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Abstract Nitrogen is among the most important nutri-
tious elements for photosynthetic organisms such as plants,
algae, and cyanobacteria. Therefore, nitrogen depletion
severely compromises the growth, development, and pho-
tosynthesis of these organisms. To preserve their integrity
under nitrogen-depleted conditions, filamentous nitrogen-
fixing cyanobacteria reduce atmospheric nitrogen to ammo-
nia, and self-adapt by regulating their light-harvesting
and excitation energy-transfer processes. To investigate
the changes in the primary processes of photosynthesis,
we measured the steady-state absorption and fluorescence
spectra and time-resolved fluorescence spectra (TRFS) of
whole filaments of the nitrogen-fixing cyanobacterium
Anabaena variabilis at 77 K. The filaments were grown in
standard and nitrogen-free media for 6 months. The TRFS
were measured with a picosecond time-correlated single
photon counting system. Despite the phycobilisome deg-
radation, the energy-transfer paths within phycobilisome
and from phycobilisome to both photosystems were main-
tained. However, the energy transfer from photosystem II
to photosystem I was suppressed and a specific red chloro-
phyll band appeared under the nitrogen-depleted condition.
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Introduction

Cyanobacteria constitute a large group of photosynthetic
prokaryotes. Like their photosynthetic eukaryotic counter-
parts (algae and plants), their thylakoid membrane contains
two transmembrane pigment—protein complexes called pho-
tosystem I (PSI) and photosystem II (PSII), which enable
light-driven oxygenic photosynthesis (Blankenship 2014).
Besides possessing both photosystems (PSs), cyanobacteria
retain a light-harvesting antenna pigment—protein complex
called phycobilisome (PBS) on their thylakoid membrane
surface (Gantt and Conti 1969), which comprises a rod and
a core. The excitation energy captured by PBS is efficiently
transferred to PSI or PSII, and transfers from the rod to
the core of the PBS under an energy gradient (Allen and
Holmes 1986). These pigment—protein complexes contain
a remarkable number of photosynthetic pigments, which
are broadly classified into three types: chlorophyll a (Chl
a), carotenoids (Cars), and bilins. Chl a and some Cars are
located in PSI and PSII and some bilins are associated with
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PBS (Blankenship 2014). In the primary process of photo-
synthesis, the excitation energy captured by these pigments
is transferred to their reaction center (P700 in PSI and P680
in PSII).

Owing to their high adaptability, cyanobacteria are
widely distributed and can survive in dramatically fluctuat-
ing local environments (Blankenship 2014). Unfortunately,
most cyanobacteria grow under sub-optimal conditions in
nature and are often subjected to environmental stressors
such as light intensity and/or quality, low nutrient avail-
ability, and adverse temperature or pH (Gantt 1975; Fogg
2001). To avoid serious damage and to ensure survival
under unfavorable conditions, cyanobacteria adapt by regu-
lating their primary photosynthetic process (Gantt 1975).
Thus, cyanobacteria are regarded as model organisms
for studying adaptive responses to various environmen-
tal stresses, and have been widely used in photosynthetic
research.

As cyanobacteria derive their energy from light and
inorganic nutrients, inorganic nutrient deprivation is the
limiting factor in their growth, development, and photo-
synthesis (Grossman et al. 1994). Inorganic nutrients are
roughly divided into macronutrients and micronutrients.
Deficiency of macronutrients such as nitrogen, sulfur, and
phosphorus induces PBS degradation (Collier and Gross-
man 1992, Schwarz and Forchhamme 2005), and affects the
excitation energy-transfer processes within and between the
pigment—protein complexes. The effects of macronutrient
deprivation have been investigated in the cyanobacterium
Synechococcus sp. PCC 7942 grown in nitrogen-, sulfur- or
phosphorus-free medium (replacing the NaNO;, MgSO,, or
K,PO, salts with NaCl, MgCl,, or KCl, respectively). Col-
lier et al. (1994) suggested that under nutrient-poor con-
ditions, the light energy absorbed by the PBS is not effi-
ciently transferred to Chl, but is largely fluoresced from the
PBS terminal emitter. Micronutrients also affect the photo-
synthetic processes. Niki et al. reported that energy-transfer
processes were affected by nutrients other than NO;™ under
both nitrogen-rich and nitrogen-deficient conditions (Niki
et al. 2015). Under iron-deficient conditions, additional
antenna complexes containing Chl a, which work as light-
harvesting antennae of PSI, form around the PSI trimers
(Laudenbach and Straus 1988; Michel and Pistorius 2004).
Calcium-deficient conditions suppress the excitation energy
transfer in the PBS rods and cause quenching at the ends of
the rods (Yokono et al. 2012a).

