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Abstract
Certain cyanobacteria can thrive in environments enriched in far-red light (700–800 nm) due to an acclimation process known 
as far-red light photoacclimation (FaRLiP). During FaRLiP, about 8% of the Chl a molecules in the photosystems are replaced 
by Chl f and a very small amount of Chl d. We investigated the spectroscopic properties of Photosystem I (PSI) complexes 
isolated from wild-type (WT) Synechococcus sp. PCC 7335 and a chlF mutant strain (lacking Chl f synthase) grown in white 
and far-red light (WL–PSI and FRL–PSI, respectively). WT–FRL–PSI complexes contain Chl f and Chl a but not Chl d. 
The light-minus dark difference spectrum of the trapping center at high spectral resolution indicates that the special pair in 
WT–FRL–PSI consists of Chl a molecules with maximum bleaching at 703–704 nm. The action spectrum for photobleach-
ing of the special pair showed that Chl f molecules absorbing at wavelengths up to 800 nm efficiently transfer energy to the 
trapping center in FRL–PSI complexes to produce a charge-separated state. This is ~ 50 nm further into the near IR than 
WL–PSI; Chl f has a quantum yield equivalent to that of Chl a in the antenna, i.e., ~ 1.0. PSI complexes from Synechococcus 
7002 carrying 3.8 Chl f molecules could promote photobleaching of the special pair by energy transfer at wavelengths longer 
than WT PSI complexes. Results from these latter studies are directly relevant to the issue of whether introduction of Chl f 
synthase into plants could expand the wavelength range available for oxygenic photosynthesis in crop plants.
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Introduction

Terrestrial cyanobacteria often occupy light niches that are 
highly enriched in far-red light (FRL, specifically wave-
lengths between 700 and 800 nm). These may include soils, 
rocks, caves, microbial mats, and environments shaded by 
plants (Gan et al. 2014; Ho et al. 2017c). Either by physical 
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processes, such as light scattering, or by strong filtration of 
light by the absorbance of chlorophyll (Chl) a, these niches 
can be largely devoid of visible light. Nevertheless, some 
cyanobacteria can thrive in such environments due to an 
acclimation process known as far-red light photoacclimation 
(FaRLiP) (Gan et al. 2014; Ho et al. 2017c). During FaRLiP, 
a conserved cluster of 20 genes is very highly expressed 
(Gan et al. 2014; Zhao et al. 2015). This cluster encodes 
FRL-specific core subunits of photosystem II (PSII), photo-
system I (PSI), and phycobilisomes (PBS) (Gan et al. 2014; 
Ho et al. 2017a, b, c; Herrera-Salgado et al. 2018). In FRL, 
six membrane-intrinsic Chl-binding subunits of PSI are 
specifically replaced by paralogous subunits from the FaR-
LiP gene cluster (PsaA2, PsaB2, PsaF2, PsaI2, PsaJ2, and 
PsaL2) (Gan et al. 2014). Similarly, five membrane-intrinsic 
Chl-binding subunits of PSII are replaced by paralogs from 
the FaRLiP gene cluster (PsbA3, PsbB2, PsbC2, PsbD3, and 
PsbH2). Two new Chls are additionally produced, Chl d and 
Chl f (Airs et al. 2014; Gan et al. 2014; Gan and Bryant 
2015; Ho et al. 2016). These combined changes in pigmenta-
tion, gene expression, and complex structure lead to exten-
sive remodeling of the photosynthetic apparatus in FaRLiP 
organisms, and these changes allow FaRLiP organisms to 
perform oxygenic photosynthesis using FRL.

PSI is a supramolecular membrane protein complex that 
typically comprises 11 or 12 polypeptides (PsaA, PsaB, 
PsaC, PsaD, PsaE, PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM, 
PsaX) (Golbeck and Bryant 1991). It is a light-driven oxi-
doreductase that binds 96 Chl a molecules, 22 β-carotene 
molecules, 2 phylloquinone (or menaquinone-4) molecules, 
and three [4Fe-4S] clusters, denoted FX, FA, and FB (Jor-
dan et al. 2001; Grotjohann and Fromme 2005). PSI uses 
light to oxidize a weak reductant (reduced plastocyanin 
or cytochrome c6, Em ca. + 350 mV) in order to produce a 
strong reductant (reduced ferredoxin or flavodoxin, Em ca 
− 420 mV) [Fig. S1; (Golbeck and Bryant 1991)]. The Chls 
are exclusively Chl a in most cyanobacterial PSI complexes; 
90 Chl a molecules form the core antenna, while six Chl 
a molecules form a pseudo-symmetric, branched electron 
transport chain (Fig. S1). The nature of the primary elec-
tron donor remains a matter of debate. Traditionally, charge 
separation in PSI has been thought to originate at the special 
pair known as P700, but one study indicates that it may occur 
between a monomeric accessory Chl a (either Chl ec-A2 
or ec-B2), and a monomeric Chl a acceptor known as A0 
(ec-A3 or ec-B3). In the latter case, the resulting hole on 
the Chl a cation migrates to the Chl a/Chl a′ special pair 
(Müller et al. 2010), which is spectroscopically known as 
P700 because of the wavelength at which maximal bleaching 
occurs (Kok 1956). PSI is remarkably efficient in converting 
light energy into stored chemical potential energy. This effi-
ciency is achieved by utilizing a multi-component, electron 
transport chain that rapidly transfers an electron from P700 

