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Summary

The oceanic unicellular diazotrophic cyanobacterium
Crocosphaera watsonii WH8501 exhibits large diel
changes in abundance of both Photosystem Il (PSII)
and Photosystem | (PSI). To understand the mecha-
nisms underlying these dynamics, we assessed
photosynthetic parameters, photosystem abundance
and composition, and chlorophyll-protein biosynthe-
sis over a diel cycle. Our data show that the decline in
PSII activity and abundance observed during the dark
period was related to a light-induced modification
of PSII, which, in combination with the suppressed
synthesis of membrane proteins, resulted in mono-
merization and gradual disassembly of a large
portion of PSIl core complexes. In the remaining pop-
ulation of assembled PSIl monomeric complexes, we
detected the non-functional version of the D1 protein,
rD1, which was absent in PSIlI during the light phase.
During the dark period, we also observed a signifi-
cant decoupling of phycobilisomes from PSIl and a
decline in the chlorophyll a quota, which matched the
complete loss of functional PSlls and a substantial
decrease in PSI abundance. However, the remaining
PSI complexes maintained their photochemical activ-
ity. Thus, during the nocturnal period of nitrogen
fixation C. watsonii operates a suite of regulatory
mechanisms for efficient utilization/recycling of cellu-
lar resources and protection of the nitrogenase
enzyme.
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Introduction

Dinitrogen (N) fixation by marine cyanobacteria provides
an important source of reduced nitrogen in tropical and
subtropical oceans (Karl et al, 1997) supporting 20%—
40% of the total marine primary production (Lee et al.,
2002). However, only a few genera of bacteria contribute
significantly to N, fixation in open oceanic environments,
including filamentous cyanobacteria Trichodesmium (Dug-
dale et al, 1961), unicellular diazotrophic cyanobacteria
like C. watsonii (Zehr et al., 2001; Montoya et al., 2004;
Moisander et al., 2010) and recently discovered UCYN-A
(Zehr et al., 2008).

Diazotrophic cyanobacteria are the only known photo-
trophs containing both, a N, fixing system and an oxygen
evolving apparatus within the same cell. However, the nitro-
genase catalysing N, fixation is extremely sensitive to O,
causing its irreversible inactivation (Fay, 1992; Gallon and
Stal, 1992). Hence, nitrogenase activity, in principle, is
incompatible with concomitant photosynthetic O, evolution.
To solve this antagonism, the filamentous Trichodesmium
spp. and temporally segregate nitrogen fixation from photo-
synthesis by activating nitrogenase in subset of cells that
also contain active, although downregulated photosynthetic
components (Berman-Frank et al., 2001), UCYN-A protect
nitrogenase by lacking oxygen evolving Photosystem Il
(PSII) (Zehr et al., 2008), while the other unicellular diazotro-
phic cyanobacteria, including C. watsonii, temporally
separate photosynthetic O, evolution and carbon (C) fixation
from N, fixation, with photosynthesis occurring during the
day and N, being fixed during the night (Tuit ef al., 2004;
Mohr et al., 2010; Dron et al., 2012). The exact mechanism
of this temporal separation has, however, not yet been fully
elucidated (Berman-Frank et al., 2003; Zehr, 2011).

Information about the diel metabolic cycle and its regula-
tion in C. watsonii was acquired only recently (Church
et al., 2005; Mohr et al., 2010; Pennebaker et al., 2010;
Dron et al., 2012). Under 12 h/12 h light/dark (L/D) cycles,
C. watsonii fixes No during the dark phase (Tuit et al.,
2004; Mohr et al., 2010; Dron et al., 2012) while PSII activ-
ity peaks in the middle of the light period and reaches its
(putative) minimum in the middle of the night (Mohr et al.,
2010; Pennebaker et al., 2010; Rabouille and Claquin,
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2016). Rabouille and Claquin analysed diel changes in F,/ Results

Fm, @ measure of the photochemical quantum yield (QY)
of PSII, and relative electron transfer rates through PSII
(rETR), and reported a shutdown of PSII activity during the
dark phase (Rabouille and Claquin, 2016). At the same
time, the expression of genes encoding Photosystem |
(PSI) protein subunits was suppressed (Shi et al., 2010) so
that the overall PSI abundance declined (Saito et al,
2011). To this day, however, the diel dynamics of functional
and structural changes of the photosynthetic complexes in
C. watsonii are poorly understood.

Thus, our main objective was to determine the mecha-
nistic underpinning responsible for the loss of PSII activity
and the down-regulation of PSI during the dark phase.
Understanding these dynamics in a model organism like C.
watsonnii will provide important insight into (i) the overall
regulation of N, fixation relative to interfering O, evolution
and (ii) potential energetic costs of N, fixation.
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Fig. 2. Diel changes in the maximal quantum yield F/Fp, in

C. watsonii. Fluorescence yields were determined after 5 min
exposure to weak (30 pmol photons m~2 s~ ) blue light (445 nm)
whose transfer uniformly induces State 1. Error bars are standard
deviations (n=9); bell shaped dotted lines indicate the diurnal
pattern of the growth irradiance.

Diel changes in the rate of O, evolution, N> fixation and
potential C fixation

Under N-deplete conditions, C. watsonii grew at a cell spe-
cific growth rate p=0.34 = 0.06 d~'. While nitrogen was
fixed only during the dark phase peaking at 2.2 = 0.0 fmol
N, cell”" h™" after 8 h in the dark (8D), gross O, evolution
rates were highest during the light phase reaching a maxi-
mum of 30.8 = 0.4 fmol O, cell " h™" at 8L and a minimum
of 0.7 = 0.1 fmol O, cell”" h™" at 6D (Fig. 1). Carbon fixa-
tion rates were the highest in the middle of the light period,
reaching 20.7 and 20.9 fmol C™ ' cell”" h™" at 4L and 8L
respectively, and were minimal during the dark period with
C fixation rates of 4.3 and 4.6 fmol C cell”' h™ ' at 4D and
8D, respectively (Fig. 1).