As a main constituent of amino acids, photosynthetic
pigments, and nucleic acids, nitrogen is especially impor-
tant for photosynthesis, and occupies approximately 10% of
the dry weight of a cyanobacterial cell (Cobb and Myers
1964). Representative nitrogen sources are ammonium,
nitrate, and nitrite. In the absence of nitrogen, non-diazo-
trophic cyanobacteria source nitrogen by degrading their
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own PBS (Grossman et al. 1993). During long-term nitro-
gen depletion, the altered pigment composition manifests
as a color change of the culture medium from blue—green to
yellow. Additionally, nitrogen stress influences the absorp-
tion intensity and excitation energy transfer from phycocya-
nin (PC) to Chl a in intact Arthrospira (Spirulina) platen-
sis filaments grown in low-nitrate medium (NaNO; levels
below 1/500 that of standard medium) (Peter et al. 2010).

Diazotrophic (nitrogen-fixing) cyanobacteria avoid the
adverse effects of nitrogen depletion by reducing atmos-
pheric nitrogen to ammonia (Fay 1992; Postgate 1998).
However, the nitrogen-fixation enzyme (nitrogenase) is
irreversibly inactivated by molecular oxygen (Wolk 1996;
Postgate 1998). Thus, diazotrophic cyanobacteria have
evolved strategies to protect their nitrogenase from molecu-
lar oxygen. In filamentous diazotrophic cyanobacteria such
as Anabaena and Nostoc, the photosynthesis and nitrogen-
fixation processes are spatially separated by heterocysts
derived from vegetative cells (Berman-Frank et al. 2003;
Kumar et al. 2010). Heterocysts are specialized cells for
nitrogen fixation, and are characterized by a thick mem-
brane, high PSI activity, and loss of division capability
(Maldener and Muro-Pastor 2010).

Previous studies have investigated photosynthesis in iso-
lated heterocysts of Anabaena and Nostoc, and have doc-
umented the degradation of PBS and PSII under nitrogen
stress and during heterocyst differentiation. Although pig-
ments are usually quantified by physiological and biochem-
ical methods, the isolation procedures may influence the
pigment—pigment, pigment—protein, and/or complex—com-
plex interactions. Each PSI monomer contains 9-11 red
Chls, which absorb longer-wavelength light than P700
(Boardman et al. 1966; Goedheer 1972; Nakayama et al.
1979; Govindjee 2004) by excitonic coupling of the Chl a
molecules. Red Chls reportedly play important roles in the
primary process of photosynthesis (Pélsson et al.1998; Jor-
dan et al. 2001). Therefore, isolation will likely affect some
of the energy transfers among the Chls. Furthermore, the
pigment quantities and interactions depend on the growth
and differentiation stages, which differ among the cells
(Thomas 1970; Ying et al. 2002). Some isolation methods
may select heterocysts beyond a certain stage of maturity
(Ferimazova et al. 2013). For these reasons, in vivo meas-
urements are important for studying the primary process of
photosynthesis.

In our previous study, we reported modified pigment
compositions and the energy-transfer processes in nitrogen-
deprived intact filaments of Anabaena variabilis through-
out their growth period in 15 days after the nitrogen deple-
tion without another inoculation. The investigation was
performed by a spectroscopic method (Onishi et al. 2015).
The growing filaments gradually changed their photo-
synthetic process. In the present study, we investigate the
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in vivo energy-transfer processes of A. variabilis filaments
adapted to nitrogen-depleted or nitrogen-enriched condi-
tions for 6 months with repeated inoculations. To this end,
we measure and analyze the steady-state absorption and
fluorescence spectra and time-resolved fluorescence spectra
(TRFS). Time-resolved fluorescence spectroscopy detects
only the signals from excited-state pigments, revealing
the excitation energy-transfer processes at different times
after excitation. By comparing the filaments grown under
nitrogen-depleted and nitrogen-enriched conditions, we can
understand the nitrogen stress response of the filamentous
diazotrophic cyanobacterium A. variabilis.