on one side of the thylakoid membrane to the FA/FB clusters 
on the other, a center-to-center distance of ~ 43 Å (Jordan 
et al. 2001). The overall quantum efficiency for this process 
is essentially 100%, and ~ 35 to 40% of the energy of a red 
photon is stored as quasi-stable, chemical potential energy 
(Golbeck 2006; Mielke et al. 2013).

About 20 years ago, an unusual cyanobacterium, Acary-
ochloris marina, was discovered that produces predomi-
nantly Chl d (Chl a with the 3-vinyl side chain replaced by 
a formyl moiety), which causes the Qy absorption maximum 
to red-shift to about 695 nm in methanol (Miyashita et al. 
1996; Chen 2014). Studies with PSI from A. marina estab-
lished that the primary electron donor exhibits maximal pho-
tobleaching at 740 nm, which indicated that the special pair 
for these complexes includes Chl d. The discovery of Chl 
d′ and further spectroscopic studies showed that the special 
pair in the PSI of A. marina is a Chl d/Chl d′ heterodimer 
(Sivakumar et al. 2003; Tomo et al. 2008; Allakhverdiev 
et al. 2016). The PSI complexes of A. marina also contain a 
very small amount of Chl a; transient absorbance measure-
ments suggest that Chl a is likely the primary electron accep-
tor (Kumazaki et al. 2002; Itoh et al. 2007). PSII complexes 
of A. marina contain ~ 29.6 Chl d and 1.9 Chl a molecules 
per 2.0 pheophytin (Pheo) a molecules (Allakhverdiev et al. 
2010). Although Pheo a is recognized as the primary elec-
tron acceptor (Razeghifard et al. 2005; Schlodder et al. 2007; 
Tomo et al. 2007), after more than 20 years of study and 
debate, the exact Chl composition of the primary donor of 
these PSII complexes remains controversial and unresolved 
(Allakhverdiev et al. 2016).

During FaRLiP, about 8% of the Chl a molecules in the 
photosystems are replaced by Chl f, and a small amount 
of Chl d (~ 1%) is produced (Gan et al. 2014; Ho et al. 
2017c; Ho 2018). Recent studies have shown that Chl f 
is associated with both PSI and PSII, but Chl d is exclu-
sively associated with PSII (Ho 2018; Nurnberg et al. 
2018). In the studies reported here, we have investigated 
the spectroscopic properties of FRL–PSI complexes in the 
wild-type (WT) strain of Synechococcus sp. PCC 7335. 
Firstly, we have verified that WT–FRL–PSI complexes 
do not contain Chl d. Secondly, we measured the light-
induced absorbance difference spectrum of the trapping 
center at high spectral resolution (~ 1 nm) to determine 
whether Chl a/Chl a′ or Chl f/Chl f′ (or both) might be 
components. Thirdly, we measured the action spectrum 
for photobleaching of the special pair to determine the 
wavelength range over which Chl f can absorb light and 
promote charge separation in isolated WT–FRL–PSI com-
plexes. Finally, we studied PSI complexes from Synecho-
coccus sp. PCC 7002 carrying 3.8 Chl f molecules to 
determine whether bound Chl f molecules could promote 
photobleaching of the special pair by energy transfer. 
Results from these latter studies are directly relevant to 



153Photosynthesis Research (2019) 141:151–163	

1 3

the issue of whether introduction of Chl f synthase into 
plants could expand the wavelength range of light avail-
able for oxygenic photosynthesis in crop plants.

Materials and methods

Strains and growth conditions

Synechococcus sp. PCC 7002 (hereafter Synechococcus 
7002) and engineered strains for heterologous expression 
of the chlF gene of Fischerella thermalis PCC 7521 [here-
after F. thermalis 7521; (Shen et al. 2019)] were grown 
in liquid A+ medium under standard conditions as previ-
ously described: 250 µmol photons m−2 s−1 cool-white 
fluorescent light, 38 °C, and sparging with 1% (v/v) CO2 
in air (Ludwig and Bryant 2011). Synechococcus 7002 
strains in which the psbD1 and psbD2 genes had been 
deleted (Shen et al. 2019) were grown under lower irradi-
ance (~ 10 µmol photons m−2 s−1), and the medium was 
supplemented with 20 mM glycerol (Lambert and Stevens 
1986). Antibiotics were added as required at the following 
concentrations: gentamycin (50 µg ml−1); spectinomycin 
(100 µg ml−1); and kanamycin (100 µg ml−1).

