Photosynth Res (2013) 116:79-91
DOI 10.1007/s11120-013-9897-z

REGULAR PAPER

Regulation of photosynthesis during heterocyst differentiation
in Anabaena sp. strain PCC 7120 investigated in vivo at single-cell
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Abstract Changes of photosynthetic activity in vivo of
individual heterocysts and vegetative cells in the diazo-
trophic cyanobacterium Anabaena sp. strain PCC 7120
during the course of diazotrophic acclimation were deter-
mined using fluorescence kinetic microscopy (FKM). Dis-
tinct phases of stress and acclimation following nitrogen
step-down were observed. The first was a period of percep-
tion, in which the cells used their internally stored nitrogen
without detectable loss of PS II activity or pigments. In the
second, the stress phase of nitrogen limitation, the cell dif-
ferentiation occurred and an abrupt decline of fluorescence
yield was observed. This decline in fluorescence was not
paralleled by a corresponding decline in photosynthetic
pigment content and PS II activity. Both maximal quantum
yield and sustained electron flow were not altered in
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vegetative cells, only in the forming heterocysts. The third,
acclimation phase started first in the differentiating hetero-
cysts with a recovery of PS II photochemical yields
F,/Fn, F./F! . Afterwards, the onset of nitrogenase activ-
ity was observed, followed by the restoration of antenna
pigments in the vegetative cells, but not in the heterocysts.
Surprisingly, mature heterocysts were found to have an intact
PS II as judged by photochemical yields, but a strongly
reduced PS II-associated antenna as judged by decreased F,.
The possible importance of the functional PS II in hetero-
cysts is discussed. Also, the FKM approach allowed to fol-
low in vivo and evaluate the heterogeneity in photosynthetic
performance among individual vegetative cells as well as
heterocysts in the course of diazotrophic acclimation. Some
cells along the filament (so-called “superbright cells”) were
observed to display transiently increased fluorescence yield,
which apparently proceeded by apoptosis.
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cells - Topography of photosynthetic performance
at single-cell level

Abbreviations
Chl Chlorophyll

FKM  Fluorescence kinetic microscope as defined
by Kiipper et al. (2000)

Fy Minimal fluorescence yield of a dark
adapted sample in non-actinic measuring light

Fi Maximum fluorescence yield of a dark
adapted sample

F Steady state fluorescence under actinic
irradiance, after the end of the induction
transient

F, F,, — Fy = Variable fluorescence

Fy Fluorescence yield at the peak of the

induction curve after the onset of actinic light
FY Fluorescence yield

NSD  Nitrogen step-down

NPQ  (F, — F},)/F, = Non-photochemical quenching

PBS Phycobilisomes

PS Photosystem

AF F}, — F|, i.e., the response of fluorescence yield
to a saturating irradiation pulse in light
acclimated state

Opsy  F), — F|/F;, = Light-acclimated electron
flow through PS II (Genty et al. 1989)

Introduction

Several genera of cyanobacteria are able to fix atmospheric
nitrogen under conditions of nitrogen limitation. Reduction
of dinitrogen to ammonia is catalysed by the nitrogenase,
an extremely oxygen-sensitive enzyme that becomes rap-
idly and irreversibly inhibited by comparatively low con-
centrations of O, (reviewed by Postgate 1998). Since
cyanobacteria produce oxygen inside their own cells by
photosynthesis that provides energy for all cellular pro-
cesses, including nitrogen fixation, they evolved strategies
that protect nitrogenase from oxygen. Various cyanobac-
teria reconcile nitrogenase activity with photosynthesis in
different ways (reviewed e.g., by Bergman et al. 1997,
Berman-Frank et al. 2003). (1) Unicellular diazotrophs
usually separate both processes temporally, by fixing
nitrogen at night while photosynthesising during the day.
(2) The marine, filamentous, non-heterocystous genus
Trichodesmium carries out photosynthesis and nitrogen
fixation during the day inside the same cells, without per-
manent spatial segregation. Instead, this genus employs a
reversible switching of activity of individual cells from
oxygenic photosynthesis to nitrogen fixation coupled to a
non-oxygenic photosynthesis through the Mehler reaction
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(Kana 1993; Berman-Frank et al. 2001; Kiipper et al. 2004,
2009). (3) Heterocystous diazotrophs are filamentous spe-
cies, which in the absence of combined nitrogen differen-
tiate 5-10 % of cells in the filament into heterocysts, cells
specialised for the functioning of nitrogenase. Heterocysts
are supplied with products of photosynthesis formed in the
vegetative cells in exchange for organically bound amino
nitrogen. Thus, a distinct spatial separation of the two
incompatible metabolic activities is achieved (reviewed in
Flores and Herrero 2010; Kumar et al. 2010; Maldener and
Muro-Pastor 2010; Zhao and Wolk 2008). Although
markedly disparate at first glance, the representatives of
these three types use many similar processes to provide an
environment suitable for the efficient functioning of
nitrogenase under aerobic conditions (Berman-Frank et al.
2003).