Materials and methods
Culture conditions

The filamentous cyanobacterium A. variabilis ATCC
29,413 was continuously cultivated in modified BGI11
medium or BGI1 medium without NaNO; (BGl11,
medium) for 6 months to acclimate to each nitrate condi-
tion. Part of cultured cells were transferred to fresh media
once every 1-2 weeks (at 0.04 of the optical density at
750 nm). Each liter of BG11 medium contained 1.5 g
NaNO,, 0.04 g K,HPO,, 0.075 g MgSO, H,O, 0.036 g
CaCl, 2H,0, 0.006 g citric acid, 0.006 g ferric citrate,
0.001 g EDTA (disodium salt), 0.02 g Na,CO;, 2.86 mg
H;BO;, 1.81 mg MnCl, 4H,0, 0.222 mg ZnSO, 7H,0,
0.39 mg NaMoO, 2H,0, 0.079 mg CuSO, 5H,O, and
49.4 pg Co(NOs), 6H,O. Anabaena variabilis cells were
cultivated in 200 mL Erlenmeyer flasks containing 70 mL
of BG11 or BG11, with 100 rpm agitation under continu-
ous illumination at 40 umol photons m~2 s~ ! using white
fluorescent bulbs (Life look HGX and NHG; NEC Corpo-
ration, Tokyo, Japan), with air conditioning to maintain a
temperature of 30°C in a bio-shaker (BR-40LF, TAITEC,
Tokyo, Japan). The A. variabilis cells were measured 4
days after inoculating to fresh media. The cultured cells
in BG11 and BGI11, were referred to as N+and N—,
respectively.

Measurement of steady-state spectra

Steady-state absorption spectra were measured by a spec-
trometer equipped with an integrating sphere (V-650/
ISVC-747, JASCO, Tokyo, Japan) at 77 K, and steady-state
fluorescence spectra were measured with a spectrofluorom-
eter (FP-6600/PMU-183, JASCO, Tokyo, Japan) at 77 K.
The excitation wavelengths were 440 and 600 nm, which
mainly excite the Chl Soret band and PC, respectively.
Samples for steady-state fluorescence measurements were
prepared under dimly light conditions, and homogenous

ice was obtained by adding polyethylene glycol (average
molecular weight 3350, final concentration 15% (w/v),
Sigma-Aldrich, USA) to the sample solutions.

Measurement of time-resolved fluorescence spectra

Time-resolved fluorescence spectra (TRFS) were meas-
ured by a time-correlated single photon counting system
operated at 77 K (Akimoto et al. 2012). The excitation
source was a picosecond diode laser (PiL040X, Advanced
Laser Diode Systems, Germany). The excitation wave-
length (408 nm) simultaneously excites all pigments. The
time interval for data acquisition was set to 2.44 ps/chan-
nel (total time window = 10 ns) or 24.4 ps/channel (100 ns)
and the repetition rate of the pulse picker was 5.0 MHz.
Therefore, the measurements were unaffected by excitation
pulses up to 100 ns. The width of the instrumental response
function was approximately 50 ps. The fluorescence kinet-
ics were measured from 620 to 770 nm at 1-nm intervals.
Fluorescence behaviors were consistent in repeated meas-
urements, confirming constant sample conditions through-
out the measurements. Samples were prepared as described
for the steady-state fluorescence measurements. In the
TRFS measurements, the fluorescence from the sample
surface was monitored at right angles to the incident light.

Results
Steady-state absorption and fluorescence spectra

Figure 1 shows the steady-state absorption spectra of A.
variabilis filaments at 77 K. All absorption spectra were
normalized at 678 nm. The Chl absorption peaks at 440,
678, and 710 nm, correspond to the Chl Soret band, the Chl
Qy(0, 0) band, and the lower-energy Chl (red-Chl) band

—_
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Fig. 1 Steady-state absorption spectra of Anabaena variabilis fila-
ments grown under nitrogen-enriched conditions (N+, solid line) and
nitrogen-depleted conditions (N—, dotted line) at 77 K. The spectra
were normalized at the Chl Qy(0, 0) band
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Table 1 Intensity ratios in the steady-state absorption spectra (Fig. 1)
of Anabaena variabilis filaments grown under nitrogen-enriched con-
ditions (N+) and nitrogen-depleted conditions (N-) at 77 K

Samples Carys/Chlgq PCg,/Chlg,g* Chl;s/Chlgrg
N+ 0.99 0.84 0.18
N- 0.79 0.58 0.19

Carygs, PCqy, Chlgyg, and Chl,g denote carotenoid (495 nm), phyco-
cyanin (620 nm), chlorophyll (678 nm), and lower-energy chlorophyll
(708 nm), respectively