Synechococcus sp. PCC 7335 (hereafter Synechococ-
cus 7335) was obtained from the Pasteur Culture Col-
lection (http://www.pasteur.fr/pcc_cyanobacteria; (Rip-
pka et al. 1979). Cells were grown at room temperature 
(~ 25 °C) in ASN-III medium supplemented with vitamin 
B12 (4 μg l−1) and 10 mM Tris–HCl, pH 8.0). The chlF 
mutant was generated by replacing the chlF gene with an 
aphAII gene for kanamycin resistance (Ho et al. 2016) 
and was grown by supplementing the medium with kana-
mycin (50 µg ml−1). This mutant only accumulates Chl a 
even when grown in FRL (Suppl. Fig. S2). Synechococcus 
7335 does not tolerate high white light intensities (WL) 
and was routinely grown at ~ 25 to 100 µmol photons 
m−2 s−1. Lower irradiance values were achieved either by 
varying the number of cool-white fluorescent tubes or by 
using neutral density filters. An LED panel (L720-06AU; 
Marubeni, Santa Clara, CA, USA) with emission centered 
at 720 nm and/or a halogen light filtered by a combination 
of green and red plastic filters were used to provide far-
red light at ~ 180 µmol photons m−2 s−1 (Gan et al. 2014; 
Ho et al. 2016, 2017a, b). Cell growth was monitored 
as optical density at 750 nm by using a GENESYS 50 
spectrophotometer (ThermoSpectronic, Rochester, NY).

Purification of trimeric Photosystem I complexes

PSI was purified on sucrose gradients as described pre-
viously with minor modifications (Gan et  al. 2014). 

Synechococcus 7335 cells cultured under different light 
conditions were harvested and resuspended in MES buffer 
(50 mM MES, pH 6.5, 10 mM CaCl2, and 10 mM MgCl2). 
Resuspended cells were broken by three passages through 
a French pressure cell at 138 MPa at 4 °C as previously 
described. After centrifugation at 3830×g at 4 °C for 10 min 
to remove unbroken cells and cell debris, thylakoid mem-
branes were pelleted by ultracentrifugation at 126,100×g 
at 4 °C for 30 min. The thylakoid membranes were resus-
pended in MES buffer. The Chl concentration was adjusted 
to 0.4 mg Chl ml−1, and the thylakoid membranes were 
solubilized in 1% (w/v) n-dodecyl-β-D-maltoside (DM) at 
4 °C for 1 h. After centrifugation at 15,294×g at 4 °C for 
10 min, the supernatant was loaded onto a 10–20% (w/v) 
sucrose gradient containing 0.02% (w/v) DM. The gradient 
was centrifuged in a swinging bucket rotor at 133,900×g at 
4 °C for 18 h. The lowest green band in the sucrose gradi-
ent contained PSI trimer complexes that were collected for 
further analysis (see below).

PSI complexes were purified from the wild-type (WT) 
strain of Synechococcus 7002 and from ΔpsbD1 ΔpsbD2 
mutant cells harboring plasmid pAQ1Ex::chlF7521 (GmR) 
by following similar procedures (Shen and Bryant 1995; 
Shen et al. 2002, 2016, 2019). Trimeric PSI complexes 
were collected from the lowest regions of the sucrose gra-
dients, dialyzed against MES buffer and concentrated using 
the Millipore Centriprep 100K Centrifugal Filter Devices 
(EMD Millipore, Darmstadt, Germany). The concentrated 
PSI complexes were sometimes purified further by ultracen-
trifugation on similar sucrose gradients lacking added DM. 
Purified PSI complexes were resuspended in MES buffer 
containing 0.05% (w/v) DM and 5% (w/v) glycerol.

Pigment extraction and analysis

Cyanobacterial cells were harvested by centrifugation and 
washed once in 50 mM HEPES pH 7.2 prior to pigment 
extraction and analysis. Pigments were extracted from cells 
and purified PSI complexes by sonication in the dark with 
acetone/methanol (7:2, v/v) containing iodoacetamide 
(10 μl of a 36 mg ml−1stock solution). After centrifugation 
to remove cell debris and/or precipitated proteins, pigment 
extracts were filtered using Whatman™ 0.2 µm polytetra-
fluoroethylene syringe filters (GE Healthcare Life Sciences, 
Boston, MA) and analyzed by reversed-phase, high-perfor-
mance liquid chromatography (HPLC) on an Agilent 1100 
HPLC system with a Model G1315B diode-array detector 
(Agilent Technologies, Santa Clara, CA) equipped with 
an analytical Discovery C18 column (4.6 mm × 25 cm) 
(Supelco, Sigma-Aldrich, St. Louis, MO), following the sol-
vent programs described previously (Gan et al. 2014; Gan 
and Bryant 2015). An alternative HPLC analysis method 
was sometimes used as described previously (Ortega-Ramos 
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et al. 2018). Pigment extracts were filtered and buffered by 
addition of 0.1 volume of 1.0 M ammonium acetate before 
injection onto the HPLC column. Solvents A and B were 
64:16:20 (v/v/v) methanol/acetone/H2O and 80:20 (v/v) 
methanol/acetone, respectively. To detect species of Chl 
a, d, and f as well as carotenoids, the absorbance spectra 
of all eluted compounds were collected between 350 and 
900 nm at 0.5-s intervals. The HPLC data were processed 
using Agilent ChemStation software (revision B.02.01-SR1 
6100 series).