Diel changes in PSII activity by variable chlorophyll
fluorescence

To determine PSIl photochemical activity, we measured
F./Fn, ratios during the diel cycle (Fig. 2), where F,, and F,
correspond to maximal and variable fluorescence yield,
respectively (Table 1). In cyanobacteria, the process of
state transitions can significantly influence fluorescence
yields and as a consequence, also the value of F/F: cya-
nobacteria adapted to darkness are usually in State 2 and
the R/F,, is low and vice versa, cells adapted to blue or
white light are in State 1 and F,/F, is high (for recent
review, see e.g., Kirilovsky et al., 2015). Therefore, to mini-
mize the possible effect of state transitions during diel
measurements, we determined F,/F, after 5 min exposure
to low-intensity blue light, when, regardless of the initial
state, cells were in State 1. Diel changes in F,/F, followed
the temporal changes with maxima (~ 0.45) at mid-day
and rapidly dropping once irradiance decreased below 50

pmol photons m™2 s~ reaching a minimum of < 0.1
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Table 1. Fluorescence parameters and their meaning.

Parameter Meaning
Fo Intrinsic fluorescence in the dark period
F Intrinsic fluorescence in the light period
Fn Maximum fluorescence
F, Variable fluorescence
F, = (Fm — Fo) in the dark period
F, = (Fm — F) in the light period
Fu/Fm Maximum PSII efficiency
Fu/Fon = (Fm — Fo)/Fm in the dark period
Fu/Foy = (F—Ft)/Fr, in the dark period
Pm’max Functional PSI content
Y(/) Maximum PSI efficiency
ETR()) PSI mediated electron transport rate

around 6D (Fig. 2). During the second half of the night, F/
F., started to recover to up to ~ 0.15-0.2 by the start of
the light period. This indicates that, regardless of its

abundance, PSI| is active during the light period, and is
being inactivated during the night, thus matching the O,
evolution data (Fig. 1).

To better understand the diel changes in F,/F, and PSII
activity, we also monitored Chl fluorescence yields inside
the bioreactor and observed significant changes in intrinsic
Chl fluorescence vyield, F, in the dark and F; in the light
period, respectively, and the maximal fluorescence yield,
Fm (Fig. 3A). These diel changes can be divided into four
distinct phases (Fig. 3): Photosynthesis and growth phase,
where F; was low and almost constant during the day (i.e.,
from 2L to 9L) and preparation for N, fixation phase during
which F and F, started to increase rapidly at the end of
the light period (after 9L) (Fig. 3A). The rise of F and F,
continued up to 3D, when it reached a nocturnal maximum
that was about twofold higher than the diurnal steady-state
value, and then gradually decreased from 3D to 2L again
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during phases N, fixation and preparation for photosynthe-
sis, respectively. The highest F, values were observed at
the beginning and at the end of the light period while the
rise of F; and F, observed at the beginning of the dark
period (from 11L to 3D) was accompanied by a decline in
F. (Fig. 3A). After 2D, F, was almost negligible, that is, Fn
was only slightly higher than F,. F, started to recover grad-
ually during the second half of the dark period (i.e., after
6D, which separates two phases of N, fixation and prepa-
ration for photosynthesis) (Fig. 3A). The 4 different phases
of fluorescence characteristics during the diel cycle of
C. watsonii become even more apparent by plotting the
intrinsic fluorescence against the optical density of the cul-
ture at 735 nm (OD,35) (Fig. 3B), which revealed the
dynamics of growth, and changes in pigment to protein
coupling during the four distinct phases (see Discussion).

Diel changes in PSII activity by TL

To confirm diel dynamics of PSII activity, we also used ther-
moluminescence (TL). TL records photons emitted during
charge recombination in active PSII reaction centres. Cells
are first cooled to low temperature to prevent spontaneous
recombinations, then illuminated to induce charge separation
and then the weak photon emission resulting from charge
recombinations (the so-called glow curve) is recorded during
heating of the sample in the dark. Following excitation by
two single turnover flashes, TL glow curves were dominated
by the so-called B band, which originates from the charge
recombination between the S, and S; states of the O, evolv-
ing complex and reduced bound plastoquinone Qg within
PSIl (Rutherford et al., 1982; Demeter and Vass, 1984)
(Fig. 4A). The overall TL intensity is roughly proportional to
the number of active PSII centres, which is calculated as the
area under a TL glow curve. PSIl abundance showed a clear
diel cycle (Fig. 4B) similar to that of O, evolution and F/F,
that is, a decline in TL intensity during the first half of the
dark phase (12L-6D) and a strong increase with the begin-
ning of the light phase (from 12D).

Fluorescence emission spectra

Spectrum of daylight (4L—8L) samples with Chl excitation at
425 nm was dominated by three emission bands peaking
at 685, 693 and 715 nm (Fig. 5). Fluorescence at 685 nm
(F685) can be attributed to emission from both PSII (arising
from Chl in CP43 and CP47 core antenna proteins) and
phycobilisome (PBS) terminal emitter. F693 represents
fluorescence emission solely from active PSII (arising from
Chl in CP47) (Andrizhiyevskaya et al., 2005, Suggett et al.,
2009, D’Haene et al., 2015) while F715 stems from PSI
emission. The minor bands peaking around 650 and
660 nm can be attributed to PBS emission. In contrast to
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Fig. 4. Diel changes in the abundance of active PSII centres in C.
watsonii as visualized by TL measurements. (A) Selected glow
curves. Captions indicate the time (in hours) after the start of the
corresponding light (L) or dark (D) period. (B) Areas under TL glow
curves over the diel cycle. Averages of two independent
measurements are shown with standard deviations as error bars.

daylight spectra, spectra collected during the dark phase
(4D-8D) showed both the major F685 and F715, and the
minor PBS bands. However, the fluorescence stemming
from active PSIl (F693) was largely reduced, indicating a
substantial reduction of the photochemically active PSII
during the dark phase. The substantial increase of F685,
conversely, suggests exciton decoupling of PBS from the
PSII reaction centres (Tamary et al., 2012, Barthel et al.,
2013), which was particularly pronounced on PBS excita-
tion (516 nm, Fig. 5B and C) as indicated by a more
than > 50% increase in F685 during the light-to dark transi-
tion (Supporting Information Fig. S1B). This finding is in
good agreement with the observed increase in F, during N,
fixation phase (see Fig. 3 above and Discussion). Unlike
the 77K spectra, the absorption spectra did not differ
between the light and dark phase (Fig. 5C).

