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Abstract

The carbon-concentrating mechanisms (CCMs) of cyanobacteria counteract the low CO, affinity and CO,:0, selectivi-
ties of the Rubisco of these photolithotrophs and the relatively low oceanic CO, availability. CCMs have a significant
energy cost; if light is limiting, the use of N sources whose assimilation demands less energy could permit a greater
investment of energy into CCMs and inorganic C (Ci) assimilation. To test this, we cultured Synechococcus sp. UTEX
LB 2380 under either N or energy limitation, in the presence of NO;~ or NH,*. When growth was energy-limited, NH,*-
grown cells had a 1.2-fold higher growth rate, 1.3-fold higher dissolved inorganic carbon (DIC)-saturated photosyn-
thetic rate, 19% higher linear electron transfer, 80% higher photosynthetic 1/K,,,(DIC), 2.0-fold greater slope of the
linear part of the photosynthesis versus DIC curve, 3.5-fold larger intracellular Ci pool, and 2.3-fold higher Zn quota
than NO; -grown cells. When energy was not limiting growth, there were not differences between NH,*- and NO;™-
grown cells, except for higher linear electron transfer and larger intracellular Ci pool.

We conclude that, when energy limits growth, cells that use the cheaper N source divert energy from N assimilation
to C acquisition and assimilation; this does not happen when energy is not limiting.
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Introduction

Algae have developed mechanisms that increase the concen- The Rubisco of cyanobacteria (Form 1A in a-cyanobacteria;
tration of CO, in the proximity of Rubisco, the so-called CO, Form 1B in f3-cyanobacteria) is characterized by an especially
concentrating mechanisms (CCMs), in response to a general low ability to discriminate in favour of CO, over O, and by
downwardtrendoverthelast2billionyearsintheenvironmental a rather high K;,(CO,) (105-750 uM) (Badger et al., 1998;
CO,concentration and CO, to O, ratio (Giordano ez al., 2005).  Scott et al., 2007; Price et al., 2008), only paralleled by the

© The Author 2017. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.
For permissions, please email: journals.permissions@oup.com

Downl oaded from https://academ c. oup. coni j xb/articl e-abstract/ 68/ 14/3829/ 3092094/ | n- Synechococcus- sp- conpeti tion-for-energy-bet ween
by Institute of Physiology - Acadeny of Sciences of the Czech Republic user
on 10 Cctober 2017


mailto:m.giordano@univpm.it?subject=

3830 | Ruan et al.

Form II Rubisco of peridinin-containing core dinoflagellates.
Diffusive CO, entry, at the present atmosphere-equilibrium
CO,, could not support photosynthesis with the observed
Rubisco kinetics in cyanobacteria; to cope with these diffi-
culties, all photosynthetically competent cyanobacteria have
CCMs that can accumulate CO, in intracellular carbox-
ysomes up to one thousand times the concentration in the
environment (Badger and Andrews, 1982; Miller et al., 1988;
Tortell, 2000 and references therein; Raven et al., 2012).

Cyanobacterial CCMs are energized by linear and cyclic
electron transport (Mi et al., 1992; Mi et al., 1995; Li and
Canvin, 1998; Zhang et al., 2004; Fukuzawa et al, 2012).
Both linear and cyclic electron transport produce an H' gra-
dient across the thylakoid membrane that is essential for the
formation of ATP, which fuels the BCT1 bicarbonate trans-
porter (an ATP-binding cassette type of transporter) directly
(Omata et al, 1999). This ATP may also indirectly provide
the energy required by the Na'-dependent SbtA and BicA
HCOj;™ transporters (Shibata ez al., 2002; Price et al., 2004;
Fukuzawa et al., 2012). The CO, that enters the cytosol can
be unidirectionally converted to HCO;~ by the NDH-15 (on
the thylakoids) and NDH-1, (on the plasmalemma) com-
plexes, using energy derived from electron transport through
the NDH-1 complexes (NADPH-plastoquinone oxidore-
ductase) (Price, 2011). The cytosolic HCO;™ moves through
anion-selective pores in the proteinaceous coat of the carbox-
ysomes (Kerfeld ez al., 2005) to the carboxysome lumen that
contains most of the carbonic anhydrase (CA) and Rubisco
activities in the cell and that, thanks to the balance between
these two enzymatic activities, is characterized by a high
steady-state CO, concentration. The ensemble of HCO;~
transporters (BCT1, SbtA, BicA; not all necessarily present
in all cyanobacteria), facilitators of CO, diffusion, and the
energized converters of CO, to HCO;™ (NDH-1;,) and car-
boxysomes with their enzymatic complement constitute the
CCMs of cyanobacteria and are necessary for the fixation of
CO, by Rubisco at present day CO, concentrations. Energy is
required to maintain the high steady-state cytosolic and intra-
carboxysomal inorganic carbon (Ci) concentration against
the cytosol/extracellular HCO;™ electrochemical potential
difference. The gradient driving diffusive CO, entry is pro-
vided by CO, consumption by NDH-1; and NDH-1,. Energy
is also needed for the very small Rubisco oxygenase activ-
ity and consequent photorespiratory pathway that occurs
in cyanobacteria despite the occurrence of the CCM (Raven
and Lucas, 1985; Raven et al., 2012).