This paper focuses on the heterocystous cyanobacterium
Anabaena sp. strain PCC 7120. Protection of nitrogenase
from molecular oxygen in the mature, fully differentiated
heterocyst results from concerted cytomorphological and
biochemical modifications in the cell (Wolk 1996; Kumar
et al. 2010). The changes in cellular structure in the course
of differentiation have been extensively studied and an
unquestioned consensus picture on their course during the
differentiation process is available. Consequently, cyto-
logical characteristics are often used as reliable markers for
the subsequent stages in heterocyst differentiation (Lang
and Fay 1971; Wolk et al. 1994; Fiedler et al. 1998; Hebbar
and Curtis 2000).

The picture is less complete and consistent as far as the
biochemical characteristics and particularly the activities of
the photosynthetic apparatus are concerned, since the
methods for biochemical and functional metabolic analysis
of individual differentiated cells in situ have been largely
lacking. Although mature heterocysts can be separated from
vegetative cells (Strohmeier et al. 1994), the isolation pro-
cedure may influence the functional components (enzymes)
by itself and the very tight and extensive mutual interactions
between the cells in the filament become disrupted with
unknown consequences on the metabolism. Furthermore, the
method of isolation selects heterocysts that passed a certain
stage of maturity. With all this in mind, the following char-
acteristics of biochemistry in heterocysts have been reported
in literature. Analyses of isolated heterocyst membranes
showed that they contain cytochrome c-554, plastocyanin,
plastoquinone, P700, cytochrome b-563, Fe-S proteins
(Tel-Or et al. 1977), ferredoxin and ferredoxin:NADPH™
oxidoreductase (Tel-Or and Stewart 1976), implying that in
the mature heterocysts photosystem I (PS 1) activity is pre-
dominant. The content of photosynthetic pigments, particu-
larly phycobiliproteins, is considerably reduced (Wolk and
Simon 1969). In recent study conducted on membrane pro-
teomes of heterocyst from nitrogen fixing filamentous
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cyanobacteria Nostoc punctiforme sp. PCC 73102 (Cardona
et al. 2009) a significant amount of assembled PS II com-
plexes was found containing the D1, D2, CP43, CP47 and
PsbO proteins from these complexes.

Measurements concerning various features and processes
related to photosynthesis provided the following results.
Ying et al. (2002) studied the fluorescence and absorption
spectra of individual vegetative cells and heterocysts in
intact filaments in vivo at room temperature and 77 K.
Differences were detected between the spectra of vegetative
cells and heterocysts, between heterocysts at different stages
of differentiation, and even between different parts of the
same heterocyst. The latter differences have been attributed
to different stages of phycobilisomes (PBS) degradation.
The reduced amount of PBS present in mature heterocysts
was reported to remain active in light absorption and in
transfers of light energy to Chl in PS I (Murry et al. 1981).
Recently, by single-cell confocal laser spectroscopy, the
differentiation of single-cell pigments in strain Nostoc
KUOO01 has been investigated (Sugiura and Itoh 2012). In
this study, typical fluorescence of PS II was detected in
heterocysts and the pigment ratios in single cells were
determined, suggesting an uncoupling of antennae proteins
from PS II in heterocyst. Time-lapse fluorescence micros-
copy (Kumazaki et al. 2013) revealed a highly synchronous
decay in APC and PS II concentration in Anabaena varia-
bilis during heterocyst differentiation with a constant stoi-
chiometric ratio in early stage of nitrogen limitation stress.
At the same time the average whole-thylakoid concentration
of PSI showed no substantial change during heterocysts
differentiation. Photooxidation and photoreduction of P700
showed that functional PS I complexes are present in het-
erocysts (Donze et al. 1972) and some functional sections of
photosynthetic electron transport as well as photophos-
phorylation have been demonstrated (Wolk and Simon
1969). Earlier studies using isolated mature heterocysts
showed strongly reduced fluorescence of Chl a and no light-
induced changes in fluorescence yield (FY) (Donze et al.
1972). Heterocysts have also strongly diminished levels of
manganese (Tel-Or and Stewart 1975) as well as of cyto-
chrome b-559 (Almon and Bohme 1980), both being
essential components of the functional PS II complex. These
differences could account for the considerably reduced or
inhibited activity of PS II in heterocysts. In addition, the
absence of the Hill reaction in isolated heterocysts has been
documented (Bradley and Carr 1971; Tel-Or and Stewart
1975). Mature heterocysts have been claimed to lack the
ability of assimilating CO, (Fay and Walshby 1966; Brusca
et al. 1989), and it was shown that carboxysomes disinte-
grate during heterocyst differentiation.