Diel change of PSI abundance and activity

Surprisingly, intracellular Chl also showed a dynamic diel
pattern with maxima around at mid-day and minima in the

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 546—-560
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Fig. 5. 77K fluorescence emission- and absorption spectra of C.
watsonii measured 4-8 h into the light period (4-8L) and 4-8 h into
the dark (4-8D) phases. Fluorescence emission spectra were
recorded on Chl (A, 425 nm) and PBS excitation (B, 515 nm), were
averaged and normalized to the PSI peak/shoulder at 715 nm. (C)
Absorption spectra of C. watsonii were shown as a reference with
arrows indicating the excitation wavelengths.

middle of the night (Fig. 6A). Because most of the Chl in
cyanobacteria is associated with PSI (Mullet et al., 1980;
Guskov et al.,, 2009), the decline in Chl during the night
could be attributed to a concomitant decrease in PSI abun-
dance. We confirmed this notion by quantifying the content
and the photochemical activity of PSI over the diel cycle

using absorbance changes of the PSI primary electron
donor P7qo. During the first 6 h of the light period, the maxi-
mal P-qo signal intensity (Pm’'max), Which is proportional to
the functional PSI content, increased by ~ 30% just like
Chl content. During the second half of the light period and
the first half of the dark period, both P,’max and Chl
declined reaching a minimum around 2D-4D (Fig. 6A and
B). Pyw'max and Chl increase again during the late dark
period. The ratio of Pyy’max:[Chl] was stable and relatively
low during the light period but increases by ~ 30% by the
middle of the dark period (6D) (Supporting Information Fig.
S1A). During the second half of this period (6D-12D),
Pr’max:[Chl] decreased again, returning nearly daylight lev-
els. The night-time decrease in PSIlI abundance and
activity was also visible from PSI quantum yields [Y(/)] and
quantum yields of non-photochemical energy dissipation in
PSI due to donor side limitation [Y(ND)] (Supporting Infor-
mation Fig S1B).

The product of the initial slope of the rapid light curve of
PSI mediated electron transport rates (tgagrtr() and
Pr'max gives a realistic representation of the potential
ETR(/) and shows a dynamic diel pattern with a more than
twofold increase of PSI mediated electron transport during
the middle of the day compared to the night (Fig. 6B).
However, Y(/) decreased ~20% from light in the dark
period (Supporting Information Fig. S1B). Combining all
these observations, our results indicate that, although PSI
content dropped in parallel with Chl during the night, the
residual PSI complexes remained fully active.

Diel changes in thylakoid membrane protein complexes

To correlate the observed diel changes in PSIl and PSI
activities with the cellular content and organization of these
complexes, we analysed cellular membrane protein com-
plexes using a combination of clear native- (CN) and
sodium dodecyl sulfate (SDS) gel electrophoresis (CN/
SDS-PAGE) and immunoblotting. The colour scan of the
CN gel with separated samples of equal Chl concentra-
tions was dominated by green pigment proteins belonging
to PSI and showed constant levels of both PSI monomers
and trimers throughout the whole diel cycle (Fig. 7A). How-
ever, when the gel was loaded on the same OD5 basis,
significant fluctuations in PSI protein levels were observed
which were in agreement with the diel changes in PSI and
Chl content (data not shown).

Unlike the colour scan, Chl fluorescence images mostly
reflect PSII-Chl-protein abundance. Thus, even when the
gel was loaded on the same Chl basis, fluorescence scans
clearly showed a pronounced decline in the abundance of
PSII monomers and especially PSIl dimers, which disap-
peared completely during the middle of the night (Fig. 7B).
Concomitant to this disappearance of PSIlI core com-
plexes, the fluorescence of small Chl-proteins belonging to

© 2017 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 546—560
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the free unassembled PSII core antenna proteins CP47
and CP43 gradually increased (Fig. 7). The immunoblot
suggests the disappearance of large PSII core complexes
due to the degradation of both of the PSII reaction centre
proteins D1 and D2. To assess whether the disappearance
of PSII complexes is related to the dark accumulation of
FtsH proteases known to degrade the D1 and D2 subunits
in cyanobacteria (Silva et al., 2003, Komenda et al., 20086,
Nixon et al., 2010), we probed their cellular level with spe-
cific antibodies recognizing all FtsH forms. The results
showed that 6D cells contained even lower levels of FtsH
than those from 6L. In summary, these results confirmed
that during the night, the abundance of PSIl core com-
plexes decreased more strongly than PSI complexes. This
preferential disappearance of PSIl core complexes and
accompanying decrease in the level of D1 and D2 proteins
was in agreement with TL data and 77K spectra and these
were apparently not related to an excessive accumulation
of FtsH proteases.