It has been estimated that, at steady state, the costs of Ci
transport could be as high as 18-40% of the total energy
needed to fix one carbon atom (Fu and Han, 2010). Using a
different approach, Raven ez al., (2014) showed that the min-
imum cost of CO, fixation, when CO, saturates Rubisco, is 9
absorbed photosynthetically active radiation (PAR) photons
per CO, converted to triose phosphate. Raven et al., (2014)
also estimated that the minimum energy cost of HCO;~
accumulation is 0.5 absorbed PAR photons per HCO;~
accumulated, assuming no leakage; that is, an extra 5.5%
must be added to the cost of CO, assimilation by Rubisco.
This applies to both the active transport of HCO;™ and the

passive entry of CO, followed by the energized conversion
of CO, to HCO;™. Table 1 in the supplementary informa-
tion of Raven and Beardall (2016) summarizes the literature
information on Ci leakage in cyanobacteria and shows that
such leakage can vary from 9 to 92% of the total HCO;~
accumulated in the cell. The cost of HCO;™ pumping is
thus 5.3-58% of the total cost of CO, assimilation plus
HCO;™ pumping.

The energy needed for CCM maintenance derives, directly
or indirectly, from photosynthesis (Kaplan et al., 1987; Spiller
et al., 1988), which in turn depends on the photon flux density
(Kaplan et al., 1987; Kiibler and Raven, 1994, 1995; Bartual
and Galvez, 2002). CCM activity is controlled by light, and
sub-saturating irradiances result in a lower affinity of cells for
Ci (Beardall, 1991; Poza-Carrion et al., 2001; de Araujo et al.,
2011) and a decreased ratio of internal to external Ci con-
centrations in Anabaena (Beardall, 1991) and Leptolyngbya
(de Araujo et al., 2011). In Anabaena (Beardall, 1991) and
Leptolyngbya (de Araujo et al., 2011), the intracellular accu-
mulation of Ci increased with irradiance up to a certain
photon flux; at higher irradiances, the CCM functions as a
energy dissipater, with a larger fraction of the Ci pumped by
the CCM lost as CO, efflux from the cell (Salon et al., 1996;
Tchernov et al, 1997, 2003; Qiu and Liu, 2004; de Araujo
etal, 2011).

The nitrogen source may affect Ci uptake (Giordano and
Bowes, 1997; Beardall and Giordano, 2002; Raven et al., 2011;
Raven and Beardall, 2014) and assimilation (Lawrie et al.,
1976; Coronil et al., 1993; Huppe and Turpin, 1994; Kaplan
et al., 1998). The cost of the assimilation of one mole of NO;~,
a major source of N in oceanic waters, into glutamate, with
2-oxoglurarate as the C skeleton, is 5 moles of NADPH and
1 mole of ATP (Noctor and Foyer, 1998; Ruan and Giordano,
2017). If N is available as NH,*, its assimilation costs 1 mole
of NADPH and 1 mole of ATP per glutamate produced,
although additional costs are needed to minimize the poten-
tial toxicity of this N form at high concentration (Huppe and
Turpin, 1994; Noctor and Foyer, 1998; Stitt and Krapp, 2002).
This difference in assimilation cost can affect photosynthetic
performance. Photosynthesis is typically saturated by a lower
irradiance in the presence of NH," than in the presence of
NO;™ (Lara and Romero, 1986). Under low light, CO, fixa-
tion by the cyanobacterium Anacystis nidulans was depressed
if NO;~ was added to N-starved cultures, whereas the opposite
was true if NH,* was added. In Synechococcus UTEX LB 2380,
using the rather indirect '*0 and "*C dissolved inorganic car-
bon (DIC) light/dark method, a greater accumulation of CO,
was observed in the absence of N than in the presence of com-
plex N (Spiller ez al., 1988), suggesting that the energy saved
from N assimilation can indeed be used for Ci assimilation.
The N source also appears to affect CCM activity in eukary-
otic green algae: Dunaliella salina cells cultured in the presence
of NH," had a higher photosynthetic affinity for CO, than
cells grown on NO;~ (Giordano and Bowes, 1997; Giordano,
2001; Beardall and Giordano, 2002). Recent research showed
a cooperative regulation of bicarbonate transport by C and N
in the diazotrophic cyanobacterium Anabaena strain (Lopez-
Igual et al., 2012). Concerted changes in transcripts related to
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C assimilation were observed in Synechococcus sp. PCC 7002
when different N sources were supplied: the expression of the
SbtA Na*-dependent HCO;~ transporter was about three
times higher in NH, " -grown cells than in NO; -grown cells; a
similar effect was observed for the transcript of CO, diffusion
facilitator NDH-1; (Ludwig and Bryant, 2012).

CAs are Zn (mostly) enzymes often involved in biophysical
CCMs (Giordano et al., 2005). In cyanobacterial cells, they
are among the most abundant Zn enzymes (Cavet et al., 2003).
Cyanobacterial CAs are mostly associated with carboxysomes:
a fB-carbonic anhydrase (CsoSCA) is present in a-carboxysome
and a vy-carbonic anhydrase (CCmM) is a component of
[-carboxysomes (Kerfeld and Melnicki, 2016; McGurn et al.,
2016; DiMario et al., 2017). Extracellular CAs have also been
found in Microcoleus from stromatolites (Kupriyanova et al.,
2007) and extracellular CA activity has been detected in the
desert species Nostoc flagelliforme (Ye et al., 2008). If a con-
spicuous up-regulation of CCM occurs in the presence of
NH," rather than NO;~, we would expect the abundance of
CA to increase and, consequently, that of its metal cofactor,
Zn. The Zn cell quota may thus constitute a relatively easy-
to-measure, although approximate, proxy for CCM activity.
Similarly, Fe, which is abundant in the electron transport chain
(especially in the cytochrome b6/f and PSI complexes) can be
used as a proxy for the abundance of proteins involved in this
part of the photosynthetic apparatus (although Fe is much
more spread across cell metal-proteins). The cell quotas of Zn
and Fe may therefore contribute to (crudely) determining the
relative changes in the portion of the proteome associated with
the CCM and photosynthetic machinery.

