.072 0.302 = 0.068 0.169 = 0.033
GlnA 0.116 = 0.006 0.093 = 0.005 0.134 = 0.007 0.108 = 0.000
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Figure 2. Changes in the amount of the nitrogenase Fe protein, NifH
(pmol wg protein~'), in response to different light (50 and 200 gmol
photons m? s7') and pCO, (150 and 900 watm) levels. White bars
represent 150 patm pCO,, and gray bars represent 900 patm CO,.
Plain and striped bars represent values measured at 1 and 5 h after the
onset of light, respectively. Error bars indicate =1 sp (n = 3). Signifi-
cance between groups was determined by one-way ANOVA (P < 0.05)
followed by a Scheffe posthoc test. Different letters represent significant
differences between groups.

pendency was observed only for the low-light accli-
mations (Table I).

Abundance of Photosynthetic Proteins

Both pCO, and light affected the abundance of PsbA
(D1 protein of PSII; Fig. 3A; Table I). Elevated pCO,
lowered the amount of PsbA at both light intensities.
PsbA amounts decreased significantly from the low-
pCO,/ low—hght acclimation (0.085 = 0.015 pmol ug
protein ) to the hlgh—pcoz/hlgh light acclimation
(0.048 = 0.014 pmol ug protein ).

Light was the only variable responsible for changes
in the amount of PsaC, a core subunit of PSL. At low
light, the average PsaC amount (pmol pug protein™')
for both low- and high-pCO, acclimations was ap-
proximately 140% higher than its average amount at
high light (Fig. 3B; Table I). PsaC amount was signif-
icantly higher for high-pCO,/low- hght acclimation
(0.128 * 0.013 pmol ug protein~') in comparison
with the high-pCO,/ hlgh light acclimation (0.087 =
0.010 pmol ug protein ).

The relative abundance of the two photosystems,
PSLPSII, was determined using two methods: calcu-
lating the ratio of PsaC:PsbA protein pools (data
calculated from Table I; Fig. 3C) and deconvolution
of the emission spectra at 77 K (Fig. 3D). Despite the
differences between the two methods, both revealed
similar patterns. Light and the interaction of light and
pCO, distinctly modulated PsaC:PsbA ratios (Fig. 3C).
For the 77 K emission spectra, pCO, was the only
influencing factor. Nevertheless, the average values
from the 77 K measurements per acclimation revealed
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a significant increase in the PSL:PSII ratio between the
low-pCO, /low-light (2.844 + 0.588 pmol ug protein ;
Fig. 4D) and the hlgh-pCOQ/ high-light (3.895 = 0.531
pmol ug protein~') acclimations.

The enzyme Rubisco catalyzes the first step in in-
organic carbon fixation via the Calvin cycle. In our
experiments, the amount of the large subunit of
Rubisco (RbcL) was not affected by any of our varia-
bles (pCO,, light, and time).

PSII Variable Chlorophyll Fluorescence

PSIT  variable chlorophyll fluorescence reflects
changes in PSII activity (Fig. 4). pCO, concentrations
and the interactions of light and time influenced the
intrinsic (F,) and maximal (F,) fluorescence of PSII
(Fig. 4, A and B). Nevertheless, no significant differ-
ences were found for the averages of both parameters
(F, and F_) between all our acclimations (Fig. 4, A
and B).

Both variable fluorescence (F, = F, — F,) and
photochemical quantum yield of PSIL (F /F,) were
significantly influenced by pCO,, light, and time (Fig.
4, C and D). F, decreased with elevated pCO, at both
light intensities and declined at 5 h after the onset of
light in all acclimations (excluding the high-pCO,/
low-light acclimation; Fig. 4C). The interaction of light
and time also notably decreased F. In all our mea-
surements, F /F_ decreased at 5 h after the onset of
light and was affected more by light and time of day
than by pCO, level (Fig. 4D).

Light and time of day (but not pCO,) influenced the
effective absorbance cross-section of PSII (opgy; Fig.
4E), although all values averaged between approxi-
mately 200 to 250 A2 The average opg; value was only
notably different in the high-pCO,/high-light accli-
mation at 5 h after the onset of hght measurement, yet
it was still in the 200 to 250 A range.

The reoxidation time of the Qa , the primary elec-
tron acceptor of PSII (7,), was generally longer in the
dark (Fig. 5). At 1 h after the onset of light, only
ambient light notably affected the Qa™ reoxidation
time. During this time point, reoxidation times ranged
between 500 and 1,000 us (Fig. 5A). At 5 h after the
onset of light, both acchmahon irradiance (50 or 200
pmol photons m "2 57! and ambient light (dark- or
light-acclimated cultures) affected 7, with a signifi-
cant interaction between them. During midday, reox-
idation time of Qa " in the dark was longer (7, > 1,000
us) for all low-light-acclimated cultures, indicating
a more reduced PQ pool in the dark (Fig. 5B). At this
time point, the low-pCO,/high-light acclimation was
the only acclimation for which the time for Qa
reoxidation did not increase in the dark (Fig. 5B).

Electron Transfer in PSII

The number of open PSlls represents the fraction of
the PSII reaction centers that are available to perform
photochemistry. This fraction, calculated from the
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Figure 3. Changes in the average
amount of photosynthetic proteins and
changes in the average relative abun-
dance of PSI and PSIl in response to
different light (50 and 200 gmol pho-
tons m s ') and pCO, (150 and 900
patm) levels. A, PSIl protein, PsbA (D1;
pmol g protein"; n = 6). B, PSI pro-
tein, PsaC (pmol pg protein ~'; n=6). C
and D, Average relative abundance of
the photosystems. C, Based on the
quantification of the protein subcom-
plexes PsaC:PshA (pmol:pmol; n = 6).
D, Based on 77 K emission spectra (n=
7-10). White bars represent 150 patm
pCO,, and gray bars represent 900
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fluorescence parameters measured at a given growth
irradiance and in the dark (Eq. 1), was not influenced
by any of the tested variables and ranged from 0.801 +
0.127 for low pCO,/low light to 0.669 = 0.386 at high
pCO,/high light (data not shown).

pCO,, light, and their interaction influenced the elec-
tron transfer rate of PSII (ETR; Eq. 2; Fig. 6). Generally,
the ETR decreased as pCO, increased. This trend was
statistically significant only for the high-light acclima-
tions.

DISCUSSION

Our study provides information on the responses
of metabolic processes in Trichodesmium IMS101 to
changes in pCO, (150 and 900 patm) and light (50 and
200 wmol photons m s '), The first part of this study
(Kranz et al., 2010) focused on quantifying fluxes of
cellular O, evolution, light-dependent O, uptake,
nitrogen acquisition, and the uptake and fixation of
inorganic carbon. Here, we examined the activity of
PSII and changes in protein amounts of major photo-
synthetic and nitrogen metabolism complexes (Fig. 1).
One of the most notable results we observed was the
uncoupling between protein amounts and their func-
tional activities. In fact, the high-pCO,/high-light ac-
climation revealed that for some proteins, the highest
rates (Kranz et al., 2010) were often observed at the
lowest protein amounts (Table I; Fig. 7).

Nitrogen Fixation

In view of the integrated N, fixation rates (Kranz
et al., 2010), smaller protein pools yielded higher N,
fixation rates when acclimated to high pCO, for both
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light intensities. At high light, elevated pCO, in-
creased the integrated diel N, fixation rates by 112%
while being supported by only 50% to 66% of the Nifll
amount. At low light, the pCO, effect on N, fixation
rates was even more pronounced, allowing a 200%
increase in the diel N, fixation with no change in
protein amounts between pCO, acclimations (Figs. 2
and 7; Table I; Kranz et al., 2010).

Acclimations to different pCO, and light intensities
also changed the diurnal pattern of N, fixation (Kranz
et al, 2010). Both high-light acclimations demon-
strated the typical maximal N, fixation rates at midday
(Berman-Frank et al., 2001), while the low-light accli-
mations resulted in an earlier fixation peak (Kranz
et al,, 2010). Yet, NifH amounts increased at midday
for all acclimations except the high pCO,/high light
(Fig. 2; Chen et al., 1998). At high pCO,/high light,
NifH amounts were similar at 1 and 5 h after the onset
of light and were as low as the early morning values of
all other acclimations (Fig. 2), corroborating earlier
observations (Levitan et al., 2010).