Many publications confirm that high respiratory activity
in heterocysts is probably the principal mechanism of
active nitrogenase protection. This conclusion is supported

by detection of elevated O, consumption rates in the het-
erocysts (Fay and Kulasooriya 1972; Stewart et al. 1969;
Milligan et al. 2007) as well as increased activities of
enzymes of the catabolic pathways (Winkenbach and Wolk
1973; Lex and Carr 1974; Lockau et al. 1978). Alternative
cytochrome oxidases (CoxII and CoxIIl) are essential for
heterocyst function in Anabaena sp. strain PCC 7120
(Jones and Haselkorn 2002; Valladares et al. 2003). Also,
the formation of a greatly extended cytoplasmic mem-
branes system (the so called “honeycomb”) is perhaps
connected with the enhancement of the respiratory activity
(Murry et al. 1981). The occurrence of light-dependent O,
consumption coupled to pseudocyclic electron flow in PS I
(Mehler reaction) in heterocysts (Milligan et al. 2007) may
be of particular importance under natural conditions
(Bradley and Carr 1971; Smith et al. 1986).

The development of heterocysts is mainly regulated on a
transcriptional level (reviewed in Adams 2000; Herrero
et al. 2004; Meeks and Elhai 2002; Zhang et al. 2006; Zhao
and Wolk 2008; Muro-Pastor and Hess 2012). Genome
wide expression analysis of the response to nitrogen
deprivation in Anabaena revealed three main profiles of
gene expression at 8, 13, and 24 h following the elimina-
tion (usually called “nitrogen step-down”, NSD) of fixed
nitrogen from the growth medium (Ehira et al. 2003; Xu
et al. 2008). Analyses of isolated heterocysts showed that
many of the upregulated genes were physically clustered
on the chromosome and became upregulated in a co-ordi-
nated manner. Eight DNA segments containing 29 ORFs
were found to be downregulated; they included the genes
encoding cytsso, the large subunit of Rubisco and the D1
protein of PS II. In addition, transcriptional changes, which
occur during nitrogen starvation, and transcript boundaries
have been investigated by RNA sequencing. These data
showed the importance of antisense RNAs in regulation of
heterocyst specific genes, hundreds of new genes were
identified as differentially expressed and the control of
their promoters by two major regulators NtcA and HetR
was demonstrated (Flaherty et al. 2011; Mitschke et al.
2011).

Kinetic imaging of Chl variable fluorescence allows
investigating in vivo changes in several photosynthetic
characteristics of both vegetative cells and heterocysts
during the process of heterocyst differentiation. The fluo-
rescence kinetic microscope (FKM) described by Kiipper
et al. (2000, 2007a) proved helpful in investigating the
regulation of photosynthesis in the non-heterocystous
cyanobacterium Trichodesmium (Berman-Frank et al.
2001; Kiipper et al. 2004, 2008, 2009; Andresen et al.
2010) or in filamentous cyanobacterium Calothrix elenkinii
(Adamec et al. 2005). Here, we have used this instrument
to follow the response to NSD in individual cells of the
filaments of Anabaena sp. PCC 7120. In this way we
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obtained another important comparison of the physiologi-
cal processes in vegetative cells and in the differentiating
heterocysts during acclimation to NSD.

