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Abstract

The use of far-red light (FRL) is observed in some cyanobacteria, as well as in 
some marine and freshwater algae. While algae mobilize FRL absorbing antenna, 
which contains common chlorophyll a (Chl a), cyanobacteria produce red-shifted 
Chl d and/or Chl f. These pigments are synthesized either irrespective of ambient 
light or synthesized during FRL photoacclimation (FaRLiP), or adaptive remodel-
ing of photosynthetic apparatus induced by relative enrichment with FRL quanta. 
The presence of red-shifted chlorophylls as well as their functions and topography 
are registered with various methods based on fluorescence measurement, such as: 
(1) steady-state fluorescence detection in live cells, cell fractions, and photosyn-
thetic apparatus constituents; (2) time-resolved fluorescence spectroscopy, which 
traces energy transfer between individual pigments; (3) confocal laser scanning 
microscopy (CLSM), which helps to localize photosynthetic pigments in situ. This 
chapter describes photosynthetic apparatus in cyanobacteria and their photoac-
climation phenomena. Over past decades, FRL photoacclimation has been studied 
in a small number of cyanobacteria. Novel Chl f-producing strains Chlorogloeopsis 
sp. CALU 759 and Synechocystis sp. CALU 1173 would represent promising model 
objects. Importantly, although they belong to alternative morphotypes and distant 
phylogenetic lineages, fluorescence pattern of their FRL-grown cells similarly falls 
within general FaRLiP response.

Keywords: cyanobacteria, chlorophylls d and f, steady-state fluorescence detection, 
time-resolved fluorescence spectroscopy, confocal laser scanning microscopy
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1. Introduction

Cyanobacteria are the only up-to-date known prokaryotes capable of oxygenic 
photosynthesis. They assimilate light energy via electron transfer from water to oxi-
dized ferredoxin, and excrete triplet dioxygen as a waste product. The majority of 
cyanobacteria possess chlorophyll a (Chl a), bicyclic carotenoids, and phycobilipro-
teins (PBP). In common, these pigments absorb light quanta within a whole visible 
area (400–700 nm). At the same time, some cyanobacteria have been shown to use 
far-red light (FRL) with wavelengths of more than 700 nm [1]. For this purpose, 
red-shifted Chl d and/or Chl f are produced [2, 3]. In search of novel representatives 
of FRL-adapting cyanobacteria, various analytical methods are employed, espe-
cially those based on fluorescence detection.

This chapter includes four sections, which describe: photosynthetic apparatus in 
cyanobacteria; photoacclimation phenomena in cyanobacteria; fluorescence meth-
ods employed in the study of FRL-adapting cyanobacteria; FRL photoacclimating 
strains in CALU collection (St. Petersburg University, St. Petersburg, Russia).

2. Photosynthetic apparatus in cyanobacteria

Light energy assimilation machinery in cyanobacteria is usually localized in/
on intracytoplasmic membrane structures termed thylakoids. Among principal 
constituents are: reaction centers (RC) of two photosystems (PSs), a main light-
harvesting complex (LHC), and electron transfer chain (ETC). The essential 
component of PSII is unique light-dependent enzyme—H2O dehydrogenase, or 
water oxidizing complex (WOC).

In the majority of cyanobacteria, Chl a represents the only chlorophyll while in 
rare cases other chlorophylls are additionally produced [4, 5].

Both PSs are supplied with their respective light-harvesting antennae, which 
contain Chl a. LHC is usually represented by phycobilisome (PBS), supramo-
lecular aggregate of phycobiliproteins (PBP) stabilized by colorless linker poly-
peptides, and anchored to thylakoid surface with high-molecular mass colored 
polypeptide [6, 7]. PBP apoprotein moiety is represented by α or β subunits that 
covalently bind non-porphyrin tetrapyrrole chromophores [8, 9]. Depending on 
chromophore type and number, four main PBP types are distinguished: phycocya-
nin (PC), phycoerythrin (PE), allophycocyanin (APC), and phycoerythrocyanin 
(PEC) [8]. Standard PBS consists of the central core and peripheral rods. The 
former contains two to three “cylinders” assembled of several (αβ)3 trimers each, 
while the latter includes several [2(αβ)3] hexamers each. Due to anisotropic 
structure of rods and core, a waste-less channeling of excitation energy to RC 
chlorophyll is achieved [10, 11].