Based on the above, we hypothesized that when energy is
limiting and N is sufficient, the use of NH," rather than NO;~
makes more energy available for C acquisition (and assimi-
lation) and a higher CCM activity and intracellular DIC
concentration can be sustained. Higher CCM activity could
support a higher photosynthetic rate.

The experiments involved Synechococcus UTEX LB 2380
that was isolated at an unknown date from the coastal ocean
of Palau, 3-9° N, 131-135° E, which has a mean annual tem-
perature of 27°C (Watanabe et al., 2006; Neall and Trewick,
2008). The concentrations of inorganic combined N at the site
of isolation are 0.04-0.13, 0.01-0.05, and 0.33-0.38 pmol kg™
of water for NO;~, NO,™ and NH,*, respectively (Watanabe
et al., 2006). Waters of the coastal reef have almost 0.2 units
lower pH than open ocean seawater, with a corresponding
9-14% higher dissolved CO, concentration (Watanabe et al.,
2006; Shamberger et al, 2014). We could not find data on
vertical mixing or turbidity in the coastal waters of Palau,
so could not determine mean photon flux density; hence, it
is not certain whether light or nutrients limit the growth of
Synechococcus UTEX LB 2380 at its isolation site.

Materials and methods

Culture conditions

The non-diazotrophic coastal cyanobacterium Synechococcus
UTEX LB 2380 was cultured in the artificial seawater medium
AMCONA (Artificial Multipurpose Complement for the Nutrition
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of Algae; buffered at a final pH of 8.25 with 10 mM Tris), at 25°C.
The AMCONA medium contains 550 pM NOj;™; for our experi-
ments we also modified AMCONA by using NH," in the place of
NO;™ at the same N concentration of the original recipe or by using
either NH,* or NO;™ at a lower concentration (22 pM). The growth
irradiance was 100 umol photons'm™2s™"' (12 h light:12 h dark),
which limits growth at 550 pM N and saturates growth at 22 pM,
regardless of the N form (Ruan and Giordano, 2017). Cultures were
maintained in 250 mL Erlenmeyer flasks containing 200 mL of alga
suspension.

The identification of the energy- and N-limited conditions was
performed in batch cultures, after an acclimation period of at least
eight generations in each growth regime. The carbonate system of
the growth media is shown in Supplementary Table S1 (available at
JXB online). For all other experiments, cells were grown semi-con-
tinuously at dilution rates corresponding to the maximum growth
rate of batch cultures in each experimental condition. The semi-con-
tinuous cultures were maintained in each growth regime for at least
10 generations prior to any measurement.

Carbonate system of the growth media

DIC concentration was measured with an infrared gas analyser
(IRGA; LI-COR LI840A, LI-COR Biosciences, Lincoln, NE,
USA). A 20 mL aliquot of culture media was put into a gas-tight
glass chamber (mixing chamber) and gassed with a carrier gas (pure
N,), which was treated with soda lime before entering the chamber
to trap any residual CO,. A predetermined small volume of 4 M HCl
was added to the mixing chamber to bring the medium pH to about
1.0 and convert all DIC to CO,. The gas exiting the mixing chamber,
constituting the sole carrier gas for the blank measurements or the
carrier gas enriched with the CO, produced by medium acidification
for the sample measurements, reached the IRGA after dehydration
through silica gel and its CO, content was determined.

The total DIC concentration determined with the IRGA and the
pH of the medium were entered into the CO2SYS software (Lewis
et al., 1998) to estimate the DIC speciation. For the calculations,
the following constants were chosen: K, and K, carbonate dissocia-
tion constants from Roy et al., (1993); standard acidity constant of
HSO,” from Dickson (1990); and the K,;, K,,, and K ; dissociation
constant of phosphoric acid and Kg; dissociation constant of silicic
acid from Millero (1995).

Electron transfer

Electron transfer was studied with a DUAL PAM 100 (Heinz Walz
GmbH, Effeltrich, Germany). Cells were harvested by centrifuga-
tion (J2-HC centrifuge, Beckman Coulter, Brea, CA, USA) at 9000
g for 20 min; 2 mL of cell suspension with ~18 pg Chl a-mL™" was
obtained and used for the measurements.

The quantum yields of PSI and PSII were assessed as detailed
previously (Klughammer and Schreiber, 1994; Pfiindel et al., 2008;
Schreiber and Klughammer, 2008) after 10 min of dark acclimation,
as described by Ratti ez al., (2011). The maximum P700 absorbance
of the near-infrared, Pm, occurred after pre-illumination using far-
red light and at the onset of a saturated pulse when the electron
transfer chain was fully oxidized. Po, the minimum P700 signal, was
determined after the cessation of the saturated pulse, when the PSI
centres were completely reduced. Pm’ was the maximum PST absorb-
ance produced in the presence of actinic light by a saturation pulse.
All other parameters were derived from these three measurements.

The relative electron transfer rate (rETR) versus irradiance curves
(rapid light curves) were carried out according to Fanesi et al., (2014) in
theirradiance range 0-3500 photons'm™>s™". The curves were fitted with
the Origin 7.0 SRO software (OriginLab Corporation, Northampton,
MA, USA) using the following model from Walsby (1997):

P= Pm(l—exp(aI/Pm)) + pI,
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where P is the rETR at irradiance I; Pm is the maximum rETR; a is
the maximum quantum efficiency of electron transfer; and f3 is the
slope of the curve at high irradiances, which is negative if there is
photoinhibition.