Materials and methods
Growth conditions

Anabaena sp. strain PCC 7120 was grown in 1:4 diluted
A&A medium (Allen and Arnon 1955) with 5 mM NO;™
as source of combined nitrogen. The cultures were grown
in glass tubes of 30 mm inner diameter, 200 ml of sus-
pension in each. They were aerated at a rate 0.3 1 min~' by
air and illuminated with “cool white” fluorescent tubes
(50 pmol m 2 s~! PAR). The culture tubes were kept at
30 °C in a temperature controlled water bath with glass
walls. For the NSD experiment, the cyanobacterial fila-
ments were collected by centrifugation after 3 days of
cultivation (i.e., approximately at mid-exponential phase).
The sediment was washed twice and resuspended in
nitrate-free 1:4 diluted A&A medium (N-free medium).
Cells were then kept under the same conditions.

Measurement of nitrogenase activity

Nitrogenase activity was assayed by the acetylene reduc-
tion method (Hardy 1973; Maldener et al. 1994). 25 ml of
suspension withdrawn from the culture was placed in a
125 ml glass bottle. The bottle was sealed with a rubber
stopper and 10 ml of air was replaced with acetylene. After
1 h of incubation, a 10 ml gas sample was taken from the
bottle and the ethylene formed was assessed by gas chro-
matography (Hewlett Packard 5890).

Pigment analysis

Cultures were collected on glass-fiber filters (GF3,
Macherey—Nagel, Germany), chlorophyll a and carotenoids
were extracted overnight in 100 % acetone at 4 °C.
Supernatant was cleared by centrifugation (15 min at 4 °C,
10,000 rpm). Absorption spectra of the pigment extract
were recorded (350-800 nm) using the Spectronic Unicam
UV-550 spectrometer. Pigment content was determined
either using standard equations (Porra et al. 1989) or by
spectral deconvolution of the whole spectra into gaussian
absorption bands of individual pigments (Kiipper et al.
2007b). Spectra of extracted phycobiliproteins were mea-
sured following extraction in the phosphate saline buffer
(Kiipper et al. 2009). The relative content of total phyco-
biliproteins was then estimated from the area of the 610 nm
absorbance band of the phycobiliproteins extract. Exact
quantification of individual phycobiliproteins was not
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possible because not all spectra and extinction coefficients
of phycobiliproteins in Anabaena are known.

Dry weight

The GF3 filters were dried in the oven for 3 h at 105 °C
and then weighted. 10 ml of the cultures was collected on
the filters, dried (for 3 h at 105 °C) and weighted again.
Dry weight of the sample (mg/ml) was determined from the
difference of both values and the volume filtered.

Elemental analysis

Samples (1 ml) were filtered onto pre-combusted (2 h at
400 °C) 13 mm GF/F filters (Whatman, USA), dried for
2 h at 105 °C and analysed on an elemental soil analyser
using a thermo conductivity detector (NC 2110, Thermo-
Quest, Waltham, MA, USA).

Preparation of samples for Chl fluorescence measurements

Microscopic records of Chl fluorescence kinetics were
performed in a measuring chamber (middle version as
described by Kiipper et al. 2000). For each preparation, few
drops of cyanobacterial suspension were put on the inner
surface of the chamber’s glass window. To prevent
movement of the filaments during the measurements, the
surface of the glass window had been coated with BD Cell-
Tak adhesive (BD Biosciences, NJ, USA), which fixes cells
without influencing their physiological conditions. After
few minutes of cell sedimentation, the non-immobilised
filaments were washed away. Those sticking to the window
were covered with a cellophane sheet soaked in N-free
medium and stretched by applying a rubber o-ring. Tem-
perature-controlled (30 °C) medium, saturated with air was
passed through the chamber at a rate of about 25 ml min™",
as described previously (Kiipper et al. 2004, 2009). While
in the above described procedure, new sample for mea-
surements under the microscope was prepared for each
time point, for verification of the trends we also followed
the changes in the Chl fluorescence of individual filaments
that were cultivated in the measuring chamber during the
whole NSD transition process (up to 192 h), according to
Setlikovi et al. (2005).

Measurements of Chl fluorescence kinetics

Fluorescence kinetics of Anabaena sp. strain PCC 7120
were measured by the FKM constructed in collaboration
with the company Photon Systems Instruments (Brno,
Czech Republic, www.psi.cz) as described by Kiipper et al.
(2000), in later parts of this study with the modifications
described by Kiipper et al. (2007a). Most of the fluorescence
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measurements were performed in tandem with both blue
light (410-490 nm, subsequently called ‘blue excitation’)
absorbed mainly by PS II and PS I Chl-protein complexes,
and with orange light (575-615 nm, ‘orange excitation’),
absorbed mainly by PBSs [for information on used spectral
filters, see Kiipper et al. (2000, 2007a)]. The irradiance
intensities of the two lights were adjusted so as to get an
approximately equal average fluorescence response with the
given material—the intensity of the blue actinic light was
approx. 300 pmol quanta m~2 s™', the orange actinic was
approx 90 pmol quanta m~2 s~ ', the saturating lights were
10,000 and 4,000 pmol quanta m~2 s~! for the blue and
orange, respectively. The FKM was operated by the Flu-
orCam software from Photon Systems Instruments.