In‑solution trypsin digestion and LC–MS–MS protein 
identification

Fractions containing PSI complexes isolated from sucrose 
gradient centrifugation from cells grown in WL or FRL of 
the WT and chlF mutant strains of Synechococcus 7335 
were analyzed at the Proteomics and Mass Spectrometry 
core facility of the Huck Institutes for the Life Sciences 
at The Pennsylvania State University, University Park, as 
previously described (Ho et al. 2017a, b, c; Ho 2018). In-
solution samples digested with trypsin were analyzed by 
LC–MS–MS on a Thermo LTQ Orbitrap Velos ETD mass 
spectrometer equipped with a Dionex UltiMate 3000 Nano-
flow 2D LCY system.

Absorption and fluorescence spectroscopy 
and pigment content determination

Absorption spectra of isolated PSI complexes at room tem-
perature were measured using a Varian Cary 50 UV–Vis 
spectrophotometer. The 0.2 × 1.0 cm cuvette was oriented to 
include a 0.2 cm optical path. Absorption spectra and fluo-
rescence emission spectra at 77 K were measured as previ-
ously described (Shen et al. 2008, 2019). Chls were extracted 
from cells or purified PSI complexes with 100% methanol. 
Chl a and Chl f concentrations were determined from absorp-
tion spectra of extracts from the Qy absorption band of Chl 
a at 665 nm and of Chl f at 707 nm, using the molar extinc-
tion coefficients in methanol for Chl a (70.54 mM−1 cm−1; 
(Lichtenthaler 1987)), Chl d (63.68 mM−1 cm−1; (Li et al. 
2012)) and Chl f (71.11 mM−1 cm−1; (Li et al. 2012)).

Measurement of light‑induced difference spectra

Light-induced difference spectra were measured using a 
setup based on modified Varian Cary 50 UV–Vis spectro-
photometer. A Newport 66902 arc lamp outfitted with a 
400 W xenon lamp provided the actinic light, which was first 
passed through a circulating water filter to reduce sample 
heating. An optical fiber with an outboard shutter directed 
the light to the cuvette holder at a 90° angle to the probe 
beam. The amount of light absorbed at a given wavelength 

was measured with the shutter closed for 2 min (the dark 
signal) and with the shutter open (the light signal); the differ-
ence between the light and dark signals was plotted against 
the corresponding wavelength. A recovery period long 
enough for the sample to return to the ground state followed 
each measurement. A 0.4 × 1.0 cm cuvette held the sam-
ple, which was oriented so that the measuring beam passed 
through the 1 cm optical path and the actinic beam passed 
through the 0.4 cm path. The light intensity was adjusted by 
altering the power to the lamp and fine-tuned with neutral 
density filters to achieve the minimum saturating power, i.e., 
the power at which any further increase in the light intensity 
showed no increase in the absorbance change.

Measurement of light intensity to achieve 50% 
saturation of the trapping center

The amount of light required to achieve 50% saturation of 
the trapping center was measured at wavelengths from 650 
to 795 nm using the laboratory build setup described above 
and an assortment of narrow-band interference filters with 
full width at half maxima of 7 to 10 nm. All measurements 
were made at 700 nm. Prior to measurement, saturating 
white light was used to determine the maximum absorbance 
change possible for a given sample. Immediately thereafter, 
an interference filter was positioned in front of the actinic 
light source, and the light intensity was attenuated to reach 
the 50% of the maximum absorbance change. The light 
intensity was measured using a calibrated Newport 843-R 
power meter equipped with a Newport 918D-SL-OD3R 
detector. The measured light intensity was corrected for the 
sample absorbance (see below) and plotted against the cor-
responding filter transmittance maximum wavelength. The 
inverse of these data represents the action spectrum of the 
sample. The ratio of the normalized action spectrum and 
absorbance spectrum then represents the relative quantum 
efficiency.

Correction for actinic light intensity

When the actinic beam (I0) passes through the sample, 
its intensity decreases due to absorption by the pigments 
(Fig. 1). Because measurement of the absorbance is carried 
out in a small slice in the middle of the optical path of the 
actinic light, it is necessary to calculate the amount of light 
absorbed by the sample in this region of the cuvette. This 
is done using formula (1), where ε is the extinction coef-
ficient, c is the concentration of the sample, and L1 is the 
optical path from the surface of the sample to the probing 
beam area. 

(1)I = I
0
⋅ 10

−�⋅c⋅L
1
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 ε·c is calculated using formula (2), where A2 is the absorb-
ance of the sample measured through the optical path L2.

If ε⋅c from formula (2) would be used in formula (1), I can 
be calculated using formula (3).