We are aware of the caveats of ETR measurements, especially in
the case of cyanobacteria. Even absolute ETR measurements, allow-
ing for photon absorptance, do not match completely with other
methods of determining photosynthesis (Suggett ez al., 2003; 2009),
and cyanobacteria may pose particular problems (Campbell et al.,
1998; Acuia et al, 2016). However, this appeared to be the most
direct way to assess energy partitioning within the photosynthetic
apparatus. Also, we used these data conservatively and mostly just
to confirm the results obtained by other methods.

Inhibitor treatment

Two inhibitors were used to study electron transfer in Synechococcus
UTEX LB 2380: 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
which blocks the electron flow between the quinone pockets Q4 and
Qg in PSII, and 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoqui-
none (DBMIB), which inhibits the re-oxidation of plastoquinols by
the cytochrome b¢f complex and blocks electron transfer to PSI. The
inhibitors were used at the minimum effective concentration, which
was determined in preliminary tests on O, evolution. DCMU was
used at a final concentration of 5 puM and DBMIB was used at a
final concentration of 10 pM.

Measurement of O, evolution rates as a function of dissolved
inorganic carbon

Growth medium deprived of Ci (DIC-free) was freshly prepared
before starting the measurements with the following procedure:
10 mL AMCONA medium was acidified to pH 1.6 with 150 pL of
1 M HCI; at this pH, all DIC was converted to CO,. The acidified
medium was then bubbled with N, for ~60 min to purge out gaseous
CO, Pre-weighed NaOH pellets, carefully rinsed with 0.1 M HCl (to
eliminate Ci from their surface), were used to bring the pH back to
growth pH (8.25). Cells (3-8 x 107) were harvested by centrifugation
at 4400 g for 10 min, washed twice with freshly prepared DIC-free
AMCONA medium, and finally resuspended in 2 mL of the same
medium. This algal suspension was bubbled with N, in a Clark type
oximeter chamber (Chloroview 2, Hansatech, King’s Lynn, UK)
to lower the O, concentration to 0; the chamber was then closed
and illuminated at growth (100 pmol photons-m™-s~!) or saturating
(465 pmol photons-m™2s™!) irradiance. Photosynthesis was allowed
to take place until the residual carbon was consumed and the O,
evolution compensation point for CO, was reached. Typically, at
this point the O, concentration would be ~20% of saturation. O,
evolution rates were then measured as a function of DIC by adding
incremental NaHCO; concentrations until saturation was reached;
after saturation, at least three more NaHCO; additions were made
to ensure that the saturation phase of the curve could be properly
modelled. NaHCOj solution was added every 60 s within the range
5-25 uM (final NaHCOj; in the O, electrode chamber), and every
30 s for concentration above 25 uM. The volume increase due to
NaHCO; addition (~1.5%) was considered in the calculation of
the concentrations. The buffer in the medium maintained the pH
at 8.25 throughout the measurement. Photosynthetic O, evolution
was recorded using LabVIEW 2008 (National Instruments, Milano,
[taly). Dark respiration rates were determined following photosyn-
thesis measurements, between 1 and 5 min after the light had been
switched off.

The photosynthesis versus DIC curves were modelled to a
Michaelis—Menten (1913) kinetics, using the following equation:

P = Pm(DIC/ (K,,(DIC) + DIC)),

where DIC is the concentration of dissolved inorganic carbon,
Pm is the DIC-saturated photosynthetic rate, and K,,(DIC) is the
Michaelis—Menten constant.

Internal inorganic carbon pool

The silicone oil centrifugation technique was used to estimate the
Ci accumulation, the internal pH, and the internal cell volume as
described by Ratti er al., (2007). The only difference was that the
cell suspension used for the silicone oil assay contained 5.7-9.8 x 107
cellsmL™".

Iron and zinc determination

Iron and zinc cell contents were measured by total reflection X-ray
fluorescence spectrometry (picofox S2; Bruker AXS Microanalysis
GmbH, Ettlingen, Germany), according to Fanesi et al., (2014)

Statistical analysis

All data are presented as the means and standard deviations of
three replicate measurements obtained from three independent
cultures. K;,,(DIC) and Pm were derived from a double-reciprocal
plot, which was fitted with a linear model; the determination coef-
ficients (R?) of the goodness-of-fit of these models are reported in
Supplementary Table S2 (available at JXB online). The same statis-
tical treatment was applied to the slopes of the DIC-limited parts
of the photosynthesis versus DIC curves (at least six data points);
these R? values are also shown in Supplementary Table S2. For the
ratios of the Fe and Zn contents, standard deviations were obtained
by error propagation (Taylor, 1997). The significance of variance
was assessed by two-tailed 7-test performed with the Origin 7.0 SRO
software (OriginLab Corporation) or by two-way ANOVA analy-
sis followed by Student-Newman—Keuls multiple comparison test,
performed using GMAV 5.0 for Windows XP (by A.J. Underwood
and M.G. Chapman, Institute of Marine Ecology, The University
of Sydney, Australia). In the two-way ANOVA, the significance
of homogeneity of variance was always checked by Cochran’s test
before analysis; if the results of this test were not satisfactory, data
were transformed until the homogeneity of variance was obtained.
The level of significance was always set at 5%.