Decreased membrane protein synthesis is responsible
for PSII depletion in the dark

We speculated that the observed decline in PSII activity
and abundance in the dark could be a consequence of the
light-induced modification of PSII complexes that triggers
the degradation of the D1 protein while its replacement by
a new functional copy cannot occur. To test this hypothe-
sis, we radioactively labelled cells from 6L and 6D samples
and analysed the labelled membrane proteins isolated
from these cells by 2D CN/SDS-PAGE. While the strongly
labelled bands of the D1 protein in the dimeric and mono-
meric PSII core complexes as well as in the core complex
lacking CP43 (RC47) dominated the 2D autoradiogram of
the 6L cells, 6D cells hardly showed any detectable levels
of D1 biosynthesis (Supporting Information Fig. S2). At
this time, radioactive labelling of the CP47, D2 and D1 sub-
units comprised only 19 +2%, 25+2% and 30 * 6%,
respectively, of that at 6L, indicating a strong impairment of
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the biosynthesis of the D1 and other core PSIl subunits
and explaining the drop in PSII activity and disassembly of
PSII during the dark.

C. watsonii contains a specific psbA gene (designated
psbA4) encoding the so-called rogue D1 (rD1) (Murray,
2012), however, the incorporation of rD1 into PSII has
never been unequivocally shown. Using two specific
antibodies recognizing the N-termini of rD1 and the stan-
dard functional D1 protein (fD1), respectively, we
determined the abundance of both D1 forms and their
distribution in various PSIl complexes at 6L and 6D (Fig.
8). While fD1 was present in both dimeric and mono-
meric PSIlI core complexes at 6L, rD1 was absent in
these cells. At 6D, PSIl dimers containing fD1 disap-
peared and level of monomeric PSII complexes
containing fD1 remained much lower than at 6L. Con-
versely, rD1 appeared at 6D and was assembled
exclusively within monomeric PSIlI core complexes. A
comparison of the blotted signals of CP47, D2 and fD1
in all PSII core complexes at 6L and 6D showed a 70%—
80% decrease in the level of all of these three subunits
at 6D relative to 6L. It showed that at 6D the actual level

11D M,  Fig. 7. Diel changes in abundance of
kDa membrane pigment-binding protein complexes
in C. watsonii at 1L, 3L, 6L, 9L, 11L, 1D, 6D
669 and 11D. Isolated membrane proteins were
analysed by CN PAGE; the gel was
440 photographed (A) and scanned to map Chl
fluorescence with a camera system,
ImageQuant LAS 4000 (B). Gel lanes 6L and
232 6D were used for 2D SDS PAGE and
immunodetection of specific PSI and PSII
subunits in Fig. 8. Each loaded sample
140 contained 5 ng of Chl. Designation of
complexes: PSI (3) and PSI (1), trimeric and
monomeric PSI complexes respectively; PSII
66 (2) and PSII (1), dimeric and monomeric core
PSII complexes, respectively; RC47, PSII
complex lacking CP43, u.CP43 and u.CP47,
unassembled CP43 and CP47; F.P, free
pigments.
1D M,
kDa
~ — 669

— 440

idi” “"— 232
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iH—GG

of the complexes containing rD1 is quite low, not exceed-
ing 10% of the level of the PSII core complexes at 6L.

To elucidate whether the PSII inactivation and disassem-
bly in the dark phase is related to the light exposure during
the light phase, or whether it was a consequence of the diel
cycle regulation, we manipulated the light conditions after
the middle of the light phase (6L) of the diel cycle. In a first
set of experiments, cells grown under a L:D cycle were kept
at a maximal irradiance (400 pmol quanta m~2 s~ ') for the
remaining 18 h of the light cycle on reaching the 6L time
point. We followed changes in PSII activity and organization
during this period by Chl fluorescence measurements and
fluorescence scans of CN gels. Exposure to constant maxi-
mal irradiance resulted in a fast decline in F/F, as
compared to cells grown in the regular light/dark cycle (Fig.
9A; compare values from 6L to subjective ‘midnight’, s12D
on day 2 and from 6L to 6D on day 1), a lack of recovery of
PSII activity between s12D and s17D, and a drastic
decrease in the abundance of PSII protein complexes. The
latter was visualized by fluorescence scans of native gels
which revealed a severe degradation and almost a com-
plete loss of PSII core complexes by s12D (Fig. 9C).
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Conversely, when illumination was switched off at the
middle of the standard light cycle and the cells were kept in
the dark from this point on, the decrease in PSII activity
was much smaller as compared to the regular 12:12 cycle
(Fig. 9B). This supports the notion that the observed loss
of PSII is related to the light-induced PSII modification fol-
lowed by the degradation of the D1 and D2 proteins
together with the diel cycle.

Effect of N, fixation on PSII activity

To determine how nitrogenase activity influences diel
changes in PSII organization and function, we inhibited N,
fixation by adding 0.1 mM NH,CI to a diazotrophic culture
at 6L. As compared to control cells growing exclusively
under diazotrophic regime, addition of NHI remarkably
slowed down the decline of the PSII activity during the sub-
sequent dark phase. This implied a substantial residual
PSII activity during the night (nocturnal minimum of F,/F,
in the presence of NH, was about 0.12) while it was virtu-
ally zero in the diazotrophic control (Supporting
Information Fig. S3A). Also, protein analysis showed
higher PSII abundance during the dark phase in samples
amended with NH, as compared to the control (compare
Fig. 7 and Supporting Information Fig. S3B).

Discussion

In C. watsonii, N, fixation is restricted to the dark period,
peaking during the second half of the night and then ending
abruptly (Fig. 1). Photosynthetic capacity estimated by both
O, evolution and *C assimilation, conversely, is maximal at
mid-day but minimal at midnight, with O, evolving capacity
decreasing virtually to zero while minimal C fixation rates
were still about 20% of their maxima (Fig. 1). We speculate
that the latter is probably due to a partial reactivation of C
uptake initiated by the relatively long (30 min) exposure to
actinic light during the C incubation as compared to the
short (3 min) exposure during the O, measurements. Diel
patterns of the corresponding parameters in Cyanothece
sp. were similar to those in C. watsonii; however, in Cyano-
thece, N, fixation reaches its maximum at the beginning of
the dark period, and O, evolution during the night does not
decrease below 40% of its daylight peaks (Coldn-Lopez
and Sherman, 1998; Meunier et al., 1997; 1998).