3. Photoacclimation phenomena in cyanobacteria

Cyanobacteria can acclimate themselves to light quantity and quality, that is, 
they adaptively respond to the shifts in ambient light color and intensity. For this 
purpose, they can modulate: (1) PS content, (2) the interaction between PS and 
PBS, and (3) LHC structure, PBP content in particular.

In the first case, antenna size varies inversely with a flood of light quanta. 
This strategy is performed via the changes in thylakoid surface and PS packing 
density [12].
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In the second case (given that ambient light is enriched with either short- or 
long-wavelength quanta), excitation energy equally distributes between long-
wavelength PSI and short-wavelength PSII. This phenomenon is termed State 1 ↔ 
State 2 transition. State 1 is achieved in response to relative over-excitation of PSII 
[13]. Here, PBS behaves as a mobile antenna, and it laterally moves from PSII to 
PSI. In the opposite situation (State 2), PBS detaches from PSI and comes back to 
PSII [14]. State transition scenario is as follows: up- or downshifts in ETC reduction 
level → redox-sensitive (de)phosphorylation of proteins within the PBS baseplate 
→ coulomb attraction/repulsion between PBS and PS [15].

In the third case, PBS absorbance peak adjusts to ambient light color (preferen-
tially green or red). This adaptation is performed via the shifts in PE (green light 
absorbing PBP) and PC (red light absorbing PBP) content. The knowledge on this 
phenomenon termed complementary chromatic adaptation (CA) has been compre-
hensively reviewed [16, 17].

In agreement with a response to green or red light, cyanobacteria have been 
ascribed to three CA groups [18]: group СА1 (steady PE and PC content), group 
СА2 (PE content varies), and group СА3 (PE and PC contents vary).

Groups CA2 and CA3 are specified according to the presence of regulatory 
photoreceptors CcaS and RcaE, which belong to the “cyanobacteriochromes” phy-
tochrome family [19–21]. These receptors contain one and the same bilin-binding 
domain GAF (cyclic guanosine monophosphate phosphodiesterase/adenylyl 
cyclase/FhlA), which regulates green or red light-triggered photocycle [22, 23]. 
In the case of CA2, under green light, CcaS (signal transducer) phosphorylates 
transcription factor CcaR (response regulator) that induces the production of PE 
[22]. In the case of CA3, under red light, RcaE phosphorylates transcription factors 
RcaF and RcaC, which regulate numerous participants of PC and PE biosynthesis 
pathway [23, 24].

Group CA4 is represented by marine Synechococcus strains grown under blue or 
green light [25–27]. Under blue light, PE phycoerythrobilin chromophores replace 
phycourobilin chromophores, which adapt PBS to the use of smaller wavelength 
light. Although corresponding photoreceptor is unknown, light signal was shown 
to be transmitted to transcription factors FciA and FciB with a participation of 
chromophore liases MpeZ and MpeW [26, 28].

Group CA5 is typical of Acaryochloris marina [29]. Irrespective of light condi-
tions, this cyanobacterium uses membrane-embedded LHC containing Chl d. 
Under red light (625 nm), atypical rod-like PC and APC containing PBS is addition-
ally produced [30]. Such PBS disassembled in far-red light (720 nm), and cor-
responding PBP are destroyed [31, 32]. In other words, in these light conditions, A. 
marina uses two LHCs in common. Although the underlying regulatory mechanism 
is unknown, A. marina genome has been shown to contain a motif similar to that 
coding for FRL accepting phytochromes [33].