Results
Growth

The identification of the N-limiting and N-sufficient con-
ditions was performed in batch cultures (Fig. 1). Cells had
similar growth rates in NO;~ and in NH," when the N con-
centration was <550 uM; above this N concentration, growth

—~ 1.6- _
o o NO,
=3 +
G 1.2- ® NH,
® ® 50 °
=
£ 0.8 g o0 o
o
()]
2 04
§ ©
» 0.04 : : : :

0 500 1000 1500 2000

N growth concentration (uM)

Fig. 1. Growth as a function of inorganic N concentration of
Synechococcus sp. UTEX LB 2380 acclimated to either NO5™ or NH,*,
at an irradiance of 100 pmol photons:-m2-s'. The error bars indicate the
standard deviations (n = 3).
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was faster when N was supplied as NH," rather than as NO;~
(Fig. 1; t-test, P < 0.01).

That high N-grown cells were energy (light)-limited was
demonstrated by the fact that increased irradiance elicited a
higher growth rate above N saturation (550 pM); the same
was not true if N did not saturate growth. These data have
been previously published in Ruan and Giordano (2017).

Based on the exponential growth rates in batch cultures, the
following dilution rates were chosen for the semi-continuous
cultures: 0.40 day ' at 22 uM NO,~, 0.35day " at 22 uM NH,*,
0.60 day " at 550 uM NO;~, and 0.67 day ™" at 550 uM NH,".

Photosynthetic O, evolution versus dissolved inorganic
carbon curves

Under N-sufficient conditions (limiting energy), the DIC-
saturated photosynthetic rates of NH,"-grown cells were
1.3- and 1.7-fold those of NO; -grown cells, respectively, at
100 umol photons'm s~ and 465 umol photons'm ™ >s~'. The
photosynthetic DIC affinity of NH,"-grown cells measured
as 1/K,,,(DIC) was 1.8-fold (at 100 pmol photons-m s

@t § %

T T T
0 500 1000 1500 2000
Dissolved inorganic carbon (uM)

= = N N W W
o O ©O O © O o O
PP P SR W SR WP 1

Photosynthesis (fmol O, h™ cell”)

Photosynthesis (fmol O, h™ cell)
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and 2.3-fold (at 465 pumol photons'm >s™!) higher than
those of the NO; -grown counterpart. The slope of the lin-
ear portion of the P versus DIC curve was 2.0- and 2.4-fold
higher than those of NO; -grown cells at 100 and 465 pmol
photons'-m™2s~!, respectively (Fig. 2; Table 1). When N lim-
ited growth, there was no significant difference between the
photosynthetic affinities for DIC of cells grown on different
N sources at growth irradiance (Fig. 2; Table 1). When the
irradiance was increased to 465 umol photons'm >s~!, the
DIC-saturated photosynthetic O, evolution rate and the pho-
tosynthetic affinity for DIC of energy-limited cells increased
(Fig. 2; Table 1). In N-limited cells, an increase of irradiance
increased 1/K,,(DIC) but had no effect on the photosyn-
thetic rate at saturating DIC (Table 1).

Intracellular inorganic carbon pool

Compared with NO; -grown cells, the pool size of cells
grown on NH,* was about 3.0-fold higher in N-limited cells
and 3.6-fold higher in energy-limited cells (Fig. 3). The DIC
concentration factor (DIC inside/DIC outside) was 3.1- and

o 22uMNO;
35- B O 22uMNH,
30- A 550 M NO,

v 550 uM NH,"

- ==
D= =]
_D—- =]

[ ] [ ] ]
T T T
0 500 1000 1500 2000
Dissolved inorganic carbon (uM)

Fig. 2. Photosynthetic rates as a function of DIC concentration under (A) growth irradiance (100 umol photons:-m=2-s7") and (B) at growth-saturating
irradiance (465 pmol photons-m~2-s~") for Synechococcus sp. UTEX LB 2380 acclimated to 22 pM (N-limited) or 550 uM (energy-limited) NO,~ or NH,*.

The error bars indicate the standard deviations (n = 3).

Table 1. Parameters obtained from the photosynthesis versus DIC curves at growth irradiance (100 umol photons-m=-s~') and at
growth-saturating irradiance (465 umol photons-m=2-s~) for Synechococcus sp. UTEX LB 2380 acclimated to either 22 uM (N-limited)

or 550 uM (energy-limited) NO;~ or NH,*

Pm is the DIC-saturated photosynthetic rate (fmol O,-cell™"-h™"); 1/K;,(DIC) (UM™") is the reverse of the Michaelis-Menten constant and an
indication of affinity; slope is the slope of the DIC-limited part of the photosynthesis versus DIC curve (fmol Oy-cell™"-h~'/ uM DIC). The values are
shown as mean + standard deviation (n = 3). Different letters denote significantly different means (P < 0.05)

Photosynthetic parameters Irradiance C affinity and DIC-saturated photosynthesis
N-limited cells Energy-limited cells
NO;- NH,* NO;- NH,*
1/K;,5(DIC) 100 0.009% + 0.002 0.010% + 0.001 0.010° + 0.0062 0.016° + 0.003
465 0.020% + 0.005 0.017% £ 0.003 0.011° + 0.002 0.024% + 0.004
Slope 100 0.003% + 0.002 0.006° + 0.004 0.060° + 0.009 0.117° £ 0.021
465 0.013* + 0.004 0.011% £ 0.003 0.094° + 0.011 0.229° + 0.079
Pm 100 1.26% £ 0.31 1.50% £ 0.53 7.86° + 0.26 10.50° + 1.08
465 1.16% £ 0.11 1.30% £ 0.21 12.5° + 2.58 21.6° + 2.69
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3.5-fold higher in NH,*-grown cells than in NO; -grown cells
at 22 and 550 uM N, respectively (Table 2). The N chemical
form also affected the intracellular pH (P < 0.01), which was
higher in the presence of NH,* than in NO;~, although the
difference was statistically significant only when energy was
limiting for growth (Table 2).