Diel changes of O evolution, F/Fy,, TL and 77K fluores-
cence emission spectra show that PSIl in C. watsonii is
fully active during the light period, and becomes inactivated
during the dark (Figs 1, 2, 4 and 5). This is in good agree-
ment with previous reports analysing fluorescence signals
(Pennebaker et al., 2010, Rabouille and Claquin, 2016),
gene transcripts (Mohr et al., 2010, Shi et al., 2010) and
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protein abundance (Mohr et al., 2010, Saito et al., 2011);
all of which concluded that PSII activity during the day is
considerably higher than during the night. Monitoring F;, F,
and F, inside the bioreactor showed that diel changes in
F./F were determined both by changes in intrinsic Chl
fluorescence and by the loss of variable fluorescence F,.
The drastic increase in F; and F, from 10L to 5D (Fig. 3A)

is a consequence of extensive decoupling of PBS from the
PSII reaction centres (Tamary et al., 2012, Barthel et al.,
2013) (Fig. 5), and possibly also the accumulation of unas-
sembled CP43 and CP47 due to PSIl degradation (Figs 7
and 8). Simultaneous recording of OD,35 and Chl fluores-
cence yields (Fig. 3B) allowed us to interpret the diel
pattern of F/F, shown in Figs 2 and 3 in the following
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way: When growth irradiance supports growth and active
photosynthesis (marked as photosynthesis and growth
phase in Fig. 3), F is low and OD35 rises. Since OD735
contains information about biomass and cellular scattering
properties, an increase in OD,35 may point to enhanced
growth and accumulation of carbon storage compounds.
As the intensity of growth irradiance decreases and growth
ceases, F, Fo and F,, almost double and F, gradually dis-
appears within a few hours while OD,35 decreases only
slightly (preparation for N, fixation phase in Fig. 3). This is
the transition period when metabolism changes from pho-
tosynthesis to N, fixation, which begins at the end of the
light period when the light irradiances drop roughly below
50 pmol quanta m~2 s~ . This may reflect induction transi-
tion from State 2 to State 1 by a partial oxidation of the
intersystem electron transfer chain and relaxation of non-
photochemical quenching (NPQ) during peak irradiances
by orange carotenoid protein (OCP) (Kirilovsky and
Kerfeld, 2013). Both of these are required for maintaining
photosynthetic activities under limited light conditions (Figs
1-5). Nitrogen fixation is detectable in the N, fixation
phase starting at 3D when both, OD,35 and F, decrease in
parallel and F, drops to virtually zero. We interpret this
phase as a decline in cellular Chl content (Figs 3 and 6)
and the consumption of carbon storage compounds due to
respiration that provides ATP for N, fixation. Eventually, at
the end of the diel cycle (preparation for photosynthesis
phase), OD,35 remains constant while F; rapidly decreases
as active PSIl complexes are re-assembled and photosyn-
thetic (inner and outer) antennae are re-coupled to the
photosystems again (Fig. 3). During preparation for photo-
synthesis phase, cells started to express variable
fluorescence again, indicating a re-activation of photosyn-
thetic electron transport and O, evolution as well as a
concurrent transition from State 1 to State 2 and induction
of OCP quenching as growth irradiance increases to >50
umol photons m~2 s~ '. The difference in OD45 between
first and second phases of preparation for photosynthesis
represents the net growth of the culture over a diel cycle.
Protein analysis and immunodetection clearly showed
that the loss of PSII activity was accompanied by the dis-
appearance of both the monomeric and dimeric PSII core
complexes as well as by a degradation of D1 and D2 subu-
nits in the dark. The low abundance of FisH proteases,
which are involved in PSII protein degradation and their
quality control (Silva et al.,, 2003, Komenda et al., 2006,
Nixon et al, 2010), excludes the possibility that the
observed decline in PSIl abundance in the dark is related
to enhanced proteolytic activity of overaccumulated FtsH
proteases. Instead, our 2D autoradiograms showed that
protein synthesis of D1 polypeptides was severely
impaired during the dark period. In line with this, transcript
analysis also revealed that the expression of psbA gene
encoding functional D1 (fD1) proteins is strongly
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suppressed in the dark (Shi et al., 2010). Altogether, these
results suggest that PSII reaction centre subunits during
the dark phase were (i) severely degraded and (ii) not suffi-
ciently re-synthesised. We believe that the impaired
synthesis of membrane proteins, especially the functional
D1 protein, may represent a protective mechanism that
helps retain cellular resources for N, fixation during the
dark phase. Interestingly, PSI as well as PSIl core com-
plexes were always separated into two bands but reason
for this remains unknown. The two bands may reflect dif-
ferent conformation states of the complexes or different
detergent/lipid binding to them.

Western blot analysis using specific antibodies unequiv-
ocally revealed the accumulation of an unusual, so-called
rogue D1 form (Murray, 2012) in the monomeric PSII core
complexes during the dark phase. Murray, (2012) reported
rD1 is a non-functional version due to the absence of key
amino acid residues essential for binding the oxygen evolv-
ing CaMn,Os clusters. Wegener and colleagues (2014)
also suggested that in Cyanothece this protein is incorpo-
rated into PSII complexes to eliminate their ability to evolve
oxygen. Taking into account a large-scale disassembly of
PSII and the overall decrease in intracellular Chl during
this phase, the abundance of PSIlI complexes containing
rD1 was negligible as compared to the level of functional
PSIlI complexes during the light phase. In view of these
results, the possible function of PSII complexes with rD1
remains unclear. In the dark, even functional PSII com-
plexes cannot evolve O,, hence, the previously suggested
function of these complexes in preventing evolution of O,
toxic for nitrogenase (Fay, 1992, Gallon and Stal, 1992)
seems unlikely. Moreover, the abundance of PSIl com-
plexes containing functional D1 exceeds that of the rD1-
containing complexes in the dark period. Considering the
recently proposed role of another divergent D1 form in the
synthesis of Chl f (Ho et al., 2016), an unknown enzymatic
function of PSII complexes containing rD1 (e.g., dark cellu-
lar metabolism) cannot be excluded.