For all measurements reported here, we designed a
measuring protocol to record the main dark-light transients
in FY and to follow the initial phase of relaxation in the
dark. A schematic representation of a typical record
obtained with this protocol is illustrated in Fig. S1. The
legend to this figure describes the timing of the events
during measurement and specifies the symbols used for
labelling important basic fluorescence parameters (such as
Fy, Fn, Fy). These basic parameters were read by the
software at predefined time check points for calculation of
derived fluorescence parameters (e.g., F\/Fp,, ®psy, NPQ,
see below).

The measurements were performed with an automatic
subtraction of background signals and a maximum time
resolution of 80 ms. In the slower parts of the kinetics,
lower time resolution was applied. The duration of the
record was limited by the hardware and by the size of the
resulting data file.

Analysis of fluorescence kinetic records

The original two-dimensional data from the FKM, i.e., films
of Chl fluorescence kinetics, were analysed using the Flu-
orCam software from Photon Systems Instruments as
described before (Kiipper et al. 2000, 2004, 2007a, 2009).
Wherever the calculation of the parameter value involved the
value of F, the latter was calculated by the formula proposed
by Oxborough and Baker (1997). Fluorescence parameters
were calculated from measured values according to the
conventional formulas as reviewed by Rohacek (2002). We
also mostly adhere to the symbols preferred in his review.

Statistical treatment
The data are compiled from at least three independent

experiments. For analysis of pigment composition, dry
weight, nitrogenase activity and elemental analysis triplicate

samples were collected and analysed. These data are pre-
sented as averages with standard deviation error bars.

Results and discussion

The course of events during acclimation to nitrogen
deprivation

The NSD experiment started with transfer of cells into a
medium devoid of bound nitrogen. This initiates the period
of nitrogen deprivation of the cells and induces changes
both in the macroscopic parameters (Figs. 1A, B, 2) and in
the photosynthetic apparatus of individual Anabaena cells
(Figs. 3, 4). On a base of revealed consistent character and
similarity of the changes between macro- and micro-scopic
parameters we have conceptually divided the transition
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Fig. 1 (A) Variation of elemental composition of cells and detection
of nitrogenase activity measured by acetylene reduction during the
NSD. (B) Variation of nitrogen and carbon content of cells related to
dry weight. The vertical lines in the graphs show the separation in the
physiological phases of the NSD experiment as explained in more
detail in the text. The labels of these phases are: P perception period,
S stress period, A acclimation period
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Fig. 2 Variation of pigment content of cells related to dry weight
during the NSD

process during which cells readjust to the diazotrophy
regime into distinct periods.

Perception period

Following the NSD, first a period required to perceive the lack
of nitrogen was observed (labelled “P” in Figs. 1, 2, 3, 4).
This period lasted less than 20 h. The elemental composition
of the biomass has already started to change. When expressed
per unit of biomass, both C and N content declined during the
first 24 h, however, the decline of N was more pronounced
(25 %) than of C (6 %), (Fig. 1B). Therefore the molar N/C
ratio (Fig. 1A) significantly declined during the first 24 h,
from the initial value of 0.22-0.18. The pigment content of
the biomass (Fig. 2) also declined. The initial degradation of
phycobilins was less severe than the loss of chlorophylls.
The initial changes of the FYs (intrinsic yield F, and
maximal yield F,,) were different when measured by blue
or by orange excitations (Fig. 3). When excited by the blue
measuring light that is absorbed mainly by chlorophyll
pigments, both yields only slightly declined (left panels in
Fig. 3). The amplitude of this decline corresponds to the
decline of chlorophyll content (see Fig. 2). However, the
decline of the FYs when excited by the orange measuring
light (see the right panels of Fig. 3) was much more pro-
nounced, occurred even during the first 12 h after the NSD.
Interestingly, the phycobilin content remained almost
unchanged. Since the FKM detects fluorescence above
approx. 650 nm, this uncoupling between the phycobilin
content and FYs can be explained either by decrease in the
intrinsic FY's of PBS or by decreased energy transfer from
PBS to chlorophyll emitters. In the first case, FY of PBS
themselves could decrease by aggregation (or other struc-
tural impairment) induced by the onset of nitrogen limi-
tation. This aggregation would precede the breakdown and
decrease of PBS that is observed in the later stages of NSD.
We can rule out that the FYs would decrease because the
composition of PBS would change (for example, if