Group CA6 is represented by several strains of cyanobacteria, which adaptively 
produce Chl f and/or Chl d in FRL [16]. In more detail, this phenomenon is dwelled 
on below.

Group CA7 [16] has been described in the case of cyanobacteria which synthe-
size yellow-green light absorbing PEC, and regulate the amount of this PBP light 
dependently. Similar to СА2, the adaptive response is under control of two-compo-
nent regulatory system CcaS/CcaR.

Another type of reaction to green or red light is typical for СА0 group [16]. In 
this case, PBP content is stable, while the amount of CpcG2 (CpcL) and CpcG1 
linker polypeptides varies reciprocally [34]. In green light, the CcaS/CcaR system 
upgrades the production of CрcG2 (CpcL) linker involved in the biogenesis of APC 
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lacking PBS [22]. The CрcG2 (CpcL) type PBS is suggested to be rod-like, and it 
possibly supplies energy to PSI under suboptimal conditions [16, 22].

Cyanobacterial response to FRL has been described in cyanobacteria only 
recently, and it is based on red-shifted Chl d and/or Chl f (697 and 706 nm maxima 
in methanol, respectively). First representative of Chl d-containing species 
was A. marina [1], while the initially described Chl f-containing species was 
Halomicronema hongdechloris [35].

Cyanobacteria can use two main strategies of FRL photoacclimation.
In the first strategy, Chl d represents the bulk chlorophyll, and it is constitutively 

produced in A. marina [36–39]. The pigment participates in PSI and PSII, as well as 
in LHC [40–43]. Such strategy is observed in cyanobacteria inhabiting marine or 
continental haline water bodies poor in visible light but rich in FRL.

In the second strategy, Chl a represents the bulk chlorophyll while Chl f 
(sometimes together with a small amount of Chl d) is produced adaptively in 
FRL [35, 44–46]. In this case, ~10% of Chl a in PSI and PSII is replaced with 
Chl f; special paralogue polypeptides substitute for PSI and PSII subunits; PBS 
is remodeled [45]. The latter strategy is termed FRL photoacclimation—FaRLiP 
[3], or СА6 (see above). In this strategy, FRL induces the expression of 21 genes 
of FaRLiP cluster including those coding for PSI and PSII subunit paralogues 
[2, 45, 46]. The products of these genes specifically bind Chl a together with 
red-shifted chlorophylls [2]. FaRLiP cluster also includes the genes coding for 
PBP subunit paralogues [45, 47]. Resulting PBS are optimal in new light climate 
because they are devoid of short-wavelength PBP (PE and PEC), and corre-
spondingly lack rod periphery [46].

Leptolyngbya sp. JSC-1 grown in white light (WL) or red light (RL) contains 
the standard five-cylinder-core PBS, while in FRL a two-cylinder-core PBS is 
produced [45]. The latter has a 708-nm maximum (40 nm longer than in APCB, the 
top wavelength PBP previously reported). In its turn, FRL-grown H. hongdechloris 
produces a two-cylinder-core mini PBS, which contains APC with 653- and 712-nm 
maxima [48].

FRL-grown Synechococcus sp. PCC 7335 produces PBS of two types: three-cylin-
der-core PBS containing PC and APC, and two-cylinder-core PBS, which contains 
only APC with FaRLiP gene encoded subunits, and displays red-shifted 650- and 
711-nm light absorbance and 730-nm fluorescence emission maxima [49].

FaRLiP response falls under the control of two-component phosphorelay system 
[47]. Sensory component (RfpA photoreceptor) represents a far-red light regulated 
cyanobacteriochrome with histidine kinase domain. Response regulators RfpB and 
RfpC have two CheY-like signal accepting domains, which flank the DNA-binding 
domain. RfpB acts as a transcription activator for FaRLiP genes [47, 50]. Within this 
phoshorelay, RfpA histidine kinase becomes (de)activated, and that influences the 
RfpB key response regulator. In its turn, RfpC is involved in transfer of phosphoryl 
group from RfpA to RfpB.

