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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., I.B.-E); 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 Trebon, 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 underlying mechanisms, we examined the combined influence of pCO, (150
and 900 patm) and light (50 and 200 umol photons m ™2 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 1II, in ratios of the photosynthetic units (photosystem I:photosystem II), 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 pCO,, 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 pCO,. 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
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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 GIn 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 pCO, 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
umol 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 pCO, 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 GIn synthetase),
PsbA (D1 protein of PSII), PsaC (core subunit of PSI),
AtpB (the CF, subunit of ATP synthase), and RbcL (the
large subumt 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 1. 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
at5h after the onset of light relative to 1 h after the onset
of light. At low light (50 #mol photons m s "), pCO,
concentrations (150 and 900 patm) did not influence
the amount of NifH. At high light (200 umol photons
m~?s71), 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 ug
protein ') and were as low as the NifH amounts mea-
sured 1 h after light for both low-light acclimations (Fig.
2; Table I). Low-pCO,/high-light-acclimated cultures
had hlgh 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 pg protein .

NH," produced by the nitrogenase is incorporated
into an organic compound via the GInA decamer, GIn
synthetase (Fig. 1). While both pCO, and light affected
GInA amounts, the low-pCO,/high-light acclimation
had the hlghest GInA amounts (0.134 = 0.007 pmol g
protein” ') of all other acchmatlons (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 1. Average amounts (pmol g protein™') of all measured protein subunits in Trichodesmium

IMS101

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 PSII), PsaC (core
subunit of PSI), RbcL (the large subunit of Rubisco), NifH (Fe protein of nitrogenase), and GInA (a subunit

of GlIn synthetase).

50 wmol Photons m™2

S

-1

200 pmol Photons m™2 7!

Protein Amount

348

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 0.113 = 0.010 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
GInA 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 ug proteinﬂ), in response to different light (50 and 200 wmol
photons m~2 s and pCO, (150 and 900 patm) levels. White bars
represent 150 uatm 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 -light acclimation (0.085 = 0.015 pmol ug
protein™!) to the high-pCO,/ hlgh light acclimation
(0.048 = 0.014 pmol pug protein™").

Light was the only variable responsible for changes
in the amount of PsaC, a core subunit of PSI. At low
light, the average PsaC amount (pmol ug 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-light acclimation
(0.128 = 0.013 pmol pg protein™') in comparison
with the high-pCO,/ hlgh light acclimation (0.087 =
0.010 pmol pg protein™").

The relative abundance of the two photosystems,
PSI:PSII, was determined using two methods: calcu-
lating the ratio of PsaC:PsbA protein pools (data
calculated from Table [; 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 PSI:PSII ratio between the
low-pCO,/low-light (2.844 = 0.588 pmol pg protein
Fig. 4D) and the hlgh-pCO /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

PSII  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 PSII (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 A2 range.

The reoxidation time of the Qa”, the primary elec-
tron acceptor of PSII (7y,), 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 acchmatlon irradiance (50 or 200
umol photons m™ 2 571 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 (75, > 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 PSIIs represents the fraction of
the PSII reaction centers that are available to perform
photochemistry. This fraction, calculated from the
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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 2 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 NifH
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 Trichodesmium,
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

Plant Physiol. Vol. 154, 2010
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Figure 4. The influence of different light (50 and 200 gmol photons m ™2
s and pCO, (150 and 900 natm) levels on PSII parameters based on
PSIl fluorescence. A, Intrinsic fluorescence (F,; a.u.). B, Maximal
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 PSII (opg,; A2). White bars represent 150 watm
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 sp (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 pCO, 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 wmol photons
m2s " and pCO, (150 and 900 patm) 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 patm
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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(P < 0.05) followed by a Scheffe posthoc test. Different letters represent
significant differences between groups; the asterisk represents a value
that is significantly different from both low-light values according to t
test (P < 0.01).

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 PSIL

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 PSII 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 PSI: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-

352

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 opg; (excited by blue
light) values of approximately 200 to 250 A? which
correspond to the typically low opg; found in cyano-
bacteria (Suggett et al., 2006) and with previously
measured opg; 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 opg; 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 PSI:PSII
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, 7o, 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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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 pCO,. 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 Trichodesmium IMS101 (originally
isolated by Prufert-Bebout et al. [1993]) were grown at 25°C in 0.2-um-filtered
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unbuffered nitrogen-free artificial seawater (YBCII medium; Chen et al., 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 wmol
photons m ™% s™! (low light) and 200 umol photons m 2 s™! (high light). The
200 wmol photons m 2 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 sulfficient 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 (X400
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-pCO, 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 Trichodesmium 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

Trichodesmium filters were resuspended in 250 uL of 1X denaturing
extraction buffer containing 140 mm Tris base, 105 mm Tris-HCI, 0.5 mm
EDTA, 2% lithium dodecyl sulfate, 10% glycerol, and 0.1 mg mL "~ PefaBloc SC
(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 avoid 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 10,0008 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: F_, 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; opgy, effective
absorbance cross-section of PSII (Az); and 7, relaxation time of the Qa™ (us).
All parameters were measured after acclimation to dark (15 min), so that all
PSII reaction centers are photochemically oxidized. Additional measurements
were performed under growth irradiance (50 or 200 wmol photons m ™2 s™")
with an ambient light source (Satlantic). Blanks were prepared by filtering
each sample using 0.2-um sterile Minisert filters (Sartorius), and blank traces
were subtracted for each measurement.

FortheF,, F_, F,, F, /F,, and opg; parameters, data analysis was performed
using a Matlab code (http://sourceforge.net/projects/fireworx) written by
Audrey Burnett from John Cullen’s laboratory (Department of Oceanography,
Dalhousie University, Halifax, Canada) in coordination with Satlantic. F, and
F,,, values were normalized to the culture chlorophyll values (Campbell et al.,
1998). For the 7y, 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 (PSIlypy) and electron transfer
rate of PSII (ETRpg;) were calculated using values from the photosynthetic
fluorescence analysis and the amount of PsbA per cell calculated from
quantitative western blots. PSIIyppy was calculated according to Equation
1 (Kooten and Snel, 1990; MacKenzie et al., 2004):

PSllopey = (F,, = F,)/(F,, = F,) 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).

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

ETRpsy = [E X PSIlopen X opsy X (PSIL cell )] 2)

where E is the photon flux density of the illumination, PSIIppy is the ratio of
the photochemically reduced (open) PSII reaction centers, opg is the effective
absorbance cross-section of PSII, and PSII 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 PSII) 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 ¢ 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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