@ Springer

allophycocyanin concentration would decrease relative to
phycocyanin), because the shapes of absorption spectra of
extracted phycobilins were identical. In the second case,
one can speculate that initial stages of nitrogen limitation
activate thermal dissipation of energy that is transferred
from phycobilisome to the chlorophyll containing reaction
centres. However, the PSII photochemical activity
remained during the perception period almost constant
(Fig. 4). The perception period during acclimation to
nitrogen deprivation is most likely caused by the fact that
the cells still use up bound nitrogen that was taken up
before the NSD that enabled the culture to maintain the
original photosynthetic activity. To optimise photosynthe-
sis efficiency and to protect themselves from excessive
light, cyanobacteria possess several known molecular
mechanisms: state transitions [see e.g., Biggins and Bruce
(1989) or Allen and Mullineaux (2004)], blue-green light-
induced non-photochemical fluorescence quenching at
phycobilisome level (for recent review, see e.g., Kirilovsky
and Kerfeld 2012) and phycobilisome decoupling (Kana
et al. 2009, 2012). Our data suggest that the different
characters of FYs changes may result from different reg-
ulation mechanisms that took place in cyanobacterial
photosynthesis machinery when excited by the blue and the
orange light.

Stress period

After about 20 h, the period of nitrogen deficiency stress
(labelled “S” in Figs. 1, 2, 3, 4) started. In this period, the
macroscopic parameters (elemental and pigment contents,
Figs. 1B, 2) continued to decline with similar rates like in
the perception period. In addition, in this period we also
observed significant drop of FYs of individual cells
induced by blue excitation (left panel of Fig. 3). Still, the
decline of FYs was distinctly larger under excitation with
orange light (right panel in Fig. 3). The latter difference is
apparent in changes of F,,, F, and F, values expressed in
percent of the initial value (Fig. 3). During the whole
course of experiments, however, in vegetative cells the F,,
and F, values (Fig. 3) showed only small deflections from
strict proportionality of their changes and this provides an
explanation for only slight variation in the values of F,/F,
(Fig. 4). This indicates that despite the loss of pigments,
the remaining photosynthetic apparatus is being continu-
ously adjusted to a reasonably functional structure.

The beginning of the decline in pigments coincides with
the appearance of first proheterocysts, so it seems to be the
time point when the intracellular nitrogen deficiency is
developed and the cells start to counteract it by heterocyst
differentiation. During this period, a noticeable transient
increase in values of the parameters reflecting the maximal
dark-acclimated quantum yield of PS II photochemistry
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Fig. 3 Variation of basic
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(F,/F,) in vegetative cells and the light-acclimated PS II
electron transport (Ppsy = ((F}, — F|)/F},, Genty et al.
1989) in both vegetative and (pro)heterocystous cells was
observed (Fig. 4). This rise lasted somewhat longer than
the steep drop of F(, and F, and then parameters started to
decline. The decline of ®pgy; was limited only to approx-
imately the 20th hour of experiment. We consider ®pgy to
provide the most reliable estimate of the real efficiency of
the thylakoid electron transport, particularly in the specific
conditions met in Anabaena records. Therefore we assume
that at ~20 h of the experiment the early segment of the

Time since stepdown (h)

—l- vegetative cells  --@- heterocysts |

nitrogen deficiency stress period, in which only the pig-
ment content (light harvesting) was affected, was termi-
nated and the period of the most severe nitrogen deficiency,
in which also the photochemistry was affected, was started.
In this period ®pgy; further declined and the most signifi-
cant changes in the shape of FY transients were observed.

Despite the decrease in all the parameters discussed
above, no pronounced changes in the general shape of the
FY transients were apparent, i.e., only the amplitudes of the
features measured by those fluorescence parameters were
changed. Quite frequently transients with very similar
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Fig. 4 Variation of derived
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shapes were recorded with cells from subsequent samplings
even if in the meantime the F, value decreased to about
one half.

This indicates that the number of photosynthetic units
becomes reduced, but the structure and efficiency of the
remaining ones was stable.