*The values of PCg,,/Chlg;s were obtained by subtracting the esti-
mated contribution of the Chl Qy(1, 0) band (0.20) from the apparent
relative absorbance around 620 nm

of PSI, respectively. The three peaks around 500 nm are
assigned to Car. The peaks at 620 and 632 nm are attrib-
uted to PC, and the shoulder around 655 nm is assigned to
allophycocyanin (APC). The relative intensities of the Car,
PBS, and PSI red-Chl bands (Car,qs/Chlg;g, PBS¢,,/Chlgs,
and Chl,g/Chlg;g respectively) depend on the cultivation
media (see Table 1). The Qy(1, 0) absorption band of Chl
appears around 620 nm. To estimate the PBS,,/Chlg;4, we
assumed identical intensity ratio of the Qy(1, 0) band to the
Qy(0, 0) band in all intact cells, and that PSI and PSII are
isolated. Therefore, we used the relative intensity of the Chl
Qy(1, 0) band and subtracted 0.20 from the apparent rela-
tive absorbance around 620 nm. In the nitrogen-depleted
medium, adaptation by the A. variabilis filaments was
revealed by four notable changes in the absorption spec-
trum: decreased relative intensity of the Car band, a 3—4 nm
redshift of the Car band, decreased relative intensity of
the PBS band, and slightly increased relative intensity of
the PSI red-Chl band. The major Cars of A. variabilis are
p-carotene (51%), echinenone (20%), and canthaxanthin
(22%) (Takaichi et al. 2006). During long-term growth in
nitrogen-free medium, the proportion of lower-energy Cars
increased, suggesting an adaptive response to nitrogen dep-
rivation by the A. variabilis filaments.

Figure 2 shows the steady-state fluorescence spectra of
A. variabilis filaments at 77 K. The excitation wavelength
was 440 nm (Fig. 2a, Chl excitation) and all fluorescence
spectra were normalized at the PSI red-Chl band (~730 nm;
Govindjee and Yang 1966). Excitation at 440 nm induces a
large peak around 730 nm in the PSI fluorescence region,
with additional bands in the 680-700 nm region. The
peaks around 685 and 695 nm are attributed to the core
antenna complexes CP43 and CP47 of the PSII reaction
center, respectively (Murata and Satoh 1986). The rela-
tive fluorescence intensity of PSI to PSII is lower in the
nitrogen-deprived filaments than in those grown in stand-
ard medium. Under 600-nm excitation, additional peaks
appear around 650 and 665 nm, which are attributed to PC
and APC, respectively (Fig. 2b, PC excitation). In the PBS
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Fig. 2 Steady-state fluorescence spectra of Anabaena variabilis fila-
ments grown under nitrogen-enriched conditions (N+, solid line) and
nitrogen-depleted conditions (N—, dotted line) at 77 K. Excitation
wavelength was 440 nm (a) or 600 nm (b). The spectra were normal-
ized at the PSI red-Chl band (a) or by the shorter wavelength side of
the PC band (b)

fluorescence region, the N —spectrum shows decreased
relative fluorescence intensity of PSI to PBS and a longer-
wavelength shift of the PC peak. Both samples emit from
PSI and PSII in the Chl fluorescence region, indicating that
the excitation energy captured by PBS is efficiently trans-
ferred to both PSII and PSI, regardless of nitrogen avail-
ability. However, the relative fluorescence intensity of PSI
to PSII is smaller in N —than in N+ (Table 2), indicating
that the energy distributions are differently proportioned in
N+ and N—; that is, PBS transfers less excitation energy to
PSI under long-term nitrogen depletion.

Time-resolved fluorescence spectra and fluorescence
decay-associated spectra

Figure 3 shows the TRFES of A. variabilis filaments at 77 K.
All fluorescence spectra were normalized at ~730 nm (the
PSI red-Chl band). Under 408 nm (which excites all pig-
ments), another four fluorescence peaks appear around
650, 665, 685, and 695 nm. The former two are assigned
to PC and APC, respectively; the latter two are assigned
to red Chl in CP43 and CP47 of PSII, respectively. The
relative fluorescence intensity of PBS is lower in N —than
in N+during the early time range (0-5 ps), but is higher
in N—in the 3.1-3.5 ns range, despite the reduced rela-
tive amount of PBS (Fig. 1). Conversely, in the Chl
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Table 2 Fluorescence intensity ratios (PSI/PSIIs) in the steady-state
fluorescence (SF) spectra excited at 600 nm (Fig. 2b), and the delayed
fluorescence (DF) spectra (Fig. 4)