4.  Fluorescence methods employed in the research of far-red  
light-adapting cyanobacteria

4.1 Steady-state fluorescence detection

Absorbed energy of light quanta brings photosynthetic pigments into excited 
state, which is relaxed by: (1) productive energy assimilation in the form of charge 
separation within RC, (2) counterproductive energy dissipation into heat, or with 
fluorescence quanta [51]. Since the photosynthetic apparatus is less than 100% 
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effective, the second mechanism is universally in action, although it depends on 
environmental and physiological regimes.

Steady-state fluorescence detection helps to identify photosynthetic pig-
ments because they demonstrate individual fluorescence excitation and emission 
spectra. Additionally, this method can detect energy transfer between pigments. 
Fluorescence spectra can be obtained at either room or cryogenic temperature 
(most frequently, 77 K). Low temperatures are preferred because of lowered 
molecular mobility, and due to smaller intramolecular vibrations; as a result, 
peaks become higher and better resolved [51]. Importantly, low-temperature 
regime (4–77 K) helps to discriminate PSI chlorophyll (~ 720 nm) and PSII 
chlorophyll (~ 685 nm) emission peaks [51–53].

Current data on steady-state fluorescence of red-shifted chlorophylls are few. 
For instance, the spectra of WL-grown H. hongdechloris were compared with those 
of FRL culture [35]. In the case of WL cells, Chl a-specific 405-nm fluorescence 
excitation yielded fluorescence emission maxima at 640, 658, 682, and 730 nm 
of comparable height. In contrast, FRL cells exhibited a major 748-nm maximum 
(indicating the adaptive synthesis of red-shifted Chl f), and 682- and 720-nm 
minor maxima, respectively. Also, the emission at 440-nm excitation was com-
pared in Calothrix sp. PCC 7507, Chlorogloeopsis sp. PCC 9212, Chroococcidiopsis sp. 
PCC 7203, Fischerella sp. PCC 7521, and Synechococcus sp. PCC 7335 grown under 
different light conditions [46]. In all these strains, WL cultures showed emission 
maxima of Chl a (683–684 nm, 693–695 nm, and 718–727 nm). At the same time, 
FRL spectra were strain specific, Chl f being most pronounced (Calothrix sp. PCC 
7507—736 nm; Chlorogloeopsis sp. PCC 9212—739 nm; Chroococcidiopsis sp. PCC 
7203—718, 736, and 750 nm; Fischerella sp. PCC 7521—749 nm; Synechococcus sp. 
PCC 7335—738 nm).

Apart from the experiments on cell suspensions, steady-state fluorescence of 
Chl a and Chl f has been detected with subcellular fractions, as well as with PSI, 
PSII, and PBS preparations. For example, H. hongdechloris emission was compared 
for WL and FRL thylakoid preparations [54]. In WL preparation, major 710-nm 
peak as well as 680- and 732-nm minor peaks were observed, while FRL preparation 
demonstrated a major 740-nm peak due to adaptively produced Chl f.

Cryogenic detection helped to monitor energy transfer in FRL-adapted 
Synechococcus sp. PCC 7335 [55]. Purified PSI or PSII preparations obtained from 
FRL-adapted cells showed one and the same well-expressed peak at 738–740 nm 
indicating similar effectiveness of energy coupling notwithstanding a distinction in 
PS structure.

Steady-state fluorescence emission was also detected in the experiments with 
PBP-specific 590-nm excitation of RL- or FRL-grown Synechococcus sp. PCC 7335. 
Besides 643-, 658-, and 679-nm peaks in the RL culture, FRL-grown cells acquired 
717- and 737-nm maxima that could be explained by PBS rearrangement due to 
induction of FaRLiP gene cluster [50].