Acclimation period

While the previous events displayed similar timing for the
vegetative cells and the cells differentiating into heterocysts,

@ Springer

the transition to nitrogen deficiency acclimation (marked
“A” inFigs. 1,2, 3, 4) was markedly different for both types
of cells and also for the various parameters analysed. In
general, the recovery of photochemistry occurred earlier in
the heterocysts than in the vegetative cells. A very clear
turning point in the quantum yield of PS II as measured by
F,/Fy, (dark-acclimated) and F, /F, (light-acclimated) was
observed in the heterocysts already at about 36 h. Judged by
Fo, F, and F,/F), of the vegetative cells, the period of
nitrogen deficiency stress ended at about 48 h. At this time,
the period of acclimation to the nitrogen deficiency began.
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From its beginning, the acclimation period was character-
ised by the restoration of the PS II antenna pigments as
measured by F,, which started at 48 h. Also the recovery of
the PS II quantum yield measured by F,/F), started at the
same time.

Another important marker in this period that can be
determined quantitatively and with a good time resolution
is the activity of nitrogenase. First significant quantities of
reduced acetylene were detected in samples at the 72nd
hour following the NSD. The onset of nitrogenase activity
was followed by the recovery of light-acclimated (sus-
tained) electron flow through PS II (as measured by ®pgyy)
in the vegetative cells. This clearly shows that the recovery
of photosynthesis could only take place when already
substantial amounts of fixed nitrogen became available
again. Also, the earlier recovery of photochemistry in
heterocysts compared to vegetative cells (see above) could
result from the earliest onset of nitrogenase, which activity
is not yet detectable on macroscopic scale but sufficient to
cause the recovery of metabolism on a single-cell levels
(host heterocystous cells). We assume that in this time
interval the final steady state in the diazotrophic metabolic
pattern segregation and efficient metabolic communication
between the heterocysts and the vegetative cells got grad-
ually established.

Acclimated state

The final acclimated state was approached at the end of the
experiments (150 h). In the acclimated state, the vegetative
cells reached about the same PS II-associated antenna size
(as judged by Fy) compared to the initial unstressed state
before NSD. Also PS II activity as measured by F,, F,/F,
and F| /F] , reached again the levels (or was even higher)
before NSD. In the heterocysts, which were the first cells to
start the recovery of PSII activity, this recovery was
incomplete, as it is seen best in the curves of light-accli-
mated PS II quantum yield (F}/F/; Fig. 4). At the same
time, non-photochemical quenching in mature heterocysts
was much higher than in the recovered vegetative cells
(Fig. 4). The mechanism of activated non-photochemical
quenching in heterocysts of Anabaena deserves further
investigation. It has been recently found that Anabaena
genome possesses an analogue to the Orange-Carotenoid-
Protein (D. Jallot and D. Kirilovsky, personal comm.) that
forms basis for NPQ quenching in Synechocystis PCC6803
(Kirilovsky and Kerfeld 2012).

These features indicate that, in contrast to earlier
assumptions based on data obtained with isolated hetero-
cysts, heterocysts have active PS II reaction centres, but
nevertheless do not carry out much PS II-mediated electron
flow and instead thermally dissipate most of the captured

excitons. Recent finding by Cardona et al. (2009) that light
driven in vitro electron transfer from PS II in heterocyst
thylakoid membranes could also be measured and the fact
that the authors could not detect any partially disassembled
PS II complexes lacking CP43 are being in a good agree-
ment with our experiments conducted in vivo on an indi-
vidual cell scale. This situation raises the question of the
purpose of maintaining an active PS II in these cells. First,
it could serve in a specifically PS II-dependent process of
thermal exciton quenching and thus be necessary for
avoiding excess excitation of PS I. Second, at present it
cannot be excluded that under certain environmental cir-
cumstances Anabaena heterocysts may carry out the
Mehler reaction, as it has been shown in the non-hetero-
cystous marine filamentous cyanobacterium 7Trichodesmi-
um (see “Introduction” section; Kana 1993; Berman-Frank
et al. 2001). To ensure we monitor the earliest generation
of heterocysts during NSD, for each measurement the
heterocysts with the most developed envelope were chosen
along the investigated filament. However, after the onset of
nitrogenase activity in the heterocysts of the first genera-
tion, the flow of metabolites with bound nitrogen along the
filament is established. This could lead to the situation
when, in contrast to the heterocysts from the first genera-
tion, the second generation heterocysts that differentiate
already in recovering filament are able to complete the
synthesis of their envelopes before PS II inactivation. Then
a relatively high PS II activity in morphologically fully
developed heterocysts accompanied by a strong non-pho-
tochemical quenching could be a regulatory mechanism
required specifically in the second and later generations of
heterocysts during their transition to maturity. If so, future
measurements following the fate of individual cells in a
single filament under long-term nitrogen-limited growth
should not show the recovery of PS II at the end of het-
erocyst differentiation.