Samples PSI/PSII in SF PSI/PSII in DF APSI/PSIT
N+ 4.8 3.8 1.0
N- 2.7 1.8 0.9

In both spectra, PSII and PSI peak around 695 and 733 nm, respec-
tively. Considering the differences in fluorescence quantum yields,
we divided the apparent PSI/PSII ratios by the corresponding mean
lifetimes

(a) (b)
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Fig. 3 Time-resolved fluorescence spectra of Anabaena variabilis
filaments grown under nitrogen-enriched conditions (N+) (a) and
nitrogen-depleted conditions (N-) (b) at 77 K. The excitation wave-
length was 408 nm, and each spectrum was normalized by its maxi-
mum intensity. Dotted lines are X5 magnifications of the original
spectra. Numbers shown on individual spectra indicate the magnifica-
tion factors relative to the most intense spectrum. The gray vertical
lines indicate 685, 695, and 730 nm from left to right

fluorescence region of N—, the PSI red-Chl peak shifts
to a shorter wavelength (726 nm) immediately after laser
excitation (0-5 ps in Fig. 3), and the relative fluorescence
intensities around 710 nm are higher in N—than in N+.
Over time, the peak positions in the PSI red-Chl fluores-
cence region shift to longer wavelengths, and the fluores-
cence maxima of N+and N —coincide after 85 ps. In the
final TRFS (28-35 ns in Fig. 3), both samples display PSII
and PSI peaks, but the PSI/PSII ratio in N —is almost half
that of N+.

Figure 4 shows the fluorescence decay-associated spec-
tra (FDAS). The fluorescence curves were fitted by sums of
exponentials with seven common time constants: 10-20 ps,
65-85 ps, 220-280 ps, 480-590 ps, 1.1-1.7 ns, 4.8-5.1 ns,
and over 16-20 ns. The fitting formula is given by

7
Ft.)= Y A(Dexp <—Ti>

n=1 n

Before constructing FDAS, fluorescence decay curves
were deconvoluted using free-running exponential com-
ponents with an instrument function. The positive and
negative amplitudes A, (1) in the spectra correspond to
the fluorescence decay and rise components, respectively.
Therefore, a positive and negative pair of peak ampli-
tudes indicates that energy is transferred from a pigment
with positive amplitudes to one with negative amplitudes
(Akimoto et al. 2012). In the PBS fluorescence region of
the first FDAS (the 10-20 ps components; see Fig. 4),
N+and N-—exhibit a positive-negative amplitude pair
around 645 nm (PC) and 665 nm (APC), respectively, indi-
cating that energy transfers from PC to APC even under
nitrogen-depleted conditions. The amplitudes of the peak
around 685 nm (PSII red Chl) of the first FDAS are posi-
tive in N+ but negative in N—. In the PSI red-Chl region of
the first FDAS, both samples exhibit a pair of positive and
negative amplitudes, but their spectra differ in two notable
ways. First, whereas N —exhibits two positive peaks (~695
and ~710 nm), the longer-wavelength peak (~710 nm) is
absent in N+. Second, the negative peak appears at longer
wavelength in N— (~735 nm) than in N+ (~725 nm). In the
second FDAS (the 65-85 ps components, Fig. 4), both sam-
ples exhibit a fluorescence peak with negative amplitude
in the PSI red-Chl region (~735 nm). In the third FDAS
(the 220-280 ps components, Fig. 4), N+exhibits a posi-
tive—negative pair of amplitudes, whereas all N —ampli-
tudes are positive. The fluorescence maxima in the fourth
and fifth FDAS (the 480-590 ps and 1.1-1.7 ns compo-
nents, respectively, in Fig. 4) almost coincide, indicating
very similar energies of the red PSI Chls in both samples
(~735 nm and ~739 nm in the fourth and fifth FDAS,
respectively). The seventh FDAS (the 16-20 ns compo-
nents in Fig. 4), called the delayed fluorescence spectrum,
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Fig. 4 Fluorescence decay-associated spectra of Anabaena variabi-
lis filaments grown under nitrogen-enriched conditions (N+) (a) and
nitrogen-depleted conditions (N-) (b), obtained by global analysis of
the time-resolved fluorescence spectra (Fig. 3). Dotted lines are mag-
nified by the factors displayed in each window. The gray vertical lines
indicate 685, 695, and 730 nm from left to right

reveals the long-lived fluorescences with time constants
exceeding the lifetime of an isolated Chl molecule (~6 ns).
Delayed fluorescence originates from re-generation of an
excited state by charge recombination in the PSII reaction
center (Mimuro et al. 2007). The charge separation in the
PSI reaction center, caused by rapid electron transfer from
the primary to the secondary electron acceptor, is essen-
tially irreversible (Mimuro et al. 2010). Therefore, delayed
fluorescence in the PSI fluorescence region is detectable
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only during direct PSII—PSI energy transfer. In the present
study, the relative PSI/PSII ratios in the delayed fluores-
cence spectra of N+and N —were 4.8 and 2.7, respectively
(Table 2).