These results emphasize that environmental condi-
tions regulate nitrogenase activity. In Trichedesmium,
two forms of nitrogenase Fe protein (NifH) of low and
high molecular mass are known (Zehr et al., 1993). The
high-molecular-mass form appears when no N, fixa-
tion occurs, while the low-molecular-mass form ap-
pears at the time of N, fixation (Zehr et al., 1993). The
switch between forms is considered a posttranslational
regulation caused by a reversible ADP ribosylation of
the NifH (Zehr et al., 1993; Chen et al., 1998). In
Azospirillum  brasilense and Azotobacter chroococcum,
posttranslational modifications of NifH occur when
the cells are shifted to anaerobic conditions or upon
the addition of NH,” (Zhang et al., 1993; Munoz-
Centeno et al., 1996). The same mechanism, controlled
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fluorescence (f,; a.u.). C, Variable fluorescence (F, = F, — F; a.u.).
D, PSII photochemical quantum vyield (F/F_). E, The effective absor-
bance cross-section of PSIl (orpg; A%). White bars represent 150 patm
pCO,, and gray bars represent 900 patm pCO,. Plain and striped bars
represent values at 1 and 5 h after the onset of light, respectively. Error
bars indicate = 1 so (n = 9). Significance between groups was deter-
mined by one-way ANOVA (P < 0.05) followed by a Scheffe posthoc
test. Different letters represent significant differences between groups.

by NH," availability and light level, was observed for
the phototrophic purple bacterium Rhodobacter capsu-
latus (Masepohl et al., 2002). Therefore, posttransla-
tional regulation could be one mechanism enabling
changes in the diurnal pattern of the N, fixation rates
in Trichodesmium (Levitan et al., 2010).
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Photosynthetic Proteins and Acclimation Strategies

The influence of light energy on photosynthesis and
photosynthetic proteins is well known. Similar to the
NifH, the PsbA amounts (D1 protein, a core subunit of
PSII) decreased with elevation of both pCQO, and light
(Fig. 3A) while supporting increased O, evolution
rates detected at high light (Fig. 7; Kranz et al., 2010).
This is in agreement with several studies showing that
acclimation of phytoplankton to high irradiance can
reduce the number of photosynthetic units and also
result in higher maximal photosynthetic rates per unit
of chlorophyll (Sukenik et al., 1987, and refs. therein;
Behrenfeld et al., 1998; MacKenzie et al., 2004).

PSII fluorescence measurements can be used to
understand the efficiency and kinetics of electron
transport in the thylakoid membrane (Fig. 1). Our
results show no significant change in the maximal
photochemical quantum yield of PSII (F,/F, ) under
different pCO, levels (Fig. 4C), corroborating previ-
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Figure 5. The influence of different light (50 and 200 umol photons
m “s ')y and pCO, (150 and 900 watm) levels on the relaxation time of
the Qa (us). A, At 1 h after the onset of light. B, At 5 h after light. White
bars represent 150 patm pCO,, and gray bars represent 900 watm
pCO,. Dotted bars represent values measured during ambient illumi-
nation at the growth conditions, and checkered bars represent values
measured after acclimation to dark. Error bars indicate + 1 sp (n = 3).
Significance between groups was determined by one-way ANOVA (P <
0.05) followed by a Scheffe posthoc test. Different letters represent
significant differences between groups.
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ously published data (Levitan et al., 2007). Higher
irradiance caused a significant decrease in the F_/F  of
Trichodesmium cultures that was paralleled by a decline
in PsbA amounts (Figs. 3A and 4C). Thus, irradiance,
and not pCO,, influences the quantum yield of PSII.

Irradiance was also the only factor affecting the
amounts of the PSI core protein PsaC (Fig. 3B). At high
light, PsaC amounts decreased, as observed for the
cyanobacterium Synechococcus elongatus under replete
inorganic carbon concentrations (MacKenzie et al,
2004). Lower PsaC abundance may result from a
parallel decrease of PSIT amount and/or from transla-
tional or posttranslational regulation of PSI due to
changes in the redox status of the electron transport
components (Fujita, 1997).

Acclimation of cyanobacteria to different light in-
tensities is often mediated by changes in the stoichi-
ometry of the two photosystems, PSI:PSII (Fig. 3, C and
D; Fujita, 1997; MacKenzie et al., 2004), and in phyco-
bilisome assembly. Flexible photosystem stoichiome-
try is also essential for controlling the production of
ATP and reductants (Fujita, 1997). PSL:PSII ratios were
higher at elevated pCO, and high light (Fig. 3, C and
D). Higher PSL:PSII ratios may enable a higher electron
flow through linear photosynthetic electron transport.
This can increase electron flux toward ferredoxin
reduction and enable enhanced N, fixation and/or
NADPH production. Alternatively, the higher PSI may
support the activation of the NDH-1, as a CO, uptake
mechanism (Kranz et al., 2010) and promote higher
ATP production (Figs. 1 and 7).

Photosynthetically generated reductants are used in
the Calvin cycle to reduce inorganic carbon to carbo-
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hydrates. Although key enzymes in the Calvin cycle,
including Rubisco, are “switched on” with light,
Rubisco’s transcripts and efficiency are known to be
light insensitive (Falkowski and Raven, 2007). In our
experiment, neither pCO, nor light influenced RbcL
amounts for all the acclimations (Table I). Neverthe-
less, RbcL:PsbA ratios were higher when increasing
pCO, and/or light (Table I). When transferring low-
light-acclimated cultures to high light, O, evolution
and inorganic carbon fixation rates were the same as
for high-light-acclimated cultures, regardless of the
RbcL:PsbA ratio (Kranz et al., 2010). This indicates that
light-saturated photochemistry in Trichodesmium is
limited by carbon fixation and not by electron transfer
from PSII (Sukenik et al., 1987; Falkowski, 1992).

Our results exhibit constant o,y (excited by blue
light) values of approximately 200 to 250 A®, ‘which
correspond to the typically low opq; found in cyano-
bacteria (Suggett et al., 2006) and with previously
measured opgy of Trichodesmium (Shi et al., 2007;
Kiipper et al., 2008; I. Berman-Frank and O. Levitan,
unpublished data; Fig. 4E). Maintaining a relatively
constant opg; while changing the number (n) of PSII
reaction centers (represented by the amount of PsbA)
characterizes a strategy termed “n-type” light accli-
mation (Falkowski and Owens, 1980). This strategy is
also correlated with changes in RbcL:PsbA ratio (Table
I), as described for natural populations of Trichodes-
mium in the Gulf of Mexico (Brown et al., 2008). A
strategy of keeping a small o}, while changing the
amount of reaction center protein complexes was
postulated for natural phytoplankton populations of
the upper water column as a means to manage PSII in
case of photodamage (Behrenfeld et al., 1998). Since
Trichodesmium species are often found near the surface,
an n-type acclimation is advantageous.

We suggest that the observed changes in PsbA and
PsaC are not a consequence of photosynthetic stress
(limitation) but rather an acclimation strategy. Under
elevated pCO, and light, the ability of Trichodesmium to
reduce its investment in the synthesis of expensive
proteins (PsbA, PsaC) while increasing its PSLPSII
ratio allows for increased N, fixation, improved car-
bon uptake, and enhanced growth (Fig. 7).

Energy Generation and Photosynthetic Electron Flow

In our experiments, the half-time of Qa reoxida-
tion, 7, under actinic irradiances was found to be
approximately 500 us, matching previously published
values for phytoplankton (Falkowski et al., 1986;
Kolber et al., 1998; Lardans et al., 1998). The difference
between the reoxidation time in the dark- versus light-
acclimated cultures indicates the contribution of pro-
cesses that reduce the PQ pool in the dark, such as the
activation of succinate dehydrogenase and NADPH
dehydrogenase (Fig. 1; Cooley et al., 2000; Cooley and
Vermaas, 2001). At 5 h after the onset of light, this
reduction of PQ in the dark was higher for the low-
light-acclimated cultures. The redox state of the PQ
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represent fluxes that were not measured.

pool regulates biosynthesis and the function of pho-
tosynthetic and respiratory complexes (Fujita et al.,
1987; Pfannschmidt et al., 2001) and can be connected
to the observed changes in photosynthetic protein
amount and activity (Fig. 7; Kranz et al., 2010).

The efficiency of the photosynthetic ETR is affected
by the redox state of the electron acceptors such as Qa
and the PQ pool (Suggett et al., 2006). We observed
changes in ETR in the different acclimations (Fig. 6)
while maintaining an equal fraction of open PSII (data
not shown). ETR flexibility could account for the cells’
ability to rapidly adjust to differing light regimes. This
was observed when measuring the immediate increase
in O, evolution rates for low-light-acclimated cells that
were transferred to high-light conditions (Kranz et al,,
2010). This strategy may serve as a shunting valve
for dissipating excess energy (Campbell et al., 1998;
MacKenzie et al., 2004), which would be necessary for
natural phytoplankton populations (Behrenfeld et al.,
1998), including Trichodesmium species that form huge
surface blooms in the high-light environments of the
tropical oceans.

Discrepancies between ETR and O, evolution rates
(Fig. 6; Kranz et al., 2010) may be related to the activity
of the Mehler reaction, as both were observed only for
the low-pCO,/high-light acclimation. When there is
not enough oxidized ferredoxin/NADP™ acting as
photosynthetic electron acceptors, O, can be used as
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an alternative electron acceptor in the Mehler reaction
(Kana, 1992). Both low-light acclimations exhibited
Mehler activity immediately when transferred from
low to high light (Kranz et al., 2010). This suggests that
the Mehler reaction, acting as an energy-dissipating
mechanism, decouples ETR from photosynthetic O,
evolution and carbon fixation (Kranz et al., 2010), in
agreement with previous reports for cyanobacteria
acclimated to high light (Kana, 1992; Suggett et al.,
2006).