4.2 Time-resolved fluorescence spectroscopy

The method helps to analyze molecular processes within a picosecond/nano-
second timescale [56]. Because primary photosynthetic processes take several 
femtoseconds/nanoseconds, time-resolved fluorescence spectroscopy can trace 
corresponding rates and pathways of energy transfer [57]. Recently, this method 
has helped to elucidate the role(s) of red-shifted chlorophylls in cyanobacterial PS.

In the case of Chl f-producing H. hongdechloris, time-resolved fluorescence 
detection was performed at 77 K, with 425-nm excitation [41]. In WL cells, the 
excitation raised 685-nm (F685) and 730-nm (F730) emission peaks characteristic 
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for PSII and PSI correspondingly. A shift from F685 to F695 occurred with time, 
and an extra F742 peak appeared and decayed. In FRL cells, F685 and F748 maxima 
were observed. The former quenched rapidly indicating energy transfer from PSII 
to PSI. F748 signified the presence of Chl f, and uphill energy transfer (from Chl f 
to Chl a) was proposed.

Time-resolved fluorescence detection within a picosecond/femtosecond time-
scale was also performed with H. hongdechloris thylakoid membrane preparations 
[54]. Similar to WL cells, WL membrane emission belonged to PSI and PSII Chl 
a (727 and 685 nm correspondingly). However, these peaks were attended with 
PBP-specific 678-nm peak. In the case of FRL membrane, main fluorescence emis-
sion maxima belonged to Chl a (685 nm) and Chl f (745 nm). In FRL membrane 
preparations, fluorescence rise and decay curves suggested Chl f to be energy donor 
to Chl a.

Later, the reality of uphill energy transfer from Chl f H. hongdechloris was 
confirmed in the experiments using TCSPC (time-correlated single photon count-
ing) and DAS (decay-associated spectra) methods [58]. According to obtained data, 
energy was transferred within PSII on the route: PBS → Chl f → Chl a; only then 
charge separation began, and Chl a represented the P680 primary donor. Thus, Chl 
f in H. hongdechloris is PSII antenna pigment, and it does not participate in charge 
separation.

At the same time, the involvement of red-shifted chlorophylls in charge separa-
tion within PSI and PSII was proposed for Chroococcidiopsis sp. PCC 7203, which 
adaptively produces Chl d and Chl f [59, 60]. Data obtained using plenty of meth-
ods, TCSPC in particular, showed that RCI in the FRL-adapted cells contained 7–8 
Chl f molecules, together with 90 Chl a molecules. Special pair (PA and PB) was 
represented by Chl a and Chl a epimer (a′). Primary acceptors (A0A and A0B) were 
also Chl a molecules. Chl f molecule absorbing 745-nm light was associated with 
primary donor (A−1A and/or A−1B). In its turn, RCII contained 4 Chl f molecules, 1 
Chl d molecule, and 30 Chl a molecules. Primary donors (ChlD1) were either Chl d 
or Chl f molecules absorbing 727-nm light.

Room temperature and 77 K fluorescence data in unicellular strain KC1 produc-
ing Chl f in FRL helped to obtain TRS (time-resolved) and DAS (decay-associated) 
emission spectra [61]. In the experiments with PSI exited with 405-nm laser, energy 
was rapidly transferred to Chl f (emission maxima 720–760 and 805 nm). In the 
case of 630-nm excitation (light absorbed by PBP associated with PSII), energy 
was transferred to Chl f (emission maxima 720–770 and 810 nm) and Chl a (emis-
sion maximum 694 nm). Distinctions in Chl f fluorescence show that PSI and PSII 
contained Chl f molecules with different properties, and possibly they represented 
antenna pigments.

Similarly, femtosecond pump-probe spectroscopy of Fischerella thermalis PCC 
7521 [62] showed that Chl f represented PSI antenna pigment; it was also argued 
that energy was transferred uphill from Chl f to P700 Chl a special pair.