Interaction of vegetative cells with heterocysts:
heterogeneity along the filament

The differentiation of the heterocysts is controlled by a
mechanism which results in their formation at a defined
spacing along the filament. We were also interested whe-
ther the interaction of the vegetative cells with the differ-
entiating heterocysts is reflected in the heterogeneity of
photosynthetic characteristics of individual cells along the
filament. This heterogeneity was neglected in the routine
measurements shown and discussed above, in which
always data from three heterocysts and their neighbouring
vegetative cells were processed to characterise the sample.
We have, therefore, analysed a string of cells including two
(pro)heterocysts 72 h after the NSD and results of the
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Fig. 5 Heterogeneity of FY along the Anabaena filament. Top left
panel image of F,, values per pixel expressed in a false colour scale
(from black = 0 via blue to red = maximum). Other panels values of
the FY parameters (indicated as label of the Y axis) calculated from
average FY values for the individual cells of the filament plotted

analysis of all cells along the filament are presented in
Fig. 5. In this particular experiment, nitrogen fixation was
already significant at 72 h after NSD. That means the fil-
ament in Fig. 5 was in the middle of the acclimation
period.

In Fig. 5A the image of F, values in individual pixels of
the records is displayed in a false colour scale (from
black = 0 via blue to red = maximum). Average values of
Fy and F, for individual cells are graphically plotted
against the serial cell number in the other panels of the
figure. Cells No. 7 and No. 17 were mature heterocysts as
confirmed by a snapshot of the filament taken after the
measurement with the microscope operating in the trans-
mitted light. A well-developed characteristic heterocyst
cell envelope and polar nodules within these cells are
apparent (picture not shown).

The variation of fluorescence parameters along the fil-
ament in principle corresponds to what can be expected
from the generalised results presented above. The F, and
F, values of the heterocysts were lower than of the
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indicated the FY image. Arrows show heterocysts (cells 7, 17) of the
filaments

neighbouring vegetative cells. The F, values of the het-
erocysts amount between 55 and 65 % of the value for
vegetative cells, which is roughly in line with the ratio of
the corresponding points at 72 h in the F, panel of Fig. 3.
With F, values the ratio of signals in the heterocyst Nos. 7
and 17 also agrees with the points in the corresponding
graph. The PS II photochemical yields of the heterocysts
are comparable with the vegetative cells.

Superbright cells

Beside the lower FY of heterocysts, we often observed
cells with significantly (up to 300 %) higher FYs F; than
the neighbouring vegetative cells. These cells often still
showed variable fluorescence comparable with the vege-
tative cells, indicating that part of the antenna pigments is
uncoupled from the still active reaction centres of PS II.
These bright cells were quite dynamic, they formed within
30 min (Fig. 6) and soon almost completely lost their
fluorescence.
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Fig. 6 Dynamics of bright
cells. Images of F values per
pixel expressed on grey scale
(black = 0 to

white = maximum). Serial
images of the same filament
were taken every 30 min.
Numbers indicate cell(s) that
suddenly increased their
fluorescence yield. Usually, the
high intensity state disappeared
within 30 min. Subsequently,
the cells showed significantly
less fluorescence

Conclusions

Application of single-cell fluorescence kinetic microscopy
enabled the investigation of the in vivo regulation of pho-
tosynthesis in Anabaena sp. strain PCC 7120 during the
adaptation to nitrogen deprivation. Changes in the character
of fluorescence kinetics as well as in fluorescence parame-
ters were investigated in Anabaena vegetative cells as well
as in differentiating heterocyst. Our results demonstrate the
presence of active PS II reaction centres in pro- and het-
erocysts. This might be connected to the occurrence of light-
dependent O, consumption coupled to pseudocyclic electron
flow (Mehler reaction) in heterocysts (Milligan et al. 2007).
Measurements of photochemical performance on single-cell
level allowed us to show the dynamics and heterogeneity of
PS II activity during the formation of heterocysts.
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