Discussion
Excitation energy-transfer process in PBS

In the steady-state absorption spectra (Fig. 1), the PBS
content (relative to the Chl Qy band) was ~30% lower in
N —than in N+ (see Table 1). This indicates that the PBS
of A. variabilis was degraded under nitrogen-depleted
conditions. Similar degradation was reported in the non-
diazotrophic cyanobacterium Anacystis nidulans (Allen
and Smith 1969), Synechococcus sp. PCC 7942 (Collier
et al. 1994; Gorl et al. 1998), and A. platensis (Peter et al.
2010). Although both diazotrophic and non-diazotrophic
cyanobacteria degrade their light-harvesting antenna when
starved of nitrogen, the degree of PBS degradation and
the excitation energy-transfer processes in the PBS dif-
fer between the two types. In non-diazotrophic cyanobac-
teria, the PBS is degraded to non-detectable levels under
long-term nitrogen deprivation. Nitrogen-deprived cells of
Synechococcus sp. PCC 7942 reduce their PBS/Chl ratio
to ~10% that of cells grown in standard medium (Collier
and Grossman 1992). In contrast, nitrogen-deprived diazo-
trophic cyanobacteria such as Anabaena and Nostoc retain
most of their PBS, and sometimes recover their nominal
PBS levels after degradation under certain growth condi-
tions (Thomas 1972, Ehira and Ohmori 2006).

PBS degradation affects the excitation energy-transfer
processes within the PBS. After PBS degradation, the rela-
tive fluorescence intensity from the PC region increases in
the steady-state fluorescence spectra (Fig. 2b) and in the
later time region of the TRFS (3.1-3.5 ns, Fig. 3). Over-
all, these results suggest that much of the excitation energy
is emitted as fluorescence from the PBS rod, reducing the
efficiency of PC—APC energy transfer. However, in the
first FDAS (the 10-20 ps components of Fig. 4), a positive
(~645 nm) and negative (~ 665 nm) amplitude pair appears
in both samples. This positive—negative pair of ampli-
tudes indicates that under nitrogen-depleted conditions,
the PC—APC energy transfer is maintained by nitrogen
fixation. Therefore, nitrogen depletion appears to affect the
slower energy-transfer path, leaving the rapid energy-trans-
fer path intact. PBS peak(s) are absent in the 7th FDAS (the
16-20 ns components of Fig. 4), indicating that negligibly
small excitation energy remains in the PBS. This situa-
tion contrasts with the energy transfer under salinity stress
(Arba et al. 2013).
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Excitation energy transfer within photosystems

Among the ~100 Chl a molecules contained in the PSI
monomer, 9—11 undergo strong interactions, and hence
absorb light at longer wavelengths than P700. Each of
these Chls, called red Chls, possesses a slightly different
energy (Jordan et al. 2001). According to numerous stud-
ies on widely varying cyanobacterial species, the numbers
and energies of red Chls are species-specific (Palsson et al.
1998). At room temperature, the uphill excitation energy
transfer from red Chls to P700 is efficient and absorp-
tion cross section of PSI in the longer-wavelength region
increases (Trissl et al. 1993). At 77 K, excitation energy
is also transferred from higher-energy to lower-energy red
Chls in PSI, and the fluorescence emission is dominated
by red Chls. Additionally, many f-carotene molecules are
localized near red Chls (Jordan et al. 2001), which perform
light harvesting and quenching against excess excitation
(Mimuro and Katoh 1991).