Time-resolved fluorescence spectroscopy also helped to analyze energy transfer 
in RL-or FRL-grown cells of Synechococcus sp. PCC 7335 [55], as well as in A. marina 
mini PBS [63].

4.3 Confocal laser scanning microscopy (CLSM)

The method is based on the auto fluorescence of photosynthetic pigments, chlo-
rophylls in the first instance [64]. CLSM permits to distinguish individual pigments 
based on their emission peaks, to evaluate peak intensity, and to localize pigments 
in situ. Highly sensitive up-to-date CLSM microscopes help to obtain 3D images of 
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cells and tissues, and to analyze dynamic physiological processes. Unfortunately, 
the potentiality of this method, at least with regard to FRL-adapting cyanobacteria, 
is underestimated, and thus corresponding data are few.

CLSM has been applied to the study of Chl d and PBP localization in Candidatus 
Acaryochloris bahamensis, an epibiont of colonial ascidian Lissoclinum fragile [65]. 
In 3D reconstruction, these pigments were asymmetrically distributed throughout 
cell interior and that possibly promoted optimal sunlight absorption within L. frag-
ile tunic. Acaryochloris-like cells were also shown to inhabit the surface of Cystodytes 
dellechiajei ascidian body, and CLSM data indicated the presence of Chl d and PBP 
in this cyanobacterium [66].

Anisotropic distribution of pigments was also observed in H. hongdechloris, 
which adaptively produces accessory Chl f in FRL [67]. In WL culture, chlorophylls 
and PBP were shown to co-localize at cell periphery. However, in FRL culture, PBP 
fluorescence was detected only at cell poles. In their turn, FRL-grown Synechococcus 
sp. PCC 7335 demonstrated lower PBP fluorescence and higher chlorophyll fluo-
rescence compared with WL cells. In FRL culture, PBP fluorescence was spatially 
isolated from chlorophyll fluorescence: the latter occupied cell center indicating 
that PBS detached from PS.

5. Far-red light photoacclimating strains in the CALU collection

5.1 Growth conditions

An ability of FRL-dependent synthesis of Chl f in trichome-forming strain 
Chlorogloeopsis sp. CALU 759 and unicellular strain Synechocystis sp. CALU 1173 has 
been deduced from whole-cell light absorbance spectra (Figure 1) as well as accord-
ing to methanol extract spectrometry and HPLC results.

Liquid cultures were grown for a 2- to 3-week time in modified BG-11 medium 
[68], at 20–22°С, under permanent WL (500 lx) or FRL illumination (LED with 
~750 nm emission maximum).

5.2 Steady-state fluorescence detection protocol

Cell pellet was washed with 100 mM HEPES buffer (pH 8.0), and resus-
pended in 50 mM HEPES (pH 8.0) with or without the addition of 25% glycerol. 
Room temperature fluorescence was detected in a Cary Eclipse scanning spec-
trophotometer/fluorimeter (Agilent Technologies, Santa Clara, CA, USA), and 
obtained data were treated with a Cary Eclipse Scan program. Emission spectra 
were detected for excitation at 440 nm (specific for chlorophyll) and 550 nm 
(specific for PBP). Excitation spectra (chlorophyll fluorescence at 745 nm) were 
also detected.

5.3 CLSM protocol

The method helped to reveal photosynthetic pigments topography. Life prepa-
rations of WL- or FRL-grown cells were observed in a Leica TCS SP5 MP STED 
confocal microscope (Leica Microsystems GmbH, Germany). Fluorescence was 
raised with a 458-nm-wavelength nitrogen laser. The images were obtained in XYZ 
scanning regime with a 0.5-μm step. The following emission channels were used: 
560–600 nm (PE), 620–650 nm (PC), 670–700 nm (Chl a), and 705/710–790 nm 
(Chl f). The obtained images were analyzed with a LAS AF program.
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5.4  Steady-state fluorescence detection of chlorophylls and phycobiliproteins  
in white light- or far-red light-grown cells