When the 12:12 light-dark cycle of the cells was modi-
fied by extending the light period, PSIl disassembly and
the decline in PSIl activity during which the cells are
exposed to the subjective light phase was enhanced
(Fig.- 9A). A shortening of the light period, conversely,
resulted in a much slower decline in PSII activity during the
subsequent dark phase (Fig. 9B and C). Similar phenomena
were also observed by Pennebaker et al. (2010) who ana-
lysed photosynthetic activity under similar conditions with a
maximum irradiance of only 100 pmol photons m™2 s .
They also reported a disruption of regular changes in photo-
synthetic efficiency during the diel cycle when cultures were
shifted into an early dark phase, but not when they were
shifted into continuous light. Combining our results with pre-
vious observation leads us to conclude that photoperiod
length paces the temporal orchestration of the cell cycle
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and of carbon-nitrogen metabolism (Dron et al, 2013).
We conclude that light history of the cells (length of photope-
riod, light intensity) significantly affects the circadian rhythm
of the photosynthetic activity in C. watsonii.

We also showed that relative changes in PSII activity and
abundance were reduced by the availability of NHI. After its
addition, the nocturnal decline of F,/F, slowed down and
the abundance of PSII complexes remained constant during
the dark phase (Supporting Information Fig. S3), which is in
good agreement with previous reports (Dixon and Kahn,
2004); however, the underlying mechanisms of this regula-
tion are stil to be elucidated. Possibly, NH, induces
changes in the expression of some genes that are, directly
or indirectly, related to Ny fixation including genes required
for down-regulating of PSII activity. Direct NH, effect to
photosystems should be also considered in future study.

The decline in PSI abundance during the dark period as
indicated by a decrease in cellular Chl and P,,’max as well
as by CN PAGE normalized to Chl (Figs 6a, b and 7) is in
agreement with mass spectrometer data showing a ~ 50%
decline in the level of both PSI reaction centre subunits,
PsaA and PsaB during the dark in C. watsonii (Saito et al.,
2011). However, other diazotrophic bacteria, like Cyano-
thece sp. showed a different behaviour, that is, a higher
capacity for PSIl-mediated electron transport in the dark
period relative to the light phase (Coldn-Lopez and Sher-
man, 1998). Again, the reason for this and other
differences between Cyanothece sp. and C. watsonii (see
above) remains unclear. Furthermore, functional nitroge-
nase enzymes contain a high quantity of iron cofactors (in
total 38 Fe atoms per nitrogenase complex) (Rubio and
Ludden, 2008), and thus it has been argued that iron is
supplied by the degradation of iron-rich PSI complexes (36
Fe per monomeric PSI) in C. watsonii (Saito et al., 2011),
similarly like shown in Trichodesmium IMS101 (Shi et al.,
2007). Such iron recycling is well documented in cyanobac-
teria like Synechococcus elongatus PCC7942 where
photosynthetic protein complexes are degraded in the order
of PSII, PSI, and cytochrome bgf under iron deficiency,
which prolongs survival by maintaining electron transport
and energy transduction under iron stress (Pietsch et al.,
2011). Thus, the diel cycle of PSI in C. watsonii could be
evolutionarily related to iron limitation in its natural habitat.

The degradation of PSI is rather interesting from the
point of view of general quality control of photosynthetic
membrane proteins as a high turnover rate is generally
considered as a typical feature of PSII. The observed rapid
changes in PSI abundance in cyanobacteria is very
unusual and, thus far, has only been reported during iron
stress (Bibby et al., 2001). Also, decreased PSI abundance
and a small, inactive PSII population is reported in Syne-
chocyctis PCC 6803 grown under light activated
heterotrophic growth conditions (Barthel et al., 2013). How-
ever, under such conditions, an active degradation of PSI

has never been proven and is most likely related to its dilu-
tion during cellular growth and division when PSI
biosynthesis is blocked. In contrast to these findings, the
rapid PSI decline in C. watsonii should be driven by a prote-
ase; however, thus far there is no experimental data for the
existence of such cyanobacterial protease(s) being involved
in the degradation of PSI. The FtsH proteases involved in
the degradation of PSII subunits do not seem to be poten-
tial candidates as their cellular level is lower during the dark
as compared to light phase. Nonetheless, the molecular
nature of PSI degradation and accompanying Chl catabo-
lism is still to be elucidated. In summary, the diel cycle of C.
watsonii provides an interesting model system for studying
cyanobacterial regulatory mechanisms, survival strategies
and efficient utilization and recycling of cellular resources.

Experimental procedures

Strain, cultivation, experimental conditions and
monitoring of growth

Stock cultures of Crocosphaera watsonii WH8501 obtained
from The Culture Collection Yerseke (The Royal Netherlands
Institute for Sea Research, Yerseke, The Netherlands strain
number CCY 0601) were maintained in N-free YBC-Il medium
(Chen et al., 1996) at 28°C in glass flasks under constant white
light of 150 pmol quanta m~2 s~ using a 12:12 h light:dark
(12L:12D) cycle. Diluting them every ~ 12 days kept cell densi-
ties within 200 000 to 6 000 000 cells mi~ . At the beginning of
each experiment (n=9), cultures were transferred into flat
panel photobioreactors (FMT150, Photon System Instruments,
Brno, Czech Republic) (Nedbal et al., 2008) with a sinusoidal
12L:12D growth irradiance peaking at 400 pmol photons m™2
s~ . Cultures were acclimated to these conditions and main-
tained in exponential growth for at least 5 generations (~ 10
days). The photobioreactors continuously recorded F, and F
(every 5 min) as well as F,, and F,’ (every 30 min), which
were then used to calculate in situ diurnal changes in F, and
Fm by averaging data sets of 7 consecutive days. Biomass,
diel change of F and F, data were normalized to the respec-
tive values measured every day 1 h after the light onset (1L),
F., values were re-calculated based on the normalized F, and
F; values and F,/F, data. Cell abundance was measured by a
Coulter Counter (Beckman, Multisizer 4, Indianapolis, IN). To
determine Chl a concentration, we collected 10 ml of culture
on Whatman GF/F glass fibre filters and measured Chl a in
pure methanol extracts by spectroscopy (Porra et al., 1989).