An absorbance spectrum was recorded prior to the measure-
ment in a cuvette with a 0.2 cm optical path (L2) that was 
equal to L1 and A2 was taken from that spectrum. Formula 
(4) is the final formula used for the light correction, where 
Axxx was the absorbance at the wavelength xxx nanometers 
equal to the transmittance maximum of the filter in use.

Results

Isolation and characterization of Photosystem I 
complexes from Synechococcus 7335 strains

Figure  2a shows sucrose gradients that were used to 
fractionate solubilized thylakoid membranes prepared 
from Synechococcus 7335 WT cells grown in WL or 
FRL. The complexes showing the farthest migration 
on the gradients were in each case similar in migra-
tion to well-characterized trimeric PSI complexes from 
numerous other cyanobacteria, including Synechococ-
cus 7002 and Synechocystis sp. PCC 6803 (Shen and 
Bryant 1995; Schluchter et al. 1996; Shen et al. 2002, 
2016, 2019). Electron microscopy of negatively stained 
preparations showed that these fractions contained tri-
meric PSI complexes (data not shown). Figure 2b, c, 
respectively, shows the absorption and low-temperature 

(2)� ⋅ c =
A
2

L
2

(3)I = I
0
⋅ 10

−

A2

L2

⋅L
1

(4)I = I
0
⋅ 10

−A
xxx

Fig. 1   Depiction of the measuring and actinic beams relative to the 
dimensions of the cuvette. The probe beam is relatively narrow and 
passes through the middle of the cuvette, and hence the intensity of 
the actinic beam is diminished by absorption from pigments

Fig. 2   Isolation and spectroscopic properties of trimeric PSI complexes 
from WT Synechococcus 7335. a Sucrose density gradients showing the 
fractionation of solubilized thylakoid membranes from cells grown in 
white light (WL) and far-red light (FRL). The monomeric, dimeric, and 
trimeric fractions containing the indicated PSI and PSII complexes are 
indicated on the figure. The bands containing PSI and PSII on the top 
of the gradients have been analyzed by spectroscopy and native PAGE, 
and the monomer and dimer bands obtained by native PAGE have been 
subjected to LC–MS/MS analyses. The results indicated clearly that the 
upper two fractions of the sucrose density gradients contain both PSI and 
PSII. b Absorbance spectra for isolated trimeric PSI complexes from cells 
grown in WL (blue line) or FRL (red line). c Fluorescence emission spec-
tra at 77 K of isolated trimeric PSI complexes from cells grown in WL 
(blue line) or FRL (red line). The excitation wavelength was 440 nm
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fluorescence emission spectra of these two fractions. The 
WT–WL–PSI and WT–FRL–PSI complexes both had 
Qy absorbance maxima at 680 nm but the fluorescence 
emission maximum for the WT–WL–PSI complexes was 
723 nm while the WT–FRL–PSI complexes exhibited 
emission maxima at 740 nm and 796 nm. The Chl con-
tent of these complexes was assessed by reversed-phase 
HPLC. As shown in Table S1, the WT–WL–PSI com-
plexes contained no Chl d or Chl f and only contained 
Chl a. The WT–FRL–PSI complexes contained 87.6 Chl 
a and 8.4 Chl f molecules, but these complexes contained 
≤ 0.3 ± 0.1 Chl d molecule per PSI monomer. Tryptic pep-
tide mass fingerprinting was used to identify the PSI-
related proteins associated each of these fractions. As 
shown in Table S2, the WL–PSI complexes contained 
PSI subunits PsaA1, PsaB1, PsaD, PsaE, PsaF1, PsaI1, 
PsaJ1, PsaK, and PsaL1 but did not contain detectable 
amounts of the PSI proteins encoded by the FaRLiP gene 
cluster. In contrast, the FRL–PSI complexes contained 
PsaA2, PsaB2, PsaD, PsaE, PsaF2, PsaK, and PsaL2. A 
very small amount of PsaF1 was detected in these com-
plexes as well, but no other paralogous subunits encoded 
by genes outside the FaRLiP gene cluster were detected 
in the FRL–PSI complexes from the WT strain.

Figure 3 shows similar results for the chlF null mutant 
of Synechococcus 7335 that is unable to synthesize Chl f 
(Suppl. Fig. S2) (Ho et al. 2016). The WL–PSI complexes 
from this mutant have absorption and fluorescence emis-
sion spectra that are virtually identical to those of the 
WT strain (compare Fig. 2b, 2c and 3b, 3c). However, 
the FRL–PSI complexes from the chlF mutant are also 
very similar, if not identical, to those of the WT or chlF 
mutant strains grown in WL. Notably, the low-tempera-
ture fluorescence emission maximum for the FRL–PSI 
complexes had an emission maximum at 722 nm, not 
740 nm as observed for the FRL–PSI complexes from 
the WT strain (Figs. 2c and 3c). Tryptic peptide mass 
fingerprinting confirmed that the FRL–PSI complexes did 
not contain proteins encoded by the FaRLiP gene cluster 
(Table S2). Instead, the FRL–PSI complexes of the chlF 
mutant contained the same subunits as found in PSI com-
plexes from the WT strain and chlF mutant strains grown 
in WL. Thus, Chl f is apparently required for the assembly 
and/or stable accumulation of FRL–PSI complexes, and 
only PSI complexes similar to those produced in WL were 
found in the chlF mutant cells grown in FRL. It should 
also be noted that the PSI complexes produced in FRL 
were mostly monomeric and yields of trimeric PSI were 
quite low from the chlF mutant strain (Fig. 3a).