Fluorescence emission spectra (Figures 2(a,b) and 3(a,b)) obtained at chloro-
phyll-specific 440-nm excitation demonstrated 670–740 nm maxima. In WL-grown 
Chlorogloeopsis sp. CALU 759 (Figure 2(a)), it was a single peak with a shoulder 
while in Synechocystis sp. CALU 1173 (Figure 3(a)) twin peaks were observed. In 
FRL-grown cells of both strains, a single 725–740 nm emission peak was observed 
(Figures 2(b) and 3(b)). In agreement with the previous data obtained with FRL-
grown cyanobacteria [35, 46], peaks with more than 720-nm wavelength (observed 
in light absorbance or fluorescence emission spectra) corresponded to Chl f.

Fluorescence emission spectra obtained with PBP-specific 590-nm excita-
tion resulted in 645–660 nm emission peak with broad 690–715 nm shoulder. In 
WL-grown Chlorogloeopsis sp. CALU 759 (Figure 2(c)), the shoulder was steep 
while in Synechocystis sp. CALU 1173 (Figure 3(c)) it was gently sloping.

In FR-grown cells, larger size 645–660 nm peak was attended with smaller 
715–725 nm peak (Figures 2(d) and 3(d)). Modified emission spectra, as compared 
with WL-grown cells, could be explained by some changes in PBS arrangement and 
behavior during the FaRLiP response [45, 48, 49].

The comparison of emission spectra in Figures 2 and 3 showed that, in the case 
of FRL-grown cells, direct excitation of chlorophylls (blue light excitation, 440-nm 

Figure 1. 
Light micrographs and light absorbance spectra of Chlorogloeopsis sp. CALU 759 (a, c) and Synechocystis 
sp. CALU 1173 (b, d) cells. Dashed line, white light-grown cells; solid line, far-red light-grown cells. Arrow, 
shoulder explained by absorbance of red-shifted chlorophyll. Scale bar, 10 μm (a) or 5 μm (b).
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wavelength) was more efficient than via antenna PBP pigments (550-nm green light 
exciting mainly PE and PC). This effect can be explained by PBS uncoupling with 
PSII because bulk fluorescence at room temperature is known to issue from PSII. If 
not coupled, PBP excited at 550 nm should exhibit considerable fluorescence 
around 700 nm (that is the case here).

Fluorescence excitation spectra of WL-grown cells (Figures 2(e) and 3(e)) 
demonstrated a single peak at 625–650 nm excitation wavelength. Negligible fluo-
rescence during illumination with 400–500 nm light (which preferentially excited 
chlorophylls) can be explained by shading of the blue region with photosyntheti-
cally inactive carotenoids. At the same time, fluorescence during illumination 
with ~600 nm (which preferentially excited PBP) raised a maximum chlorophyll 
fluorescence that additionally indicated an efficient coupling of PBS with PSII. In 
contrast to WL-grown cells, in FRL-grown cells (Figures 2(f ) and 3(f )), peak 
chlorophyll fluorescence was observed at ~670 and ~ 720 nm excitation. High ratio 
of 720-nm peak/670-nm peak size additionally witnesses for a change of photo-
synthetic apparatus at FaRLiP response. It is noteworthy that unlike cryogenic 
method, room temperature fluorescence detection could not comment on the 
specificity of Chl f functioning in analyzed strains (that is the aim of our future 
research).