To determine whether N, fixation affects diel changes of
PSII activity, we added 100 pM NH,CI (final conc.) to a diazo-
trophically grown culture in the middle of a light period and
then followed the changes in fluorescence as well as the
abundance of PSII core complexes and unbound subunits for
another complete L/D period.

Determination of N, fixation, O, evolution and
C fixation rates

To determine the rates of N, fixation by acetylene reduction
assays (Capone and Montoya, 2001), 5 ml of cell suspensions
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were dispensed into HCI-rinsed glass vials (n= 3). After seal-
ing each vial with a septum, 10 ml of acetylene gas (99.7% [v/
v]; Linde Gas) was injected by replacing the same volume of
headspace. The samples were incubated at 28°C in the dark
for 1 h. Subsamples of the headspace were taken immediately
after acetylene addition and then at the end of the incubation
to measure their ethylene content with a flame ionization gas
chromatograph (HRGC 5300, Carlo Erba Instruments). Ethyl-
ene production during the incubation was analysed, and
produced ethylene was calculated according to Breitbarth
(Breitbarth et al., 2004) and converted to fixed N, using a the-
oretical molar ratio of acetylene reduction to cellular Ny
reduction of 4:1 (Montoya et al., 1996).

O, evolution rates in the presence of 5 mM sodium bicar-
bonate were determined using a Clark electrode combined
with a DW2/2 electrode chamber (Hansatech, UK) maintained
at 28°C. Depending on the cell density, different culture vol-
umes were concentrated by 10 min of centrifugation at 7500 g
and re-suspended in 2.7 ml fresh YBC-Il medium. Rate of
gross O, evolution were calculated from the slope of net O,
evolution measured at a saturating irradiance of 600 pmol
photons m2 s~' (KL1500, Schott, Mainz, Germany) cor-
rected for the slope of respiratory O, consumption measured
in the dark right after the light exposure.

Carbon fixation rates were determined by short-term incu-
bations with radioactively labelled NaH'*CO; using a
photosynthetron (Lewis and Smith, 1983). Briefly, 5 ml of cul-
ture were mixed with 31 ml of YBC-lIl medium, which were
then supplemented with NaH'*CO; (ARC American Radiola-
beled Chemicals, St. Louis, MO) (final concentration 1 pCi
mi~") and incubated for 30 min at 28°C at light intensities at a
saturating irradiance of 600 pmol photons m ™2 s~ . After incu-
bation, samples were immediately preserved with buffered
formalin, acidified with 3N HCI (final concentration 0.75 mol
I~") and left to degas on an orbital shaker for at least 5 h. Ali-
quots of 5 ml of EcoLite™ liquid scintillation cocktail (MP
Biomedicals, LLC, Solon, OH) were added to each of the vials,
which were then capped and their activity counted in a TriCarb
2810TR Perkin Elmer Liquid Scintillation Analyzer. Counts per
minute were converted to carbon fixation rates according to
Knap et al. (Knap et al, 1996). Chl-specific carbon fixation
rates were plotted against irradiance to derive the maximum
carbon fixation rates (Pmax, Mg C (mg Chl)™" h™") by fitting
the model of Eilers and Peeters (Eilers and Peeters, 1988) to
the measured data. Finally, Chl-specific carbon fixation rates
were converted to cell-specific carbon fixation rates using the
corresponding cell densities and Chl a concentrations.

Determination of Chl fluorescence parameters

Fluorescence yields were determined in two separate ways: (i)
by recording F,, F; and F,, in situ in the bioreactor as men-
tioned above and (ii) by measuring F, (= F, — Fo) and Fy, in
2 ml aliquots withdrawn from the bioreactor using a portable
AquaPen-C AP-C100 fluorometer (Photon Systems Instru-
ments, Brno, Czech Republic). To avoid the influence of state
transitions on these fluorescence yields (see Fig. 3 and corre-
sponding text in Results and Discussion), we determined F,/
Fr after exposing each sample for 5 min to a weak (30 umol
photons m™2 s7') blue (445 nm) light which oxidises all
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components of the intersystem electron transport chain, and
thus, induced State 1.

Thermoluminescence glow curves

TL glow curves were recorded using a TL 200/PMT thermolu-
minescence (TL) system (Photon Systems Instruments, Brno,
Czech Republic) on 3 ml of cell suspension, which were fil-
tered onto a Pragopor 5 nitrocellulose membrane filter (pore
size 0.6 = 0.1 um; Pragopor, Czech Republic) and placed on
the instrument’s sample holder. After 2 min of dark acclimation
at 28°C, samples were cooled down to 3°C and exposed to
two subsequent saturating single turnover flashes (50 ps, 200
ms apart) followed by the heating/recording phase. TL curves
were recorded from 3°C to 65°C with a linear heating rate of
0.5°C s™'. The amount of active PSII centres was then deter-
mined by integrating the area under each glow curves.

Photosystem | activity

Photosystem | activity was estimated using a Dual-PAM-100
system (Walz GmbH, Effeltrich, Germany) on 10 mL of culture
filtered onto a Pragopor 5 nitrocellulose membrane filter (as
above). Filters were placed between the perspex rods of the
emitter (DUAL-E) and the detector (DUAL-DR) using a DUAL-
B leaf clip holder. P4oo light response curves were recorded
using actinic red light with light intensity increasing in 10 loga-
rithmic increments from 0 to 1950 pumol photons m~2 s~ with
each light level being applied for 120 s. At the end of each
step, saturating pulses of 30 ms duration and 10.000 umol
photons m2s! intensity were applied to probe maximal
Pz00 levels in actinic light (Py,’). Quantum yields of photochem-
ical energy conversion of PSI [Y(/)], quantum yields of non-
photochemical energy dissipation in PSI due to donor side lim-
itation [ Y(ND)], and PSI mediated apparent electron transport
rates [ETR(/)] were determined using the DualPAM software
(V1.19) provided by Walz company. Maximal P, values
(Prm’'max) OVver the light response curves were used to visualize
the abundance of active PSI centres.