Neither pCO, nor light significantly influenced the
amount of AtpB (CF, subunit of ATP synthase), the
major protein responsible for cellular energy produc-
tion (Table I). ATP production depends on a cross-
membrane proton gradient of the thylakoid membrane
and can be enhanced by faster respiration and/or
photosynthetic electron transfer rates (Fig. 1; Falkowski
and Raven, 2007). ATP synthase activity is controlled
at the protein level and by the redox state of the
electron transport chain, allowing up to 1 order of
magnitude increase in catalytic activity (Allen et al.,
1995; Falkowski and Raven, 2007, and refs. therein).
Therefore, at elevated pCO, and light, enhanced ETR
(Fig. 6) combined with high PSI:PSII ratios (Fig. 3, C
and D), allowing more cyclic electron flow around PSI
and high internal inorganic carbon cycling (Kranz
et al., 2010), may support higher ATP production for
the same amount of AtpB (Fig. 7).
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Low-pCO,/High-Light Acclimation

This acclimation revealed unique characteristics,
which can provide a way to discriminate the contribu-
tion of pCO, and light to the cells” metabolic regulation
and electron flow. This was the only acclimation for
which NifH and GInA amounts were notably high (Fig.
2; Table I) and light-dependent O, uptake (Mehler reac-
tion) was detected (Kranz et al., 2010). In addition, light
and dark Qa  reoxidation times were the same during
midday (Fig. 5), probably as a result of a more reduced
PQ pool in the light (Fig. 1). The reduced PQ pool can be
a consequence of the high ETR detected for this accli-
mation (Fig. 6), thereby leading to electron transport
toward the Mehler reaction (Kranz et al., 2010).

All of the above suggest that the combination of low
pCO, with high light may decouple processes that are
primarily activated by light. Such processes could
meet their metabolic balance by using environmental
regulatory signals like pCQO,. This acclimation, low
pCO,/high light, may simulate natural conditions that
can occur during massive surface blooms, frequently
observed for Trichodesmium populations in the tropical
oceans (Capone and Subramaniam, 2005).

CONCLUSION

Previous studies suggest that Trichodesmium species
will thrive in the future acidified (Barcelos é Ramos
et al., 2007; Hutchins et al., 2007, 2010; Levitan et al.,
2007, 2010; Kranz et al., 2009) and warmer (Hutchins
et al., 2007; Levitan et al., 2010) oceans. In this study,
we show that in Trichodesmium, elevated pCO, and
light lead to increased metabolic fluxes that corre-
spond to lower amounts of several key proteins (Fig.
7). Reducing energetic and resource requirements for
protein synthesis can divert this “excess” to N, fixation
and growth. We suggest that the flexible metabolism
and photosynthetic protein stoichiometry in Trichodes-
mium is mediated by changes in the redox state of the
PQ pool and by posttranslational regulation of key
proteins. This strategy maintains balanced growth and
retains the known range for Trichodesmium carbon-
nitrogen ratios. Changes in the CO,-concentrating
mechanism operation under high pCO, (Kranz et al.,
2009, 2010) can provide further energy and resources
to support higher metabolic throughput and growth
(Fig. 7). Our results imply that the above acclimation
behavior would enable this ancient cyanobacterium to
adapt to the projected changing conditions of pCO,
and light. This could facilitate bloom expansion, in-
creasing the contribution of Trichodesmium species to
the carbon and nitrogen biogeochemical cycles.

MATERIALS AND METHODS
Culture Conditions and Carbonate Chemistry

Semicontinuous dilute batch cultures of Trichodesmiwm IMS101 (originally
isolated by Prufert-Bebout et al. [1993]) were grown at 25°C in 0.2-pm-filtered
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unbuffered nitrogen-free artificial seawater (YBCII medium; Chen etal,, 1996).
Cultures were grown as single filaments in 1-L cylindrical glass flasks
(diameter of 7 cm) in pCO,-preacclimated YCBII medium. The light regime
was a 12/12-h light/dark cycle at two different light intensities, 50 pmol
photons m 2 57" (low light) and 200 gmol photons m %5 ! (high light). The
200 wmol photons m™? s ' was chosen for saturating but not photodamaging
irradiance according to Breitbarth et al. (2008). Light was supplied using white
fluorescent bulbs (Osram; BIOLUX). Cultures were continuously bubbled
with air containing different pCO, values of 150 and 900 patm. The gentle
bubbling was sufficient to prevent the formation of aggregates but did not
cause high turbulence that could harm the integrity of the filaments. CO, gas
mixtures were generated using gas-mixing pumps (Digamix 5KA18/8-F and
5KA36/8-F; Woesthoff), CO,-free air (Nitrox CO,RP280; Domnick Hunter),
and pure CO, (Air Liquide Deutschland). Experiments were done using at
least three independent replicates.

Cultures were acclimated to experimental conditions at least 2 months prior
to measurements. While species acclimate differently to changes in growth
conditions, it is generally assumed that more than 10 generations are sufficient
(MacIntyre and Cullen, 2005). Cultures were unialgal, and at exponential
growth bacterial biomass was not observed under light microscopy (%400
magnification).

Use of dilute batch cultures with experiments performed at the midexpo-
nential growth of the cells retained the carbonate chemistry constant. The pH
was 8.57 = 0.03 and 7.94 % 0.03 for the low- and high-pCQ, acclimations,
respectively, and was determined every morning using a pH/ion meter
(model 713 pH meter; Metrohm). Cultures in which the pH had shifted (pH
shift > 0.06) in comparison with a reference (cell-free YBCII at the respective
pCO, levels) were excluded from further analysis. The carbonate system was
calculated from total alkalinity, pH, temperature, salinity, and phosphate
using CO2Sys (Lewis and Wallace, 1998). Carbonate chemistry parameters for
the respective CO, treatments are supplied by Kranz et al. (2010).

Sample Collection for Proteins

Samples of Trichodesminum IMS101 were collected 1 and 5 h after the onset of
light by gentle filtration on 5-um pore size polycarbonate filters (13 mm
diameter; Osmonics) in the dark. Filtration volumes were 25 to 70 mL
(depending on acclimation and culture biomass) and lasted approximately
1 to 3 min. Filters were placed in sterile DNase- and RNase-free centrifuge
tubes, directly frozen with liquid nitrogen, and subsequently stored at —80°C.

Total Protein Extraction and Quantification

Trichodesnrium. filters were resuspended in 250 pL of 1X denaturing
extraction buffer containing 140 mm Tris base, 105 mm Tris-HCI, 0.3 mm
EDTA, 2% lithium dodecy! sulfate, 10% glycerol, and 0.1 mg mL ™' PefaBloc 5C
(AEBSF} protease inhibitor (Roche). Samples were sonicated until thawed
using a Fisher Scientific model 100 sonic dismembrator with a microtip
attachment at a setting of 30%. To aveid overheating, samples were then
refrozen immediately in liquid N;. Two cycles of freezing followed by thawing
by sonication yielded maximal protein extraction with minimal degradation
of representative membranes and soluble proteins (Brown et al, 2008).
Following disruption, samples were centrifuged for 3 min at 10,000¢ to
remove insoluble material and unbroken cells. The total protein concentra-
tion was measured with a modified Lowry assay (Bio-Rad) using bovine
y-globulin as a comparative protein standard.

Target Protein Quantification

Key protein quantification was performed using standards (AgriSera) and
followed the procedure described by Brown et al. (2008) and Levitan et al.
(2010). Primary antibodies (AgriSera) were used at a dilution of 1:40,000 in 2%
ECL advance blocking reagent in Tris-buffered saline plus Tween 20 for NifH
(Fe protein of nitrogenase), GInA (a subunit of Gln synthetase), PsbA (D1
protein of PSII), PsaC (core subunit of PSI), AtpB (the CF; subunit of ATP
synthase), and RbcL (the large subunit of Rubisco). Blots were incubated for
1 h with horseradish peroxidase-conjugated rabbit anti-chicken secondary
antibody (Abcam) for the NifH, GInA, AtpB, and RbcL primary antibodies
and with horseradish peroxidase-conjugated chicken anti-rabbit secondary
antibody {Abcam) for the PsbA and PsaC primary antibodies and diluted
1:40,000 in 2% ECL Advance blocking reagent in Tris-buffered saline plus
Tween 20. Blots were developed with ECL Advance detection reagent
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(Amersham Biosciences, GE Healthcare) using a CCD imager (DNR;
M-ChemiBIS). For estimating the amounts of protein in experimental samples,
protein levels on immunoblots were quantified using Quantity One software
(Bio-Rad) and calculated from standard curves (for each blot, after Brown et al.
[2008]).

PSII Variable Chlorophyll Fluorescence

PSII fluorescence parameters of Trichodesmium IMS101 were measured
twice a day, 1 and 5 h after the onset of light, using the Fluorescence Induction
and Relaxation System (FIRe; Satlantic; Falkowski et al., 2004). This instru-
ment is based on the same biophysical principles as the fast repetition rate
fluorometer (Kolber et al., 1998), with light-emitting diode excitation at 450 +
30 nm and emission detected using a greater than 678-nm long-pass filter.

Fluorescence parameters were as follows: I, intrinsic fluorescence (arbi-

trary units [a.u.]); F, maximal fluorescence (a.u.); F, variable fluorescence
(F, =F, — F,[a.u]); F /F,, PSII photochemical quantum yield; oy, effective
absorbance cross-section of PSII (;\2); and 7g,,, relaxation time of the Qa™ (us).
All parameters were measured after acclimation to dark (15 min), so that all
PSIl reaction centers are photochemically oxidized. Additional measurements
were performed under growth irradiance (50 or 200 umol photons m2s7)
with an ambient light source (Satlantic). Blanks were prepared by filtering
each sample using 0.2-pum sterile Minisert filters (Sartorius), and blank traces
were subtracted for each measurement.
Forthe F, F, F,, F,/F., and opg parameters, data analysis was performed
using a Matlab code (http://sourceforgenet/projects/fireworx) written by
Audrey Burnett from John Cullen’s laboratory (Department of Oceanography,
Dalhousie University, Halifax, Canada) in coordination with Satlantic. I, and
F,, values were normalized to the culture chlorophyll values (Campbell et al.,
1998). For the 7, analysis, we used the FIRePro software provided by
Satlantic.