The spectral shape of FDAS (Fig. 4) reveals at least
four spectral components in the PSI region: antenna band
(~695 nm) and three types of red-Chl bands, R1 band
(700-710 nm), R2 band (720—730 nm), and R3 band
(735—-740 nm). The first FDAS (the 10-20 ps compo-
nents, Fig. 4) exhibits antenna bands in both samples, but
the R1 band exists only in N—. This result is consistent
with our previous study, in which the R1 band was consist-
ently observed in nitrogen-depleted medium, but was never
detected in nitrogen-enriched medium (Onishi et al. 2015).
This suggests that the R1 band is a spectral indicator of fil-
aments grown under nitrogen-depleted conditions. In addi-
tion, the first FDASs of N+and N — present a negative peak
at 725 and 735 nm, respectively, indicating that the main
acceptors are the higher-energy red Chls under nitrogen-
enriched conditions and the lower-energy red Chls under
nitrogen depletion. In contrast, the negative peak in the
second FDAS (the 65-85 ps components in Fig. 4) almost
coincides in both samples, and is assigned to the R3 band.
In the third FDAS (the 220-280 ps components in Fig. 4),
N +exhibits a positive peak in the R2 band and a paired
negative peak in the R3 band, whereas N —shows only
the positive R2 peak. This indicates suppressed R2—R3
energy transfer under nitrogen-depleted conditions, which
is further confirmed by the blue shift of the PSI fluores-
cence band in the seventh FDAS (the 16-20 ns components
of Fig. 4). Specifically, high fluorescence in the R2 band
implies that much of the excitation energy is emitted in that
band rather than transferred from the R2 to the R3 band.
It appears that the R1—R3 energy transfer compensates
the suppressed R2—R3 energy transfer. In the fourth and
fiftth FDAS (the 1.1-1.7 ns and 4.8-5.1 ns components of
Fig. 4, respectively), both samples exhibit a PSI peak at the
same wavelength, which is assigned to the R3 band. These

behaviors suggest that nitrogen depletion affects the initial
excitation—relaxation process, but does not influence the
relaxation processes once the energy has transferred to the
R3 band.

In the PSII region of the delayed fluorescence spectra,
the spectral shape is quite similar for both samples. Within
PSII, energy transfers from CP43 to CP47 when the PSII
reaction center combines with the core antenna complexes
(Yokono et al. 2012b). If the nutrient condition alters the
energy-transfer process between CP43 and CP47, it will
change the spectral shape of the delayed fluorescence spec-
tra in the PSII region. The similar delayed spectra in the
present result indicate that nitrogen depletion does not
affect the excitation energy transfer within PSII.

Excitation energy-transfer process
between the pigment—protein complexes

The decreased relative amount of PBS may affect the
excitation energy balance between PSI and PSII and the
transfer process of the excitation energy between the pig-
ment—protein complexes. We first consider the excita-
tion energy-transfer processes involved in PSII (which
donates energy to PSI and accepts it from PBS). In the first
FDAS (the 10-20 ps components of Fig. 4), the ampli-
tudes around 685 nm are positive in N+but negative in
N—. When the amplitudes in the first FDAS (~685 nm)
are positive, the PSII—-PSI energy transfer dominates the
PBS—PSII energy transfer; negative amplitudes imply the
opposite case. Therefore, nitrogen depletion suppresses the
PSII—PSI energy transfer and enhances the PBS—PSII
energy transfer.

The PSII—PSI energy transfer can be recognized
from the PSI/PSII ratio in the delayed fluorescence,
which originates from an excited state that is regenerated
by charge recombination (Mimuro et al. 2007; Yokono
et al. 2011). Both samples exhibit delayed fluorescence
in the PSII and PSI fluorescence regions (Fig. 4), sug-
gesting that PSII—-PSI energy transfer occurs under
nitrogen-deficient conditions. Table 2 shows the PSI/
PSII fluorescence intensity ratios in the delayed and
steady-state fluorescence spectra of A. variabilis cells
grown under different nitrogen conditions. Here, we
considered the differences in fluorescence quantum
yield and divided the apparent PSI/PSII ratios by the
corresponding mean lifetimes, as reported previously
(Yokono et al. 2011). Although PSII—PSI energy trans-
fer occurred in both samples, the PSI/PSII ratio in the
delayed fluorescence spectra was 3.8 in N+and 1.8 in
N—. A larger PSI/PSII ratio in the delayed fluorescence
spectra indicates a more energetic connection between
PSII and PSI (in the PSII-PSI supercomplex), and
greater PSII—PSI energy transfer (Yokono et al. 2011).
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Under nitrogen deprivation, suppressed PSII—PSI
energy transfer is supported not only by the decreased
PSI/PSII ratio in the delayed fluorescence spectra of N—,
but also by the decreased PSI/PSII fluorescence intensity
ratio in the steady-state fluorescence spectra excited at
440 nm (Fig. 2a).