Figure 2. 
Fluorescence spectra of white light (WL)-grown (a, c) or far-red light (FRL)-grown (b, d) Chlorogloeopsis 
sp. CALU 759 cells. Emission spectra: 440 nm (a, b) and 550 nm (c, d) excitation. Excitation spectra: 
chlorophyll fluorescence at 745 nm (e, f).
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5.5  CLSM of chlorophylls and phycobiliproteins in white light- and far-red  
light-grown cells

In the case of WL-grown Chlorogloeopsis sp. CALU 759 (Figure 4), false-
green 670–700 nm fluorescence typical for Chl a (Figure 4(a)) and false-blue 
620–650 nm fluorescence typical for PC (Figure 4(b)) were observed not only at 

Figure 3. 
Fluorescence spectra of white light (WL)-grown (a, c) or far-red light (FRL)-grown (b, d) Synechocystis sp. 
CALU 1173 cells. Emission spectra: 440 nm (a, b) and 550 nm (c, d) excitation. Excitation spectra: Chlorophyll 
fluorescence at 745 nm (e, f).

Figure 4. 
Laser confocal scanning micrographs of white light-grown Chlorogloeopsis sp. CALU 759 cells. Chlorophyll a 
fluorescence is shown with false-green (a); phycocyanin fluorescence is shown with false-blue (b); chlorophyll a 
and phycocyanin total fluorescence (c).
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cell periphery but also in cell center. Moreover, mutually overlapping fluorescence 
channels (Figure 4(c)) indicated that the pigments had a common localization.

Similar topology was observed in FRL-grown Chlorogloeopsis sp. CALU 
759 (Figure 5). Importantly, Chl a false-green emission (Figure 5(a)), Chl f 

Figure 5. 
Laser confocal scanning micrographs of far-red light-grown Chlorogloeopsis sp. CALU 759 cells. Chlorophyll 
a fluorescence is shown with false-green (a); chlorophyll f fluorescence is shown with false-purple (b); 
phycocyanin fluorescence is shown with false-blue (c); chlorophyll a and chlorophyll f fluorescence (d); 
chlorophyll a and phycocyanin fluorescence (e); total pigment fluorescence (f). Scale bar, 5 μm.

Figure 6. 
Laser confocal scanning micrographs of far-red light-grown Synechocystis sp. CALU 1173 cells. Chlorophyll 
f fluorescence is shown with false-purple (a); chlorophyll a fluorescence is shown with false-green (b); 
phycocyanin fluorescence is shown with false-blue (c); phycoerythrin fluorescence is shown with false-red (d); 
total pigment fluorescence (e). Scale bar, 2 μm.
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false-purple emission (Figure 5(b)), and Chl a/Chl f mixed emission (Figure 5(d)) 
coincided spatially, and that indicated a relative integrity of photosynthetic appa-
ratus. At the same time, PC fluorescence showed a more homogeneous distribution 
(Figure 5(c,e,f )). Thus, PBS either partially detached from thylakoid membrane, 
or PBS coupling with PSII lowered (which is in agreement with steady-state fluores-
cence results). Similar images were obtained for FRL-grown Synechococcus sp. PCC 
7335 [67].

In the case of FRL-grown Synechocystis sp. CALU 1173 (Figure 6), fluorescence 
topology was similar within the observed wavelength span. Namely, Chl f false-pur-
ple fluorescence (Figure 6(a)), Chl a false-green fluorescence (Figure 6(b)), PC 
false-blue fluorescence (Figure 6(c)), PE false-red fluorescence (Figure 6(d)), and 
pigment total fluorescence (Figure 6(e)) occupied cell periphery, and fluorescence 
channels mutually overlapped. The observed fluorescence topology matched with 
the electron microscopy data on peripheral thylakoid arrangement in Synechocystis 
spp. [69, 70].

6. Conclusion

Over past decades, FaRLiP photoacclimation has been studied in many respects, 
although in a small number of cyanobacterial strains [3]. In this connection, novel 
Chl f-producing strains Chlorogloeopsis sp. CALU 759 and Synechocystis sp. CALU 
1173 would represent promising model objects. Importantly, although they belong 
to alternative morphotypes (trichome and single cell, respectively) and two distant 
phylogenetic lineages [71], fluorescence patterns of their FRL-grown cells similarly 
fall within the general FaRLiP response.
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