Calculation of Open PSII Reaction Centers and PSII
Electron Transfer Rate

The number of open PSII reaction centers (PSIlapey) and electron transfer
rate of PSIT (ETR ;) were calculated using values from the photosynthetic
fluorescence analysis and the amount of PsbA per cell calculated from
quantitative western blots. PSIlope, was calculated according to Equation
1 (Kooten and Snel, 1990; MacKenzie et al., 2004):

PSllopey = (F), — F)/ (F — Fo) 1)

where F " is the maximum fluorescence in light-acclimated cultures, F, is the
steady-state fluorescence level in the respective growth irradiance, and F is
the minimum fluorescence level measured in the dark (Krause and Weis,
1991).

ETR; was calculated according to Equation 2 (MacKenzie et al., 2005;
modified from Falkowski and Raven, 1997):

ETRpsn = [E X PSllapes X opsn X (PSII cell ') (2)

where E is the photon flux density of the illumination, PSIlgpgy is the ratio of
the photochemically reduced {(open) PSII reaction centers, oy, is the effective
absorbance cross-section of PSII, and PSIT cell ! is the number of PSII reaction
centers in a cell. Since cultures were growing under acclimated, nonphotoin-
hibitory conditions, PSII cell ! was estimated according to the number of D1
(PsbA) protein subunits to reflect the number of PSII reaction centers (Burns
et al., 2006).

Relative Abundance of Photosystems

The relative abundance of the two photosystems (PSI and PSIT) was
determined from emission spectra at 77 K. Samples were collected on a 13-mm
glass fiber filter placed on a sample holder in a quartz dewar filled with liquid
nitrogen. The spectra were determined using a portable low-temperature
spectrometer using 450-nm excitation (Prasil et al., 2009), and the resulting
peaks were analyzed with PeakFit 4 software (Systat). Peaks with maxima in
the 680- to 695-nm regions were assigned to PSII, and peaks with maxima in
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the 710- to 730-nm regions were assigned to PSI. Samples were taken from
each treatment during 1 and 5 h after the onset of light. The number of
independent replicates was seven to 10 for each acclimation.

Statistical Analysis

All the results presented in this report were checked using several
statistical tests. Protein abundance and most fluorescence data were analyzed
by three-way ANOVA with interactions (pCO,, light, and time; P < 0.05).
Analysis of Qa reoxidation was also done using three-way ANOVA with
interactions (pCO,, acclimation irradiance, and ambient light; P < 0.05).
Interactions between the variables from the three-way ANOVA are stated here
only when significant (P << 0.05). To find significant differences between the
average values of four to eight groups (treatments and time of day), we used
one-way ANOVA (P < 0.05) followed by a Scheffe posthoc test. In the figures,
different letters represent significant differences determined according to the
Scheffe posthoc tests, with increasing average values from a to d (a is assigned
for the lowest average value). Values denoted by two letters or more (e.g. ab)
represent average values that are not significantly different from the main
groups represented by these letters. For verifying significant differences
between the different pCO, and light conditions, we used t tests for indepen-
dent variables (P < 0.05 or P < 0.01). All data in the figures are presented as
average values of at least three independent replicates with =1 sp. Numbers of
independent replicates (n = 3-10) are presented for each figure in the figure
legend.
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Chapter 4

Fluorescence as a Tool to Understand Changes
in Photosynthetic Electron Flow Regulation

Peter ). Ralph, Christian Wilhelm, Johann Lavaud, Torsten Jakob, Katherina Petrou,

and Sven A. Kranz

1 Introduction

The physiological state of a chloroplast is strongly
influenced by both biotic and abiotic conditions.
Unfavourable growth conditions lead to photosyn-
thetic stress. Chlorophyll a fluorescence is a widely
used probe of photosynthetic activity (specifically
PSII), and therefore stress which specifically targets
the electron transport pathway and associated alterna-
tive electron cycling pathways. By manipulating the
processes that control photosynthesis, affecting the
chlorophyll a fluorescence, yields detailed insight into
the biochemical pathways. Light that is captured by a
chlorophyll molecule can be utilised in three compet-
ing processes; electron transport, energy dissipation
(via heat) and chlorophyll a fluorescence emission.
Electrons produced by water-splitting are not always
used in carbon fixation; if the incident irradiance
generates more electrons than the dark reactions
can use in carbon fixation, damage will occur to the
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photosynthetic apparatus. If carbon fixation is inhibited
by temperature or reduced inorganic carbon (Ci), ATP
or NADPH availability, then the photosystem dynami-
cally adjusts and uses alternate sinks for electrons, such
as molecular oxygen (water-water cycle or Mehler ascor-
bate peroxidase reaction). The process of stress accli-
mation leads to a number of photoprotective pathways
and we describe how inhibitors can be used to identify
these particular processes. In this chapter, we describe
the processes controlling electron transport as influ-
enced by light-induced stress.

2 Electron Usage in Photosynthesis

Photosynthesis drives the light reactions which ulti-
mately lead to carbon fixation; however predicting
photosynthetic rates from fluorescence is a complex
issue. As outlined in other chapters of this book
(Chapter 3 and Chapter 6) different fluorescence tools
are available to measure the electron flow through
Photosystem 11 (PSII). The quantum yield of PSII can
be multiplied by the amount of absorbed quanta which
can be obtained from the incident light and either the
PSII absorption cross section or the spectral overlap
between the light spectrum and the in-sifu absorption
spectra. From these data, the electron transport rate
per chlorophyll molecule over time can be assessed
for an entire day to determine the daily primary pro-
duction (Wagner et al. 2005). However, growth and
photosynthesis are rarely equivalent. Electrons trans-
ported by PSII can follow several competing pathways:
the majority of the electrons are normally used to
reduce CO, to carbohydrates, allowing the synthesis of
other cellular macromolecules like proteins, lipids or
nucleotides, but some of them might be lost by alternate

D.J. Suggett et al. (eds.), Chlorophyll a Fluorescence in Aquatic Sciences: Methods and Applications, Developments 75
in Applied Phycology 4, DOI 10.1007/978-90-481-9268-7_4, © Springer Science+Business Media B.V. 2010

119



APPENDIX [

76

cellular processes (see alternate electron cycling) or
dissipated (non-photochemical quenching). Therefore,
the ratio of electrons per carbon incorporated into the
biomass may vary tremendously, either by losses or by
the synthesis of highly reduced biomolecules like pro-
teins or lipids.

2.1 Alternative Electron Cycling (AEC)

In principle, PSII electron transport rates should match
the gross rates of oxygen evolution. Studies have
tried to verify this assumption with divergent results
(Falkowski et al. 1986; Kolber et al. 1998; Suggett
etal. 2001; Jakob et al. 2005). It was shown that linear-
ity between PSII electron transport and oxygen evo-
lution can be found, but non-linear behaviour was
also observed, especially under conditions when pho-
tosynthesis was over-saturated (excess irradiance).
These experiments indicated that PSII electron trans-
port might over-estimate the primary production under
some conditions, because oxygen evolution rates were
found to be lower than PSII electron flow (Gilbert et al.
2000). Several explanations for this disparity have
been suggested:

(a) Cyclic electron flow around PSII (Prasil et al.
1996; Lavaud et al. 2002)

(b) Water-water cycle (Asada 1999) where oxygen
uptake on the acceptor side of PSI leads to super-
oxide which is then dismutated to H O, and then
detoxified to water and

(c) Cyclic electron flow around PSI (Bendall and
Manesse 1996)

These processes can be summarised as alternative
electron cycling (AEC) which are not energetic losses
(such as non-photochemical quenching: NPQ), because
at least the water-water cycle and the cyclic flow
around PSI generate a proton gradient which can be
used for additional ATP synthesis, Therefore, it is sug-
gested that alternative electron cycling is a normal
stress response and might be of less importance under
balanced growth conditions. Recently, Wagner et al.
(2005) described an experimental setup to estimate the
alternative electron cycling activity by comparing the
electron flow through PSII with oxygen evolution rela-
tive to the amount of absorbed quanta. The result is
shown in Fig. 1.
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Fig. 1 Modelling of fluorescence and oxygen-based photo-
synthesis rates in Phaeodactylum tricornutum grown in a tur-
bidostat under sine light conditions (10 h light period).
Photosynthesis-irradiance curves were measured hourly and
fitted using the dynamic model of Eilers and Peters (1988).
With the derived fitting parameters, oxygen and flunorescence-
based electron transport rates can be calculated for any given
light intensity during the daily course of the light climate.
The difference between fluorescence-based electron transport
rates and oxygen-based photosynthesis rates (grey area
between the curves) is linked to the proportion of alternative
electron cycling

Obviously, at low light intensities in the morning
and in the late afternoon, the fluorescence-based
electron transport rates closely match the oxygen
evolution rates as measured by a Clark-type electrode,
whereas at high light intensities the “alternative
electron cycling” can account for up to 40% of the
fluorescence-based electron transport. This mismatch
is not due to inappropriate measuring techniques, but
to the physiological variability between linear and
alternative electron pathways across the photosyn-
thetic membrane. Interestingly, the ratio of linear to
alternative electron cycling is not only light-dependent,
but can be linked to species-specific physiological
regulation, as shown in Fig. 2.