After PBS excitation at 600 nm, both nitrogen-
enriched and nitrogen-depleted samples emitted fluores-
cence from their PSII and PSI red Chls (Fig. 2b). This
fact indicates that both PSII and PSI terminally trap the
excitation energy absorbed by PBS. In the steady-state
fluorescence spectra excited at 600 nm, the PSI/PSII
increases when PSI can receive more energy from PBS.
PBS excitation at 600 nm can be followed by two possi-
ble pathways: direct PBS—PSI energy transfer (Fig. 5a)
(Mullineaux 1992) or PBS—PSII energy transfer fol-
lowed by PSII—PSI energy transfer (PBS—PSII—-PSI
energy transfer) (Fig. 5b) (Ley and Butler 1976; Bruce
et al. 1985). The latter pathway is also detectable in
the delayed fluorescence spectra, because the PSII-PSI
supercomplex containing PBS (the PBS—PSII-PSI super-
complex) contributes to both the steady-state fluores-
cence excited at 600 nm and the delayed fluorescence. In
the present study, the PSI/PSII ratios of N+and N — were
4.8 and 2.7, respectively, in the steady-state fluorescence
spectra excited at 600 nm, and 3.8 and 1.8, respec-
tively, in the delayed fluorescence spectra (Table 2). To
remove the effect of the PBS—PSII-PSI supercomplex
(Akimoto et al. 2013), we computed the PSI/PSII ratio
differences between the steady-state and delayed fluo-
rescence (APSI/PSII) (Table 2). The APSI/PSIIs were
similar in N+ and N—, suggesting that after adaptation to
nitrogen-free medium, the PSI/PSII ratios in the delayed
and steady-state fluorescence spectra were decreased by
the reduced contribution of the PBS—PSII-PSI super-
complex in the A. variabilis filaments. Meanwhile, the
contribution of the PBS—PSI supercomplex was not seri-
ously affected.

Fig. 5 Energy-transfer pro-

Summary

Using steady-state and time-resolved spectroscopies, we
investigated the energy-transfer dynamics in intact A. vari-
abilis filaments grown under nitrogen-replete and nitrogen-
depleted conditions for 6 months. The filaments grown
in nitrogen-free medium altered their pigment composi-
tions and excitation energy-transfer processes within and
between the pigment—protein complexes. Although the
PBS degraded under the nitrogen-depleted condition, the
fast PC—APC energy-transfer path was maintained in
PBS. Similarly, the excitation energy transfer in PSII was
unaffected by nitrogen depletion. Conversely, there were
three notable changes in PSI: (1) appearance of a spe-
cific red-Chl band (R1 band), (2) alterations (from R2 to
R1) of the red Chls, which are the main energy mediators
between antenna and R3, and (3) suppressed energy trans-
fer between red Chls (R2-R3 energy transfer). Nitrogen
depletion notably suppressed the PBS—PSII—PSI energy
transfer between the pigment—protein complexes, and less
severely affected the PBS—PSI energy transfer.

We previously discussed changes in energy-transfer pro-
cesses during 15 days after the nitrogen depletion (Onishi
et al. 2015). In the present study, we carried out measure-
ments 4 days after final inoculation. Therefore, compari-
son between the 4-days filaments in the previous study
(Onishi et al. 2015) and N- in the present study gives us
information on differences between responses to nitrogen
starvation during a short period (4 days after depletion)
and those during a long period (6 months after depletion).
The absolute values of the PSI/PSII ratios in the steady-
state and delayed fluorescence spectra of the 4 days fila-
ments were 2.0 and 3.2, respectively, resulting in APSI/
PSII = —1.2. This value is considerably smaller than that
of N—, 0.9 (Table 2). Therefore, it can be concluded that,
in a short period after nitrogen depletion, the PSII-PSI
supercomplex (Fig. 5¢) plays an important role in energy-
transfer processes toward PSI (Fig. 5). This is probably due

DF

cesses toward PSI, detected by
the steady-state fluorescence
excited at 600 nm (SF) and
the delayed fluorescence (DF):
PBS—PSI energy transfer

(a), PBS—>PSII—PSI energy
transfer (b), PSII—PSI energy
transfer (c¢)

PSI

\_ (a) PBS-PSI

\

PSII PSI PSII PSI

\ (b) PBS-PSII-PSI j (c) Psli-PsI /
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to degradation of the PBS—PSI supercomplex (Fig. 5a) and
PBS-PSII-PSI supercomplex (Fig. 5b) into the PSI com-
plex and the PSII-PSI supercomplex (Fig. 5¢), respectively,
to use PBS as a source of nitrogen in an initial period after
nitrogen depletion. The energy-transfer processes might not
be optimized within 4 days after nitrogen depletion. There
are few differences in energy transfer within PSI.
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