Fig. 3   Isolation and spectroscopic properties of trimeric PSI complexes 
from the chlF mutant of Synechococcus 7335 that is unable to synthesize 
Chl f. a Sucrose density gradients showing the fractionation of solubilized 
thylakoid membranes from cells grown in white light (WL) and far-red 
light (FRL). The monomeric, dimeric, and trimeric fractions containing 
the indicated PSI and PSII complexes are indicated according to results 
of spectroscopic analyses and by comparison with the gradients shown in 
Fig.  2a. Note the very low yield of PSI trimers in cells grown in FRL. 
b Absorbance spectra for isolated trimeric PSI complexes from the chlF 
mutant cells grown in WL (brown line) or FRL (purple line). Note the 
absence of absorption in the FRL sample at wavelengths from 700 to 
800 nm. c Fluorescence emission spectra at 77 K of isolated trimeric PSI 
complexes from cells grown in WL (brown line) or FRL (purple line). 
Note the absence of emission at 740 nm for the PSI complexes from FRL. 
The excitation wavelength was 440 nm
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Properties of Photosystem I complexes 
from Synechococcus 7002 strains

Figure 4 shows absorption and low-temperature fluores-
cence emission spectra for PSI complexes isolated from the 
WT strain of Synechococcus 7002 as well as two strains 
expressing the chlF7521 gene from F. thermalis 7521. In the 
first strain, the chlF7521 gene is expressed from the strong 
cpcBA promoter from Synechocystis sp. PCC 6803 in plas-
mid pAQ1Ex in the WT genetic background (Shen et al. 
2019). The 7002 pAQ1Ex::chlF7521 strain accumulates about 
1% Chl f, and correspondingly, trimeric PSI complexes con-
tain about 0.9 molecule of Chl f on average per PSI mono-
mer (Table S1). In the second strain, the chlF7521 gene was 
similarly expressed in a strain devoid of PsbD1, PsbD2, and 

PSII activity (Shen et al. 2019). The percentage of Chl f that 
accumulates in this strain  is ~ 2% in cells grown in FRL 
(Table S1). PSI complexes isolated from these cells contain 
about 3.8 Chl f molecules per PSI monomer (Table S1).

In the FRL–PSI complexes from WT Synechococcus 
7335 cells grown in FRL, the absorption due to the eight Chl 
f molecules in the PSI complexes is readily apparent in the 
region from 700 to 800 nm (Fig. 2b). There is a long, tailing 
absorption feature that exhibits hints of finer structure with 
shoulders at approximately 720, 740, and 760 nm. Addi-
tional absorption beyond 700 nm was also clearly evident 
in the spectrum of PSI complexes from the Synechococcus 
7002 mutant strain containing the largest amount of Chl f 
(Fig. 4a). However, the absorbance from Chl f clearly did not 
extend as far into the far-red/near-infrared region—only to 
about 740 nm. The low-temperature fluorescence emission 
maximum of these PSI complexes red-shifts slightly from 
714 nm for WT to 718 nm when 3.8 molecules of Chl f were 
present (Fig. 4b).

Light‑induced difference spectrum of the trapping 
center

To determine if the trapping center consists of a Chl f/Chl f′ 
special pair, we measured the light-induced difference spec-
tra for WL–PSI and FRL–PSI complexes from WT Synecho-
coccus 7335 and compared the results to those for PSI com-
plexes isolated from WT Synechococcus 7002, which can 
only synthesize Chl a. Figure 5 shows the light-induced dif-
ference spectra for these three PSI complexes for the region 
500 to 900 nm. The difference spectra are very similar, and 
all three complexes exhibit maximal photobleaching near 
700 nm. Notably, no significant bleaching is observed from 
about 720 to 760 nm for the FRL–PSI complexes, the region 
where photobleaching of Chl f would be expected to occur 
if it were a component of the special pair. Figure 6a shows 
high-resolution (± 1 nm) light-induced difference spectra for 
FRL–PSI and WL–PSI complexes derived from Synechoc-
occus 7335 strains as well as PSI complexes isolated from 
WT Synechococcus 7002. Figure 6b shows light-induced 
difference spectra for WL–PSI from WT Synechococcus 
7335 and WL–PSI and FRL–PSI complexes from the chlF 
mutant that cannot synthesize Chl f (Ho et al. 2016). The 
data indicate that there is no significant difference between 
the photobleaching maximum for PSI complexes from Syn-
echococcus 7335 grown in WL (WL–PSI) and for WL–PSI 
and FRL–PSI complexes from the chlF mutant: all PSI 
complexes have photobleaching maxima at 699 to 700 nm 
(Fig. 6a, b). However, the light-induced photobleaching 
maximum for FRL–PSI complexes from Synechococcus 
7335 WT was reproducibly slightly red-shifted to 703 to 
704 nm (Fig. 6a). This shift is too small to derive from 
a Chl f/Chl f′ special pair, and strongly suggests that the 