Low temperature fluorescence spectra and
absorption spectra

Fluorescence emission spectra were recorded at 77K using
an SM-9000 spectrofluorometer (Photon Systems Instru-
ments, Brno, Czech Republic) every 2 h. Cells were dark
acclimated at room temperature for 10 min and then collected
on Whatman GF/F glass fibre filters, which were cut and
placed into a custom-made copper sample holder and then
immersed into a glass Dewar filled with liquid N,. Fluores-
cence was excited at 425 and at 516 nm (Scheer, 2003;
Papageoriou, 2004) and recorded with 500 ms of integration
time and an amplification of 800 from 620 to 820 nm (n= 3).
Spectra were baseline-corrected using a blank sample and
normalized to the peak/shoulder at 715 nm. Absorption spec-
tra were measured with a Unicam UV/vis 500 spectrometer
equipped with an integrating sphere (Thermo Spectronic, UK)
on samples collected on membrane filters (pore size 0.6 um;
Pragochema, Czech Republic).
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Radioactive labelling of proteins

For radioactive protein labelling, cells were harvested at the
middle of the light (6L) and dark (6D) period, resuspended in
250 ul YBC-II medium and incubated either at 400 umol pho-
tons m~2 s~ (6L sample) or in darkness (6D sample). Then,
L-[®3S]-methionine (Hartmann Analytics, Braunschweig, Ger-
many; specific activity >37 TBg/mmol) was added (final
specific activity 400 pCi ml~") to each suspension, which was
then incubated under aforementioned conditions for another
30 min. On completion of the incubation, cells were frozen in
liquid N2 and stored at —80°C until thylakoid membrane pro-
tein isolation (see below).

Preparation of membranes and protein analyses

Cyanobacterial membrane proteins were isolated by breaking
cells with glass beads and membranes in 1% n-dodecyl-3-D-
maltoside to analyse their proteins by clear native (CN) PAGE
(Komenda et al., 2012). Samples of equal Chl content (5 pg)
were loaded onto the gel. The protein composition of the com-
plexes was analysed by electrophoresis in a denaturing 12%—
20% linear gradient polyacrylamide gel containing 7 M urea.
Gels with separated proteins were stained with either Coo-
massie Blue or SYPRO Orange and then transferred onto a
polyvinylidene difluoride (PVDF) membrane. PVDF mem-
branes were incubated with specific primary antibodies
against D1, D2, CP47 and CP43 subunits and against FtsH
recognizing all FtsH forms present in cyanobacteria (Boehm
et al., 2012), then with secondary antibody-horseradish perox-
idase conjugate (Sigma, St. Louis, MO). Antibody specific for
rD1 was raised in rabbit against a conjugate of keyhole limpet
hemocyanin with a peptide 2-15 of rD1 and purified using the
immobilized peptide. For autoradiography, the membrane with
labelled proteins was exposed to a Phosphorimager plate (GE
Healthcare, Uppsala, Sweden) overnight and the abundance
of CP47, D2, fD1 and rD1 polypeptides on the stained 2D gels
was quantified using ImageQuant LAS 4000 (GE Healthcare,
Uppsala, Sweden) software.
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Supporting information
Additional Supporting Information may be found in the
online version of this article at the publisher’'s web-site:

Fig. S1. (A) Diel changes in of selected PSl-related param-
eters of C. watsonii. (A) PSl-abundance (Py'max) and PSI-
mediated putative electron transport (Py'max X t9aeTtr()) as
normalized to Chl level (filled and open circles respectively).
(B) Quantum yields of photochemical energy conversion at
PSI (Y(), open squares), and quantum yields of non-
photochemical energy dissipation in PSI due to donor side
limitation (Y(ND), filled squares). Y(l) and Y(ND) values
were derived from steady state (P), maximal (P,’) and zero
(Ps) Pzoo levels at the 53 umol photons m 2 s~ step of the
corresponding light response curves. The bell shaped dot-
ted lines indicate the diurnal pattern of the growth irradi-
ance. For more details, see Fig. 2 and text.

Fig. S2. 2D CN- and SDS-PAGE of membrane proteins of
C. watsonii harvested 6 h into the light (6L) and 6 h into the
dark (6D) phase. Isolated membrane proteins were labelled
with radioactive 3°[S]-methionine and separated by CN-
PAGE in the first dimension; after which the native gel was
photographed (1D colour) and Chl fluorescence (1D fluor)
scanned. After SDS-PAGE in the 2nd dimension, the gel
was stained by SYPRO Orange (2D SYPRO stain) and
electroblotted onto a PVDF membrane, which was dried
and exposed to Phosphorimager plate (2D autorads). Com-
plexes are designated as in Figs 6 and 7. Each loaded
sample contained 5 pg of Chl.

Fig. S3. Effect of NH; on the diel cycle of C. watsonii. (A)
Diel pattern of the maximal PSII quantum yield F,/F,, in the
absence or presence of supplementarily added 0.1 mM
NH4CI. The arrow at 6L on day 1 shows the time of NH,CI
addition. The bell shaped dotted lines indicate the diurnal
pattern of the growth irradiance. (B) CN gel showing Chl-
protein complexes 6 h into the light (6L) and 6 h into the
dark (6D) phase after NH,Cl addition. Complexes are desig-
nated as in Figs 6 and 7. Each loaded sample contained
5 ng of Chl.
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