Iron and zinc cell quotas

The cell quotas of Fe and Zn were unaffected by the N form
used for growth when N was limiting. When growth was lim-
ited by energy, both metals were about 2-fold more abundant
in NH,*-grown cells (Fig. 4)

Electron transfer
PSII

The relative maximum electron transfer rate at PSII,
rETR(II),,,., Was somewhat higher with limiting N than with
limiting energy, as was the slope of the linear part of the
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Fig. 3. (A) Internal total DIC and (B) internal CO, concentrations of
Synechococcus sp. UTEX LB 2380 acclimated to either N- or energy-
limited conditions, in the presence of either NOs™ or NH,* as the sole N
source. The dotted lines represent the external concentration of 0.11 mM
DIC (A) and 0.56 uM CO, (B). The asterisks represent significant difference
between treatments (P < 0.05). The error bars indicate the standard
deviations (n = 3-4).

curve (o) (Table 3; Supplementary Figs S1 and S2, available at
JXB online). The irradiance at which the onset of saturation
occurred (Ey) was similar under both types of limitations and
N sources. Photoinhibition was observed only in N-limited
cells beyond ~1500 pmol photons-m™2-s~!. In all cases, the N
source had no significant influence on the electron transfer

Table 2. CO, and DIC concentration factors (relative to the
external medium) and intracellular pH of Synechococcus sp.
UTEX LB 2380 acclimated to N- or energy-limited conditions, in
the presence of either NOs~ or NH,*, at an irradiance of 100 umol
photons-m=2-s~"

The measurements were conducted in the presence of 0.11 mM DIC
(0.56 uM CO,), at the external pH of 8.30. The values are shown

as mean + standard deviation (n = 3—4). Different letters denote
significantly different means (P < 0.05).

N-limited cells
NO;~ NH,*

7.68%° + 021 7.88°+0.17
11.42+4.30 34.9°+6.10

Energy-limited cells
NO;~ NH,*

7.57°+0.05 7.93°+0.06
8.80%+ 1.50 31.0°+5.20

Intracellular pH
DIC concentration
factor

CO, concentration 53.0%° + 19.6
factor

99.8°+17.3 52.82+9.00 78.4°+13.0

N-limited cells Energy-limited cells

N-limited cells

Energy-limited cells

Fig. 4. Content of (A) Fe and (B) Zn in NH,*-grown cells relative to those
in NOs™-grown cells of Synechococcus sp. UTEX LB 2380 acclimated to
either N- or energy-limited conditions. The asterisks represent a significant
difference between treatments (P < 0.05). The error bars indicate the
standard deviations (n = 3).
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through PSII. As expected, the application of DCMU pre-
vented electron transfer at PSII (Supplementary Figs SI and
S2).

PS/

The relative maximum electron transfer rate at PSI, rETR(I)
max Was unaffected by the N source in N-limited cells, which
had an appreciably lower transfer rate than energy-limited
cells (Table 4; Supplementary Figs S1 and S2). Furthermore,
energy-limited cells showed a stimulation of rETR(I),,,,x when
NH,* was the N source. The value of « was also unaffected by
the N source in N-limited cells, which had a higher affinity for
photons than their energy-limited counterparts. The energy-
limited cells also showed a differential response to the N
sources for a, which in NO;~ was ~80% that in NH,*. E, was

Table 3. Kinetic parameters of the rETR(ll) versus irradiance
curves of Synechococcus sp. UTEX LB 2380 acclimated to
growth in N- or energy-limited conditions, in the presence of either
NOj~ or NH,*, at an irradiance of 100 nmol photons-m=2-s~'

rETRmax, maximum relative electron transport; a, slope of the
light-limited goorﬂon of the rETR versus irradiance curve; E, (umol
photons:-m=-s7"), irradiance at which the onset of light-saturated
photosynthesis occurs; 3, photoinhibition factor, O was set as

the default value when there was no suppression. The values are
shown as mean =+ standard deviation (n = 3). Different letters denote
significantly different means across the groups (P < 0.05).

N-limited cells Energy-limited cells

Parameters NO;~ NH,* NO;~ NH,*
FETR( e 1497 + 14 150% + 8 104° + 7 97.0°+7.0
a 0.172 £ 0.02 0.172 £ 0.01 0.11*+0.01 0.12° + 0.01
(=% 895% + 123 880° + 21 9292 + 97 7972 + 97
B -0.022 + 0.01 -0.032+0.00 O 0

Table 4. Kinetic parameters of the rETR(I) versus irradiance curve
in the presence or absence 5 uM DCMU of Synechococcus sp.
UTEX LB 2380 acclimated to N- or energy-limited conditions, in
the presence of either NO5;~ or NH,*, at an irradiance of 100 nymol
photons-m=2-s7"

rETRmax, maximum relative electron transport rate; «a, slope of the light-
limited portion of the rETR versus irradiance curve; E,, irradiance at which
the onset of light saturation photosynthesis occurs; 8, photoinhibition
factor, O was set as the default value when there was no suppression.
The values are shown as mean =+ standard deviations (n = 3). Different
letters denote significantly different means across the groups (P < 0.05).