Fig. 4   Absorption spectra (a) and fluorescence emission spectra at 
77  K (b) of isolated PSI complexes from WT Synechococcus 7002 
and strains heterologously expressing the chlF7521 gene. Trimeric PSI 
complexes were purified from cells grown in WL for WT Synechoc-
occus 7002 (black line) and for the strain expressing the chlF7521 gene 
in a WT background and containing ~ 1 Chl f molecule per monomer 
(pink line). PSI complexes isolated from the ΔpsbD1 ΔpsbD2 strain 
of Synechococcus 7002 heterologously producing ChlF7521 and con-
taining ~ 3.8 Chl f molecules per PSI monomer (green line) were iso-
lated from cells grown in FRL. For the low-temperature fluorescence 
emission measurements, the excitation wavelength was 440 nm
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special pair is a Chl a/Chl a′ heterodimer (Webber and Lub-
itz 2001), albeit in a different structural environment than 
P700 in WT–WL–PSI complexes. In comparison, WL–PSI 
from Synechococcus 7002 shows a maximum bleaching at 
701 nm. Note that for all three samples, the error bars are 
typically larger on the shorter wavelength edge of the pho-
tobleaching peak; the signal-to-noise ratio in this wavelength 
range is lower because less light reaches the detector due to 
the much absorbance by Chl a at these wavelengths (points 
around 675 nm were deleted altogether for the spectra shown 
in Fig. 5). Figure 6c shows that the light-induced difference 
spectra of PSI complexes isolated from WT Synechococcus 
7002 overlay exactly with those from strains of Synechoc-
occus 7002 containing ~ 0.9 Chl f and 3.8 Chl f molecules: 
all show maximal photobleaching at 700 to 701 nm. These 
data further support the conclusion that P700

+ is associated 
with Chl a, likely a Chl a/Chl a′ heterodimer, in all of the 
PSI complexes studied here. They also show that the pho-
tobleaching maximum is a function of the protein expressed, 
which is different for the three samples shown in Fig. 6a.

Light saturation characteristics of the trapping 
center

If Chl f is capable of transferring energy to the trapping 
center, then the amount of light necessary to bleach the 
special pair should be related to the absorbance of the 
pigment(s) in a particular region of the spectrum. We quan-
tified this by measuring the light intensity, in µW, required 
to achieve 50% bleaching of the special pair as a function of 
wavelength. Figure 7a presents these results for wavelengths 
from 650 nm to 800 nm for PSI complexes isolated from 
WT and chlF mutant strains of Synechococcus 7335 strains 

grown under WL and FRL. The spectra were shifted on the 
Y-axis by a constant to be equivalent at 680 nm and the light 
intensity is plotted on a log scale. There is no significant dif-
ference between the PSI complexes of Synechococcus 7335 
WT grown under WL and the chlF null mutant of Synecho-
coccus 7335 grown in WL or FRL. For purposes of com-
parison, results for PSI complexes isolated from WT Syn-
echococcus 7002 are also shown. In these samples, which 
only contain Chl a (Table S1), it was possible to achieve 50% 
charge separation at wavelengths as long as 735 to 750 nm, 
although the amount of light required to produce 50% charge 
separation at 750 nm was ~ 500 times that required at the 
peak absorbance wavelength of 680 nm. Large increases 
in the amount of light necessary for excitation at 760 nm 
were previously found in WT Synechocystis sp. PCC 6803 
using femtosecond spectroscopy (Cherepanov et al. 2017a, 
b). However, in FRL–PSI complexes isolated from WT Syn-
echococcus 7335, the response was red-shifted by ~ 45 nm. 
In particular, the amount of light required at 750 nm was 
only 8 to 9 times that required at the peak wavelength of 
680 nm, and 50% charge separation could be achieved at 
wavelengths as long as 795 nm, compared to 750 nm for 
the other samples. Even at this wavelength, the amount of 
light required to achieve 50% charge separation was only 
120 times that required at the peak wavelength of 680 nm. 
Consistent with the absorption spectra of cells and FRL–PSI 
complexes, it is clear that the Chl f and Chl a molecules in 
FRL–PSI complexes from WT Synechococcus 7335 are able 
to transfer energy efficiently to the trapping center at much 
longer wavelengths than the Chl a molecules in WL–PSI 
complexes of WT Synechococcus 7335. For these PSI com-
plexes, the longest wavelength at which 50% charge separa-
tion was observed was red-shifted by ~ 45 nm.