When light pulse frequency is manipulated, the
relationship between electron transport and oxygen
evolution is further altered. In the sine light (SL)
climate which simulates a sunny day, the ratio PAM/
oxygen is always higher than in the exponentially
fluctuating light (FL) climate (Fig. 2), where the
light intensity oscillates with a frequency of half an
hour between the maximum value and zero. The green
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Fig. 2 The fate of absorbed photons in the comparison of
Phaeodactylum tricornutum and Chlorella vulgaris grown in a
turbidostat under dynamic light conditions (fluctuating light, FL;
sine light, SL). Data are given as percentage of absorbed quanta
(Q,,,) Energy losses by dissipation include the conversion of
absorbed light into heat and fluorescence and were derived from
[(1-g.) Qm_}, where g, is the photosynthetic quantum efficiency at
Photosystem II measured by PAM fluorescence. The amount of
quanta lost by alternative electron sinks was calculated from the
difference of fluorescence and oxygen-based photosynthesis rates
and the assumption of a quantum efficicncy of 0.125 [mol O, (mol
quanta)™]. The amount of quanta used for biomass formation was
derived from dJu according to Jakob et al. (2007). Energy losses
which are not directly quantifiable as absorbed quanta, like mito-
chondrial respiration, have been depicted as ‘losses’

alga, Chlorella vulgaris, performs much more alterna-
tive electron transport than the diatom, Phaeodactylum
tricornutum, under both light conditions (FL and SL).
In the sine light where the cells are exposed to a pho-
ton flux which exceeds the capacity of the Calvin
cycle, the alternative electron cycling is highest indi-
cating, that it can act as a photoprotective mechanism
which compliments other photoprotective processes.
Given that alternative electron cycling in the green
alga was higher than in the diatom, this corresponds
with the observation that in diatoms the energy dis-
sipation capacity of the diadinoxanthin/diatoxanthin
xanthophyll cycle is more active than in green algae
or higher plants (Ruban et al. 2004; Goss et al. 2006)
and will be discussed later in this chapter. It should
be noted that green algae and higher plants have a

different suite of xanthophyll pigments to diatoms
and dinoflagellates.

2.2 Electron Usage to Produce New
Biomass

Under continuous light, the oxygen production or
the uptake of inorganic carbon shows a clear linear
relationship with biomass production (Toepel et al.
2004) indicating that 55-60 umol oxygen released is
equivalent to 1 mg dry weight. However, the ratio of
oxygen released to carbon incorporated is highly
variable, for several reasons. Firstly, the reduction in
biomass strongly depends on the species and the
environmental conditions (Kroon and Thoms 2006).
For example, under N or P limitation, the relative
proportion of carbon incorporated into carbohydrates
is strongly increased and therefore the reduction in
biomass is relatively low. The energetic cost of con-
verting the products of the Calvin cycle into lipid or
proteins are incorporated by higher rates of mito-
chondrial respiration. Therefore, it can not be
expected that the ratio of oxygen production in the
light, per oxygen molecule consumed in the dark to
be constant. This ratio is modulated, not only by the
availability of nutrients and the reduction in biomass,
but also by the turn-over rates of proteins and lipids.
It is well documented that cells growing under high-
light have significantly higher mitochondrial respira-
tion rates, as well as under nutrient replete conditions
and optimal temperature (Wilhelm and Wild 1984).
Table 1 shows that the ratio photosynthesis/respira-
tion varies not only in response to the light climate
(sine versus fluctuating light) but also with the C/N
ratio. Therefore, the ratio of photosynthetic electrons
to carbon incorporated into the newly formed cells
has to be variable. However, such parameters have
not been measured under an adequate range of con-
ditions or with sufficient species to make broad
speculation.

The conversion of electron transport rates into
actual new biomass requires accurate estimates for the
ratio of electrons per carbon in the macromolecules of
the new biomass. In future, the FTIR spectroscopy
(Stehfest et al. 2005) might become a tool to measure
this parameter, and is also possible with single cells.
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Table 1 Comparison of Phaeodactylum tricornutum and Chlorella vulgaris with respect to the activity of alternative electron
transport (expressed as the ratio of fluorescence-based to oxygen-based photosynthesis rates; P /P ), to C/N ratios (given as mol
mol™), and the activity of mitochondrial respiration (expressed as the ratio of respiration rate to net photosynthesis rate; R/P ).
Algal cultures were grown in a turbidostat under dynamic light conditions (10 h and 12 h light periods) which have been applied
either as a non-fluctuating sine light climate or as oscillating light (osc. Light). In addition, P. tricornutum was exposed to nitrate-
limited conditions (N-limited) (Data are adapted from Wagner et al. 2006 and Jakob et al. 2007)

Species Growth condition PP, C/N R/P
P. tricornutum Replete — sine light (10 h) 14 77 0.8
P. tricornutum Replete — osc. light (10 h) 1.3 7.9 1.0
P. tricornutum Replete — sine light (12 h) 1.6 6.6 0.4
P. tricornutum Replete — osc. light (12 h) 1.1 6.7 1.4
P .tricornutum N-limited — sine light (10 h) 1.6 14.5 0.7
P. tricornutum N-limited — osc. light (10 h) 1.2 10.8 1.5
C. vulgaris Replete — sine light (12 h) 2.1 6.8 0.4
C. vulgaris Replete — osc. light (12 h) 2.0 6.8 0.9

This opens the perspective to improve the robustness
of estimates for primary production by using advanced
fluorescence techniques.

3 Effect of Light Stress on Fluorescence
Signatures and their Interpretation

When captured light energy cannot be completely
utilized for metabolic processes, the excess energy
accumulates within the photosynthetic apparatus
(Nixon and Mullineaux 2001). This typically occurs
when the light intensity is too high (over minimum
saturating irradiance: E ). However, this also occurs
when the cells are suddenly switched from a dark/low
light environment or to a higher irradiance (not nec-
essarily over E,) depending on the physiological state
of the cells and their response to other environmental
cues. Accumulation of excess energy within the pho-
tosynthetic apparatus can be harmful for photosyn-
thesis, and especially for the activity of PSII, because
the over-reduction of the primary electron acceptor
(Q,) generates free radicals which leads to oxidative
stress (Ledford and Niyogi 2005); stress which will
ultimately cause a decrease in the photosynthetic rate
(i.e. photoinhibition). Photosynthetic organisms have
developed a number of fast photoprotective (or pho-
toacclimative) processes to minimize the level of oxi-
dative stress, especially linked to the dissipation of
the excess absorbed energy (Niyogi 2000). Non-
photochemical quenching (NPQ) is believed to be
one of the most important of these mechanisms for

the fast regulation of photosynthesis in higher plants
as well as in algae (Szabo et al. 2005; Demmig-
Adams and Adams 2006; Lavaund 2007). It should be
noted that NPQ is not a form of AEC, but rather it is
especially efficient for organisms growing in a fluctu-
ating light environment where it helps to balance the
absorption of light energy with its use, and ultimately
plays a role in the maintenance of their fitness
(Kiilheim et al. 2002; Ralph et al. 2002; Demmig-
Adams and Adams 2006; Lavaud 2007).
Non-photochemical quenching (NPQ) originates in
the light-harvesting antenna (LHC) of PSII. When the
available excitation energy exceeds the photochemical
capacity, it can then be dissipated as heat (or reallo-
cated) before it reaches the PSII reaction center. This
process arise from reactions not directly related to
photochemistry, which have been defined as ‘non-pho-
tochemical quenching’ to be distinguished from the
processes dealing with the ‘photochemical quenching’
(gP) which is directly related to photochemistry and
the linear transport of electrons (Fig. 3a) (Maxwell and
Johnson 2000; Baker 2008). In that framework, the
redox state of quinones (Q, and Q) and plastoquino-
nes can strongly influence the emission of fluorescence
in parallel to NPQ under high light conditions (Perkins
et al. 2006). NPQ reduces the lifetime of excited chlo-
rophylls (*Chl*) and thereby the quantum yield of Chl
a fluorescence, which is seen by a decrease of F_to F’_
level (see Fig. 3a). For that reason, it is calculated
as (F —-F' )/F' (or F-F'/F' ; Lavaud et al. 2002).
In higher plants, green algae and dinoflagellates,
where the NPQ mechanism has been investigated, it con-
sists of three components (Fig. 3a) (Stroch et al. 2004,
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Fig. 3 (a) Chlorophyll a (Chl a) fluorescence signal as mea-
sured with a PAM fluorometer on an Arabidopsis thalania leaf.
After dark-adaptation, in the presence of the detector beam
(dashed bottom bar), the minimal fluorescence level (F, ) is mea-
sured. When a saturating light pulse (P) is given, the photosyn-
thetic light reactions become saturated and fluorescence reaches
a maximum level (F ). Upon continuous actinic light (AL On,
white bottom bar) with moderately excess light (750 pmol pho-
tons m~ s7!; growth light was 130 umol photons m™ s7'), a com-
bination of gP and NPQ lowers the fluorescence yield. NPQ (qE
+qT +gl) is the difference between F | and the measured maxi-
mal fluorescence after a saturating light pulse during illumina-
tion (F'): NPQ = (F_-F/)/F’ . After switching off the actinic
light (AL Off), the quenching on the F level can be observed
(F'). Also, the recovery of F/ within a few minutes reflects
relaxation of the E component of NPQ. qT takes a longer time