N-limited cells Energy-limited cells

Parameters NO;~ NH,* NO;~ NH,*
FETR()max 3907 + 33 3837+ 6 496° + 54 656° + 63
+5 pM DCMU 91% + 43 49° + 13 89%+ 16 50° + 11
a 0.59°+0.13 0.55*+0.08 0.30°+0.01 0.37°+0.00
+5pMDCMU ~ 0.66°+0.11  0.59°+0.10 0.42°+0.05 0.60%+0.05
E 834% + 163 710% + 96 1648° + 186  1757° + 151
+5pMDCMU  134% + 60 82°+9 199° + 50 103% + 37
B® -0.04*+0.02 -0.07*+0.01 O 0
+5uyM DCMU  -0.08% +0.08 -0.04*+0.08 -0.04+0.01 -0.02%+0.02
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>2-fold higher in energy-limited than in N-limited cells, but
did not show any obvious trend with respect to the N form.
When DCMU was applied to the cells, all PSI parameters
decreased substantially (Table 4). The electron transfer through
PSI of N-limited cells did not show any appreciable difference
between NO; - and NH, -grown cells for all parameters. In the
case of energy-limited cells, interestingly, DCMU treatment
elicited an effect by the N source on the rETR(I): in this treat-
ment, both energy- and N-limited cells had a lower ETR(I) if
N was supplied as NH,* (Table 4). DCMU also exacerbated
the difference between energy-limited NO;™- and NH, -grown
cells in the affinity for photons (Table 4). The use of DBMIB,
after DCMU, eliminated electron transfer through PSI
(Supplementary Figs S1, S2, and S3, available at JXB online).

Discussion

Cell growth and reproduction ultimately depend on C assimi-
lation. C assimilation cannot prescind from C acquisition.
However, growth also requires the assimilation of other nutri-
ents, and especially N, which, in a cell, is the second most
abundant nutrient after C. We thus expect that energy par-
titioning between C and N acquisition and assimilation are
interlinked (Kaffes ez al., 2010). In this work we addressed the
problem of how the availability of different N chemical forms
affects energy allocation to C acquisition and assimilation. In
the experimental organism used for this study, C acquisition
is mediated by a CCM (Tu et al., 1987; Spiller et al., 1988;
Badger et al., 1998; Price et al., 2004, 2008). When energy
limits growth, C and N assimilation may compete for energy.
This competition, however, may be more or less accentuated
depending on the N chemical form that is available and on
the amount of energy required for its assimilation (Lara and
Romero, 1986; Romero and Lara, 1987). We hypothesized
that when N is available as NH," rather than NO;~, so that
there is no diversion of energy to NO; reduction, more
energy can be allocated to C assimilation and to the CCM
that supplies intracellular CO,.

When energy was limiting, the higher energy available to
cells grown on NH,* caused more rapid Ci assimilation and
a faster growth rate (Fig. 1; Table 1). This agrees with the
higher productivity, in terms of both biomass (dry weight)
and organic C, observed in NH,"-grown cells by Ruan and
Giordano (2017). When N was limiting (and energy was suf-
ficient or in excess), the difference in the Ci affinity between
NH,"- and NO; ™ -grown cells disappeared. Somewhat surpris-
ingly, even when energy was not limiting, NH,*-grown cells
maintained a larger internal Ci pool than their NO; -grown
counterparts (Fig. 3). This may be related to the CCM dis-
sipating excessive energy by increased leakage of CO, down
a larger free energy gradient from a higher intracellular CO,
concentration. Greater energy dissipation would be needed
more under N limitation (when energy is in excess) and espe-
cially in NH,*-grown cells, which cannot use NO;~ reduc-
tion as an electron sink. This agrees with the pivotal role of
cyanobacterial CCMs in keeping the photosynthetic reaction
centres open under excess irradiance, and so lessening photo-
damage, described by de Araujo et al., (2011) for Leptolyngbya
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sp. In energy-limited cells, the dissipation of energy may not
be relevant. It is also noteworthy that, for a given N source,
internal Ci pools of similar size were determined for energy-
and N-limited cells, in spite of a much higher rate of CO, con-
sumption by photosynthesis (measured as a 41% higher rate
of O, evolution) in energy-limited cells. This suggests that,
under energy limitation, a larger quota of energy is devoted
to building-up the internal Ci pool than under N limitation,
given that sustaining higher assimilation rates with a con-
stant intracellular Ci pool can only be achieved by a higher
pumping rate (Tchernov et al., 1997, 2003) or by lower efflux
rates (leakage; Tchernov et al, 1997; Qiu and Liu, 2004; de
Araujo et al., 2011). Furthermore, in energy-limited cells,
using the energetically cheaper N source NH," allowed cells
to divert the energy saved to the CCM (greater Ci pool and
higher photosynthetic affinity for Ci) and C fixation (higher
photosynthetic rates), and, ultimately, growth (higher specific
growth rate, n). The same does not happen when N is limiting
growth and the energy supply is sufficient or in excess. Our
hypothesis is thus supported by our experimental data. The
finding that the internal (cytosol) pH of cells grown on NH,"
was higher than that of cells grown on NO;~ when energy was
limiting for growth (Table 2) contrasts with the prediction of
a lower cytosol pH when NH,* (at non-toxic concentrations)
rather than NO;™ is the N source (Raven and De Michelis,
1979, 1980), but the lack of effect of N source on cytosol pH
when energy is not limiting agrees with the findings of Raven
and De Michelis (1979, 1980).

Increased expression of the Na*/HCO;™ transporter, CA,
and carboxysome protein have been reported for cells grown
on NH," rather than on NO;~ (Ludwig and Bryant, 2012). In
our study we did not assess the quantity of CCM components;
however, the increase of the cell quotas of Fe and Zn found
in the course of this work does agree with an increased abun-
dance of Zn-CAs involved in the CCM (Fig. 4; Blindauer,
2008) and a higher photosynthetic activity (the requirement
of Fe in the Fe-S centres of cytochrome bof and PSI is known
to be very high; Fig. 4; Raven, 1990). However, the Fe require-
ment for NO;™ reductase and, especially, NO,™ reductase is
absent from NH,*-grown cells (Raven, 1990). These changes
were only visible when energy was limiting, further confirm-
ing that the impact of the N chemical form on cell responses
is linked to the energy demand for N assimilation.

The response of photosynthetic electron transfer to the
growth treatments is somewhat puzzling: the N source had
no impact on rETR(II) but, when energy was limiting, NH,"
stimulated rETR(I). The causes of this pattern could be
various: the assimilation of NH," requires a lower e /ATP
ratio than does NO;~ assimilation, consistent with the stim-
ulation of rETR(I) in energy-limited NH,"-grown cells as a
result of a relatively greater cyclic electron transfer around
PSI. However, when PSII activity was inhibited by DCMU,
rETR(I) became lower in NH,*, both in N- and in energy-
limited cells. This suggests that (1) growth in the presence
of NH," does not require a higher rate of cyclic electron
transfer, and (2) cyclic electron transfer is not affected
by energy availability. The interpretation of these data is
made more difficult by the fact that, in cyanobacteria, the

NAD(P)H-quinone oxidase, the cytochrome byf complex,
and the soluble cytochrome ¢ or plastocyanin are shared by
the photosynthetic and the respiratory electron transport
chains. It can therefore not be excluded that the persistence
of rETR(I) after DCMU treatment was due to an overflow
of electrons from respiration (Kranz et al, 2011). If this
occurred only in energy-limited cells, it could have been the
consequence of a higher electron demand for NO;™ reduc-
tion; however, given that the same phenomenon was also
seen in N-limited cells, this option is rather unlikely. Based
on all the above, it seems legitimate to conclude that the
lower rETR(IT) and a higher rETR(I), especially when the N
source was NH,*, was due to a state transition that diverted
more energy towards PSI when energy was in scarce sup-
ply, and especially in the presence of NH,*. This would not
lead to a higher ratio of ATP to reducing power, as would
be expected for NH,* assimilation, but rather to a stimu-
lation of the production of reducing power. This seems to
fit with the hypothesis of an overflow of energy from N
assimilation to Ci acquisition and assimilation, which are
indeed higher in the conditions in which rETR(I) is higher.
This interpretation agrees with linear photosynthetic elec-
tron transfer powering Na*-dependent HCO;™ transport-
ers of cyanobacterial CCMs (Li and Canvin, 1998), and
with the observation by Ludwig and Bryant (2012) that the
expression of SbtA was more than 3-fold higher when NH,"
rather than NO;~ was the N source. Also, the NDH-1; and
NDH-1, complexes, which energize the irreversible conver-
sion of CO, to HCO;™ as part of the CCM (Badger and
Price, 2003; Price et al, 2008), are more highly expressed
with NH,* than with a NO;~ as the N source (Ludwig and
Bryant, 2012). NDH-1,, which is usually constitutive and
has a rather low affinity for CO,, appears to be energized by
PSI cyclic electron transfer (Maeda et al., 2002); NDH-1;,
which is strongly inducible and has a high affinity for CO,,
has higher expression in NH,*-grown cells than does NDH-
14, and is energized by linear electron transfer (Maeda et
al., 2002). The location of NDH-1, is not clear, but if (as
indicated in figure 2 of Price, 2011) it is in the plasmalemma,
the dependence on linear photosynthetic electron transfer
could involve reduced ferredoxin or NADPH from linear
electron transport supplying a respiratory chain involving
NDH-1,. These findings are also compatible with the idea
that the higher linear electron transfer rate of energy-limited
NH, -grown cells is associated with a higher CCM activity
of these cells.

Conclusions

The data reported in this paper and the arguments used in the
discussion appear to support the hypothesis that the energy
saved by the use of the more reduced combined form of N
(NH,") under energy limitation is diverted towards C acquisi-
tion. What is known of the natural habitat of Synechococcus
UTEX LB 2380 suggests that NH," is the dominant form
of inorganic N; therefore the ability of the CCM to use the
energy not required in the assimilation of oxidized N may
represent a non-trivial advantage in the real world.
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Supplementary data are available at JXB online.

Table S1. Carbonate system in the culture media at 25°C.

Table S2. Determination coefficients (R?) of the goodness-
of-fit of the linear models applied to the double-reciprocal
plots and the DIC-limited part (slope) of photosynthesis ver-
sus DIC curves.

Fig. S1. Relative electron transport rate (rETR) at PSI and
PSII versus irradiance curves under different conditions.

Fig. S2. Relative electron transfer rate versus irradiance
curves for Synechococcus sp. UTEX LB 2380 cultured in
the presence of 550 pM NO;~ or NH,", at an irradiance of
100 pmol photons'm™2-s™".

Fig. S3. (A) Linear rETR,,,, and (B) per cent contribution
of linear rETR to total rETR(I) for Synechococcus sp. UTEX
LB 2380 acclimated to 22 or 550 pM of either NO;~ or NH,*
at an irradiance of 100 pmol photons'm>s~!; (C) the affin-
ity for photons of rETR(I) and (D) the per cent increase in
affinity for photons of rETR(I) resulting from addition of
DCMU.
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