Hill et al. 2005; Szabo et al. 2005): the energy-dependent
quenching (qE) which is regulated by the built-up of a
trans-thylakoid proton gradient (ApH) and the opera-
tion of the xanthophyll cycle (XC); state-transition
quenching (qT); which relies on the redistribution of
excitation energy between photosystems by physical
modulation of the cross-section of light-harvesting
antennas (Ruban and Johnson 2009) and the sustained
quenching which is heterogeneous (Demmig-Adams

to relax while gl is a sustained quenching. Adapted from Miiller
et al. (2001). (b) Characteristic Chl « fluorescence signals
as measured with a PAM fluorometer in cells of the diatom
Phaeodactylum tricornutum, leaf of the higher plant A. thalania,
cells of the cyanobacterium Synechocystis PCC6803, and cells
of the Prochlorophyte Prochlorococcus PCC9511, illumination
was: 5 min-2000 pmol photons m= s7'. The time scale is given
on the A. thaliana trace. Adapted from Ruban et al. (2004),
Cadoret et al. (2004), Bailey et al. (2005). For (a) and (b): F,
minimum fluorescence level in the dark; F', minimum fluores-
cence level after light exposure (detector beam only for both);
Fs maximum fluorescence level in the dark; F:", maximum
fluorescence level at light; AL, actinic continuous light (bold
arrow up/down: AL on/off); P, over-saturating pulses (600-800
ms duration, thin arrows: pulse fire). Bars: dashed, detector
beam only; white; detector beam+AL on

and Adams 2006) which partially depends on xan-
thophylls (Garcia-Mendoza and Colombo-Pallotta 2007)
as well as on photoinactivation/photoinhibition (gI) of
PSII (Stroch et al. 2004). Quantification of these
three components is either based on their relax-
ation kinetics in the dark (Miiller et al. 2001) or requires
photosynthetic inhibitors (Horton and Hague 1988).
The characteristics of their relaxation kinetics can
vary according to environmental stresses and between
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groups of organisms. Such that, E relaxes very rap-
idly (within tens of seconds after the offset of light),
gT takes several minutes (shorter for cyanobacteria
and rhodophytes), while gl is sustained and can last for
hours even days under certain extreme environmental
conditions (Demmig-Adams and Adams 2006; Garcia-
Mendoza and Colombo-Pallotta 2007). Furthermore,
in diatoms gE usually relaxes very slowly in compari-
son to higher plants (compare the two organisms in
Fig. 3b) so that it could be confounded with gl due to
overlaps with time. In general, with non-stressed
leaves, gE is the major component under moderate to
saturating irradiance. gl can become prominent under
over-saturating irradiances and possibly in combina-
tion with other stresses (nutrient/water deficiency,
temperature and salinity) (Demmig-Adams and Adams
2006). In this context, qT is not as relevant since it
generally only makes a small contribution to overall
relaxation of fluorescence (see Fig. 3a) (Nixon and
Mullineaux 2001). T is usually significant only under
low light levels (Mullineaux and Emlyn-Jones 2005)
while some dinoflagellates increase T under thermal
and light stress (Hill et al. 2005). The amplitude and
kinetics of the whole NPQ process and the importance
of each component (Fig. 3b) can be extremely diver-
gent between taxa, especially among microalgal groups
(Casper-Lindley and Bjorkman 1998; Hill et al. 2005;
Juneau and Harrison 2005), and even between species
within a taxonomic group (Lavaud et al. 2004; Lavaud
et al. 2007). For example, qE shows high amplitude
and fast onset in diatoms and brown macroalgae, while
being of minor importance in most of the green
microalgae (Finazzi et al. 2006) and cyanobacteria
(Kirilovsky 2007). Nevertheless, within the diatoms
(see Chapter 7) as well as higher plants (Johnson et al.
1993) there are clear differences in gE amplitude that
have been highlighted. Whereas, qT is currently
unknown in diatoms (Owens 1986) and brown mac-
roalgae (Fork et al. 1991), and of only moderate impor-
tance in higher plants and dinoflagellates (Hill et al.
2005), yet highly developed in some green microalgae
and cyanobacteria (Finazzi 2005; Mullineaux and
Emlyn-Jones 2005).

Amongst the three components of NPQ, gE has a
major influence on the Chl a fluorescence signal
under normal growth conditions (Logan et al. 2007,
see also Chapter 7). The interpretation of gE is pos-
sibly the most complex of the NPQ components, as
it is linked to faster regulation of photosynthesis

than qT and gl with most organisms, especially
under naturally fluctuating environment (Lavaud
2007). Frenkel et al. (2007) demonstrated that gE
is critical for maintaining the fitness of plants
under natural temperate-light conditions, rather
than qT. Also, in cyanobacteria and green microal-
gae, qT has no significant physiological importance
in photoprotection towards high-light stress, yet is
more relevant in low light conditions (Mullineaux
and Emlyn-Jones 2005; Ruban and Johnson
2009) and for acclimation to different light quality
(Pfannschmidt 2005). The gT mechanism has been
documented, as well as its impact on the fluores-
cence signal, especially in cyanobacteria and green
microalgae (see Campbell et al. 1998; Nixon and
Mullineaux 2001; Finazzi 2005; Mullineaux and
Emlyn-Jones 2005). Even though gl has been well
documented in some species of higher plants grow-
ing in extreme environments (Demmig-Adams and
Adams 2006), its occurrence and control mechanism
remains unknown in some of the algal groups. Also,
the part of qI which depends on xanthophylls is also
linked to the gE process (Demmig-Adams and
Adams 2006), although clear mechanistic differ-
ences have only been recently demonstrated
(Dall’Osto et al. 2005).

The gE mechanism has been described in a molec-
ular context for higher plants and green microalgae
(Standfuss et al. 2005; Cogdell 2006; Ruban et al.
2007). The machinery triggering and controlling
qE amplitude and kinetics is now quite well known
for groups of algae like the diatoms and brown mac-
roalgae (Goss et al. 2006; Lavaud 2007), as well
as in the cyanobacteria and prochlorophytes (Bailey
et al. 2005; Kirilovsky 2007). The NPQ process
is based on a feed-back reaction from the linear
electron transport through the build-up of a trans-
thylakoid ApH and subsequent acidification of the
thylakoid lumen (see Nixon and Mullineaux 2001).
Consequently, the activity of the ATP synthase (Dal
Bosso et al. 2004) the cytochrome b f (Munekage
et al. 2001), or the cyclic electron flow around PSI
(Miyake et al. 2005) can indirectly influence gE.
Hence, in a simple direct relationship, the higher the
irradiance, the higher the electron transport rate, the
higher the accumulation of protons in the lumen, the
higher gE. In some organisms such as diatoms, it
appears there is a relative independence of the PSII
redox-state from the proton-motive electron transfer
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and subsequent NPQ (Ruban et al. 2004; Lavaud
etal. 2007). To summarize NPQ responses, the lumen
acidification triggers two events (Fig. 4): (1) the pro-
tonation of specific sites of the LHC antenna, and (2)
the activation of an enzyme, a de-epoxidase, which
drives the conversion of epoxized xanthophyll to a
de-epoxidized form. This conversion is reversible as
the backward reaction is driven by an epoxidase
which also depends on the trans-thylakoid ApH. The
accumulation of de-epoxidized xanthophylls thus
depends on the balance between the activity of both
enzymes within the xanthophyll cycle (XC) (sece
Lavaud 2007 for a detailed description). In higher
plants, green microalgae and brown macroalgae, the
XC involves the conversion of violaxanthin to zeax-
anthin (ZX) via antheraxanthin (AX) (Fig. 4) while
the diatoms and dinoflagellates use diadinoxanthin
(DD) which is converted to diatoxanthin (DT) under
elevated light (see MaclIntyre et al. — Chapter 7). Both
protonated LHC protein(s) and the presence of DT or
ZX/AX in the LHC antenna of PSII are thought to
act together as the trigger of the qE. The whole LHC
antenna switches into a dissipative mode when
excess excitation energy should be converted into
heat while Chl a fluorescence is quenched (Fig. 4)
(Stroch et al. 2004; Szabo et al. 2005). More pre-
cisely, protonation would promote and transduce
conformational changes (‘aggregations’) which
bring pigments closer together and especially chlo-
rophyll/xanthophyll molecules. In higher plants the
‘special” polypeptide which undergoes protonation
is PsbS (Niyogi et al. 2005). The function of PsbS is

5. gE:
heat UP ! fluo. DOWN

[voe |

activation | &%

Fig. 4 Simplified model of the gE mechanism in higher plants
(see the text for a full description). The numbering refers to the
sequence of the qE process steps. AX, antheraxanthin; H*, pro-
tons; PS II, photosystem 1I; VDE, violaxanthin de-epoxidase;
VX, violaxanthin; ZX, zeaxanthin; ApH, transthylakoid proton
gradient. (Adapted from Lavaud 2007)

essentially to sense the lumen pH, that is linked to
several H*-binding amino acid residues present on
the luminal loops of this protein (Dominici et al.
2002; Li et al. 2002). In green microalgae (Peers, G
and Niyogi, KK, personal communication, 2008)
and diatoms (Zhu and Green 2008), the Li-818 pro-
teins which are up-regulated under high light, could
play a similar role as PsbS in qE. Simultaneously,
with PsbS protonation, de-epoxidized xanthophylls
would also act as ‘allosteric regulators’ by amplifying
the conformational changes within the whole LHC
antenna. The physical process by which excitation
energy is effectively converted into heat has only
recently been understood (Holt et al. 2005; Pascal
et al. 2005; Ruban et al. 2007). The qE mechanism is
rather similar in other organisms like the diatoms
and the brown macroalgae given some peculiarities
(see Chapter 7). In other groups like the red algae,
cyanobacteria and prochlorophytes, the process is
quite different even though it involves xanthophylls
and special proteins of the antenna system (Lavaud
2007). Therefore, qE in these taxa is not as controlled
as in higher plants or diatoms since these organisms
do not display a finely regulated xanthophyll cycle,
also cyanobacteria and prochlorophytes show no
involvement of a trans-thylakoid ApH (Kirilovsky
2007).

Quenching based in the PSII reaction center (as
opposed to LHC antenna) has also been observed in
higher plants (Bukhov et al. 2001; Stroch et al.
2004) and green microalgae (Finazzi et al. 2004),
and possibly in diatoms (Eisenstadt et al. 2008).
Appearance of reaction centre quenching depends
on the balance between light and carbon fixation
fluxes (Finazzi et al. 2004) along with a clear tem-
perature influence (Kornyeyev et al. 2004). This
quenching appears to drive both qE and gl compo-
nents of NPQ with both fast and slow relaxation
kinetics, respectively. In contrast to the antenna-
based quenching, it cannot cause changes in the F_
level (Maxwell and Johnson 2000). Nevertheless,
as well as the antenna-based quenching it requires
thylakoid acidification, but it does not require de-
epoxidized xanthophylls (Bukhov et al. 2001;
Finazzi et al. 2004). The gl part of this reaction cen-
ter based quenching is associated with a reversible
inactivation of a sub-population of the PSII (Finazzi
et al. 2004) as well as with PSII photodamage
(Kornyeyev et al. 2004).
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4 Use of Chemicals for the
Differentiation of Photosynthetic
Processes

Photosynthesis is a complex interaction of complemen-
tary processes such as alternate electron cycling (AEC)
and non-photochemical quenching (NPQ). A common
method of isolating specific processes is using bio-
chemical inhibitors such as herbicides. Electron trans-
port inhibitors, uncouplers, artificial electron acceptors
and donors have all proved to be essential tools in elu-
cidating the function of various components of the pho-
tosynthetic electron transport chain, metabolic pathways
and photosynthetic regulatory processes. Using herbi-
cides to understand the regulation of photosynthesis
and related biochemical pathways requires the basic
understanding of how these herbicides interact with the
photosynthetic apparatus.

Determining the appropriate concentration of herbi-
cide is very important and often problematic, because
depending on the organism, cells can have different cell
wall composition, membrane transporters and a variation
in the number of reaction centres per cell, thus requiring
different concentrations of herbicide (Durnford et al.
1998). Therefore, any concentrations specified herein
are only an indication of what has been used based the
range of concentrations found in the literature. The most
effective and correct way to determine the concentration
at which a cellular response occurs is by titration of the
herbicide against a known cell density or chlorophyll a
concentration while measuring the physiological impact
(oxygen evolution or chl & fluorescence).

4.1 Inhibitors of Linear Electron
Transport

DCMU (3'-(3,4-dichlorophenyl)-1',1'-dimethylurea), also
known as Diuron, is the most extensively used inhibitor
of photosynthetic electron transport. DCMU inhibits
electron transport between PSII and PSI, impacting on
the acceptor side of PSII by supplanting a bound plasto-
quinone from the Q- binding site of PSII (Fig. 5). Binding
of this herbicide to the Q. site of PSII, results in the
effective blocking of electron flow and leads to the subse-
quent inhibition of photosynthesis. Blocking of electron
flow is a consequence of the herbicide being incapable of
receiving electrons, and therefore electrons remain

trapped in Q,, the first quinone acceptor (Kleczkowski
1994). This trapping of electrons prevents the reduction
of plastoquinone, by holding the electrons in the D1
dimer, thus affecting the redox state of the PQ pool, which
becomes completely oxidised (Durnford et al. 1998).

DCMU causes a rapid increase to maximum fluores-
cence (F ), where all PSII reaction centres are closed and
the plastoquinone pool fully oxidised (Trebst 2007).
DCMU has no impact on the membrane potential of the
thylakoid in darkness, yet completely inhibits the light-
induced membrane pH gradient. The amount of DCMU
required for the inhibition of 50% of PSII reaction centres
will vary depending on cell concentration and species.
Published concentrations range from 1-20 uM (Falkowski
and Raven 2007). However, incremental increases in the
amount of DCMU added to cells will result in changes in
variable fluorescence and the rate of Q, re-oxidation
(Durnford et al. 1998), which will invariably allow for the
determination of the appropriate concentration of DCMU
needed to elicit the desired effect. In addition, the light
acclimation state of the cells needs to be taken into account,
as cells grown at low photon flux densities will have a
plastiquinone (PQ) pool that is predominantly oxidized
and therefore the addition of DCMU will have very little
effect on the redox state of the PQ pool (Durnford et al.
1998) similarly, chlororespiration can alter the PQ redox
state, allowing fluorescence yield to occur with saturating
DCMU concentrations (Wilhelm and Duval 1990). In the
presence of saturating DCMU concentrations, fluorescence
yield becomes maximum (F =F_so F/F =0), as Q,
can no longer pass electrons to PQ, so electron transport
stops and the maximum amount of captured energy is dis-
sipated as fluorescence.

Like DCMU, DBMIB (2,5-dibromo-3-methyl-6-iso-
propyl-p-benzoquinone) is also an inhibitor of electron
transport, however it blocks further along the electron
transport chain near the Cytochrome b, f complex (Trebst
2007). DBMIB is thought to interfere at the Reiske iron-
sulfur centre (Trebst 2007), thus blocking photosynthetic
electron flow through the Cytochrome b f complex.
DBMIB binds close to the Qo pocket (Cramer et al. 2006),
the plastoquinol binding site of the Cytochrome b f com-
plex (Fig. 5), inhibiting the reoxidation of PQH, thus
keeping the PQ pool completely reduced (Trebst 1980).

Some precaution should be taken when using
DBMIB, because site of action is concentration depen-
dent, as well as redox sensitive, where DBMIB becomes
reduced under light and oxidised in the dark (Bukhov
et al. 2003). At low concentrations, DBMIB inhibits
electron transport on the reducing side of the PQ, but at
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higher concentrations excess DBMIB will inhibit the Q,,
site of PSII, located on the oxidising side of the PQ
(Moreland 1980; Rich et al. 1991). To prevent fluores-
cence quenching from oxidised DBMIB, it can be used
in conjunction with an excess of sodium ascorbate
(Kufryk and Vermaas 2006). For every Cytochrome b f
complex, one molecule of DBMIB_, is needed for com-
plete inhibition of electron transfer through the
Cytochrome & f complex (Rich et al. 1991). DBMIB
can also inhibit mitochondrial electron transport
(Durnford et al. 1998). This is a good example of co-
inhibition, where some inhibitors have more than one
impact site, and therefore interpretation of results must
carefully consider the possibility of an alternate compo-
nent of the cell machinery being affected by the inhibi-
tor. DBMIB reduces minimum fluorescence (F ) as well
as the rise of variable fluorescence (F ). While DBMIB_
quenches chlorophyll a fluorescence, it does so less effi-
ciently than the oxidised form (DBMIB_) and both
forms alter NPQ estimates (Tyystjarvi et al. 1999).

4.2 Inhibitors of Cyclic Electron Transport

The antibiotic, antimycin A, is an effective inhibitor of
one of the alternate electron cycles (AEC), cyclic electron
transport around PSI (Tagawa et al. 1963). It has been
proposed that inhibition of photosynthetic electron
transport by antimycin A is associated with the ferre-
doxin-plastoquinone reductase (FQR) activity in cyclic
electron transport (Simonis and Urbach 1973; Moss
and Bendall 1984; Cleland and Bendall 1992). In addi-
tion to inhibiting cyclic electron transport, antimycin A is
also known to inhibit excess light energy dissipation
measured through NPQ (Oxborough and Horton 1987).
The decline in gE (energy-dependent quenching) for-
mation in the presence of this antibiotic is due to a
change in the redox state of the electron transport chain.
However, since antimycin A has no direct impact on
linear electron transport rate, the redox change is most
likely the result of a change in the redox state of a com-
ponent located in the cytochrome complex (Oxborough
and Horton 1987). Before inhibiting cyclic electron
transport, it is important to understand that there are
two potential transport pathways that cycle around PSI
(Jo&t et al. 2001; Munekage et al. 2004). The first,
cycles electrons from ferrodoxin to the PQ pool and is
sensitive to antimycin A, while the second, involves the

NDH complex which is insensitive to the antibiotic
(Joét et al. 2001). In the case of the NDH cycle, it is not
yet fully understood and no known inhibitor has been
identified. Published concentrations of antimycin A range
from 0.1-50 uM (Falkowski and Raven 2007).

4.3 Inhibitors of Alternative Electron
Cycling (AEC)

Distinguishing between different electron pathways is
important to describe the discrepancies often seen
between oxygen evolution and chlorophyll a fluores-
cence under stressful conditions. Molecular oxygen
can be reduced downstream of PSII at various sites,
using different forms of AEC., In the case of the Mehler
reaction, oxygen is reduced at the acceptor side of PSI
(Mehler 1951) where it competes for electrons with
both linear and cyclic electron transport pathways
(Heber 2002). The Mehler reaction itself cannot be
inhibited; however, the addition of potassium cyanide
(KCN) can be used to inhibit the formation of H,O and
monodehydroascorbate (MDA) during the ascorbate
peroxidase reaction, which is part of the Mehler cycle
(Neubauer and Yamamoto 1992). The inhibition of
HEO formation as a result of altered peroxide turnover,
impacts on the zeaxanthin-dependent light energy
dissipation, by suppressing zeaxanthing formation and
consequently NPQ (Neubauer and Yamamoto 1992).
In fluorescence, the addition of KCN results in a
decline in NPQ as well as a decrease in linear electron
flow, shown as a suppression of g, (Neubauer and
Yamamoto 1992). Published KCN concentrations vary
from 0.1 mM to 3 mM (Neubauer and Yamamoto 1992,
Hormann et al. 1994, Singh et al. 1996).

Another more recently discovered pseudo-cyclic
electron transport pathway which cycles around PSII
via the plastoquinol terminal oxidase (PTOX), reduces
molecular oxygen by utilising electrons from the PQ
pool to generate H,O (Cournac et al. 2000; Peltier and
Cournac 2002; Josse et al. 2003). This alternative
electron flow around PSII (upstream of PSI and
Cytochrome &,f) is believed to be advantageous in both
a high-light environment and under iron limitation
(Bailey et al. 2008), as it alleviates PSII excitation
pressure by transporting electrons directly to oxygen
while simultaneously ensuring that the electrons bypass
the iron-demanding cytochrome b f and PSI complexes
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(Mackey et al. 2008). Propyl-gallate (PGal) is an oxi-
dase inhibitor specific to PTOX (Cournac et al. 2000,
Bailey et al. 2008). PGal helps determine the role PTOX
plays in alternative electron flow, and establish whether
or not electrons are being used to reduce oxygen through
PTOX activity (Mackey et al. 2008). The addition of 1
mM PGal results in a decrease in electron flow through
PSII (Bailey et al. 2008; Mackey et al. 2008), highlight-
ing the role the oxidase plays in keeping the PSII reac-
tion centres oxidised in cells where Cytochrome b f and
PSI activity are limiting. As in the case of DBMIB, PGal
has more than one impact site in eukaryotes, as it can
also lead to the inhibition of mitochondrial electron
transport (Bailey et al. 2008).

4.4 Inhibitors of C o, Fixation

Todoacetamide has been used as an inhibitor of carbon
fixation (Miller et al. 1988; Miller and Canvin 1989),
however when added during steady state photosynthesis,
it inhibits CO, very slowly and may induce O, uptake in
the light (Miller and Canvin 1989). An alternative
imhibitor of CO, fixation is D, L-glyceraldehyde (Stokes
and Walker 1972), which at very high concentrations
(>25 mM) completely inhibits CO, fixation (Shelp and
Canvin 1989) and blocks the conversion of triose-P to
ribulose-1,5-bisphosphate (Stokes and Walker 1972).
However, more recently, glycolaldehyde (GA) has
hecome the preferred inhibitor of CO, fixation, as it uses
concentrations an order of magnitude lower than those
of D, L-glyceraldehyde, while rapidly and effectively
inhibiting CO, fixation (Sicher 1984) without inhibiting
CO, or HCO, transport (Miller and Canvin 1989;
Rotatore et al. 1992). The addition of GA to cells elimi-
nates the chlorophyll a fluorescence quenching that is
seen with the addition of inorganic carbon; however,
oxygen evolution is greatly impacted by the presence of
GA (Miller and Canvin 1989).

4.5 Electron Transport Uncouplers

Uncouplers function by dissociating electron trans-
port from ATP synthesis during photosynthetic phosp-
horylation (Moreland 1980; McCauley et al. 1987).
This is accomplished by dissipating the energised state

(H") of the membrane (ApH) before the energy can be
utilised in ADP phosphorylation (Moreland 1980) and
thus prevent the formation of the trans-thylakoid ApH
gradient. In addition to this major effect on the energy
budget of the cell, the electron flow continues but
the collapsed proton gradient no longer regulates elec-
tron transport rate. This type of inhibitor can be use-
ful when examining processes triggered by ApH, such
as NPQ and in particular gE. Common uncouplers of
photophosphorylation include ammonia chloride
((NH,CI), carbonyl cyanide 4-trifluoromethyloxyphe-
nylhydazone (FCCP) and nigericin.

Ammonium chloride (NH,CI) is a potent uncoupler
of electron transport. As described above, it works in
the classical way by relaxing the pH gradient across
the thylakoid membrane, inhibiting ATP synthesis.
The addition of NH, Cl before the application of saturating
light will prevent all quenching of F' . In contrast, if
the uncoupler is added after fluorescence quenching
has already formed (following a series of saturating
pulses), it will result in a complete reversal of all F'_
quenching (Delphin et al. 1998).

Carbonyl cyanide p-trifluoromethoxy phenylhydrazone
(FCCP) is a powerful uncoupler of photophosphoryla-
tion. It acts as an ionophore completely dissipating the
pH gradient, while leaving the electron transport
system uninhibited (Canaani and Havaux 1990). FCCP
prevents the long-term fluorescence induction, mean-
ing that the inhibition of the induction is likely the
result of an increase in the dark decay processes
(Canaani and Havaux 1990). Typical concentrations
of FCCP are 1-10 uM (Shyam et al. 1993; Sigalat
et al. 1993; Singh et al. 1996). At low concentrations
FCCP quenches PSII fluorescence, indicative of the
reoxidation of Q,” (McCauley et al. 1987), while it
requires much higher concentrations to perform in its
function as an uncoupler of oxidative phosphorylation
(Canaani and Havaux 1990). When incubated with
cells under photoinhibitory light, FCCP accelerates pho-
toinhibition and rapidly quenches fluorescence yield
(McCauley et al. 1987; Shyam et al. 1993; Singh et al.
1996).

Another type of uncoupler is the protonophore, such
as nigericin which dissipates the proton gradient across
the thylakoid membrane. Nigericin relaxes the ApH
gradient by antiporting H* at the expense of K* across
membranes, resulting in the collapse qE (Pressman
etal. 1967). As a result of a breakdown in the pH gradi-
ent, the addition of nigericin to illuminated samples,
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results in an increase in F ' and strong inhibition of
NPQ with a concomitant large increase in steady state
fluorescence F. The typical concentration range for
nigericin is 1-5 mM (Falkowski and Raven 2007).

4.6 Electron Acceptors

Electron acceptors are compounds with very strong
reducing capacity, such as methyl viologen (N,N'-
Dimethyl-4.4'-bipyridinium dichloride; MV?*) also
known as Paraquat. Methyl viologen is an artificial elec-
tron acceptor, intercepting electron flow between PSI
and the Calvin cycle by competing with ferrodoxin for
the binding site at PSI (Fig. 5) (Dan Hess 2000). MV is
an extremely powerful electron acceptor, due to the
nature of the bipyridinium salts, which temporarily
become a stable radical with the addition of an electron,
neutralising the positive charge of the cation (Moreland
1980; Peon et al. 2001). MV?* oxidizes the primary
acceptor (ferrodoxin) of linear electron transport, allowing
a ApH to become established. However, this temporary
neutral radical rapidly reverts back to its ion form, a pro-
cess that results in the production of superoxide radicals
(Hormann et al. 1993; Dan Hess 2000). MV?** can be
used to demonstrate damage to the electron transport
chain beyond PSI (typically Calvin cycle), where incu-
bation with MV* will oxidise the electron transport
chain and increase @, by supplementing the slow car-
bon fixation rate. In the presence of MV*, non-photo-
chemical quenching (NPQ) is reduced, because the
excess electrons that are usually held up by the Calvin
cycle, are being accepted by the MV* allowing for con-
tinual rapid electron transport and a reduced need for
excess light energy dissipation in the form of NPQ.
Published concentrations of MV** range from 0.05 to 1
mM (Falkowski and Raven 2007).

In conclusion, we have illustrated how photosynthetic
electron transport is strongly influenced by a range of
internal feedback processes (AEC and NPQ) to ensure
maximum efficiency, whilst preventing potential damage
from excess excitation energy. Light stimulated processes
such as NPQ are closely linked with pigments, however
the control mechanisms are species-specific and show
wide variability. Chemical inhibitors can be used to isolate
specific components of the electron transport chain
allowing a mechanistic understanding of the control of
these photosynthetic pathways.
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