Fig. 5   Light-induced differ-
ence spectra of PSI complexes 
measured at wavelengths 
from 500 nm to 900 nm in the 
presence of 10 mM sodium 
ascorbate and 10 µM DCPIP. 
PSI complexes isolated from 
WT Synechococcus 7335 
grown under WL (blue line) or 
FRL (red line) and from WT 
Synechococcus 7002 (black 
line). The gap in the data is 
near the Chl a peak, where the 
high absorbance of the sample 
precludes an accurate estimate 
of the difference spectrum
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Figure 7b depicts similar results at wavelengths from 
650 to 800 nm for PSI complexes isolated from wild-type 
Synechococcus 7002 grown and from strains of Synecho-
coccus 7002 that contain ~ 1 or 3.8 Chl f molecules. The 
data for PSI containing zero or one Chl f per reaction center 
overlaid each other, and furthermore closely resembled 
the response of PSI complexes from Synechococcus 7335 
that contain only Chl a (compare, Fig. 7a; see Table S1). 
In contrast, the light response for PSI complexes from Syn-
echococcus 7002 containing 3.8 Chl f molecules was shifted 
to longer wavelengths (Fig. 7b), although not by as much 
as for FRL–PSI from WT Synechococcus 7335 (compare 
to Fig. 7a). In particular, the amount of light required to 
achieve 50% photobleaching at 730 nm was only 20 times 
that required at the peak absorbance wavelength of 680 nm, 

Fig. 6   Light-induced photobleaching spectra of PSI complexes meas-
ured at higher resolution (~ 1 nm) from 693 to 712 nm in the presence 
of 10  mM sodium ascorbate and 10  µM DCPIP. a PSI complexes 
isolated from Synechococcus 7335 grown under WL (blue line) and 
FRL (red line), and PSI complexes isolated from WT Synechococ-
cus 7002 (black line). b PSI complexes isolated from Synechococcus 
7335 grown under WL (blue line) and from the chlF deletion mutant 
of Synechococcus 7335 grown under WL (brown line) and FRL (pur-
ple line). c PSI complexes isolated from WT Synechococcus 7002 
(black line), from WT Synechococcus 7002 heterologously producing 
ChlF7521 and containing ~ 1 Chl f molecule per PSI monomer (pink 
line), and from the ΔpsbD1 ΔpsbD2 strain of Synechococcus 7002 
heterologously producing ChlF7521 and containing ~ 3.8 Chl f mol-
ecules per PSI monomer (green line). The error bars are largest in the 
regions where the sample has the most absorption

Fig. 7   Amount of light necessary to bleach 50% of the trapping 
center measured as a function of wavelength. Details are provided 
in “Materials and methods.” a PSI complexes isolated from the WT 
strain of Synechococcus 7002 (black line), from the WT strain of Syn-
echococcus 7335 grown under WL (blue line) and FRL (red line), and 
from the chlF deletion mutant of Synechococcus 7335 grown under 
WL (brown line) and FRL (purple line). b PSI complexes isolated 
from WT Synechococcus 7002 (black line) and from Synechococ-
cus 7002 heterologously producing Chl f synthase from F. thermalis 
7521. When ChlF7521 is produced in a WT background, the PSI com-
plexes contain ~ 1 Chl f molecule per PSI monomer (pink line), and 
when ChlF7521 is produced in a PSII-less strain the PSI complexes 
contain about 3.8 Chl f molecules (green line)
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and 50% charge separation could be achieved at wavelengths 
as long as 750 nm, a wavelength about 20 nm longer than the 
730 nm observed for the other two samples.

Action spectrum for photobleaching

Figure 8 represents the action spectrum for photobleaching 
of PSI, i.e., the effectiveness of light in producing charge 
separation as a function of wavelength. If the pigments 
that absorb the light are equally effective in producing the 
response, the action spectrum should overlay the absorp-
tion spectrum. Figure 8a shows that the action spectrum 
for light-induced photobleaching of FRL–PSI complexes 
of Synechococcus 7335 nicely overlaps the absorption 

spectrum of these complexes, and this is especially so in the 
wavelength range from 700 to 800 nm. Figure 8b shows that 
the action spectrum of PSI that contains 3.8 Chl f molecules 
per monomer from Synechococcus 7002 also largely over-
laps the absorption spectrum. The ratio between the action 
spectrum and the visible spectrum represents the relative 
quantum yield and is depicted as the black line and points 
above the plots in both Fig. 8a, b. Comparisons of action 
spectra and absorption spectra of the other samples studied 
here are provided in Figs. S3 and S4.

Discussion

The ability of terrestrial cyanobacteria to acclimate to and 
utilize FRL in order to perform oxygenic photosynthesis is 
a highly complex process that requires the synthesis of two 
new Chls, Chl d and Chl f, and the coordinated expression 
of 20 genes, which collectively lead to extensive remod-
eling of PSI, PSII, and the core components of the PBS 
(Gan et al. 2014; Gan and Bryant 2015; Ho et al. 2017a, 
b, c). The evolutionary processes that were required to 
develop this complex response to light must be functionally 
and mechanistically dissected if one is to understand how 
nature adapted the photosynthetic apparatus to evolve this 
acclimation process. Furthermore, if one aspires to introduce 
this capability into crop plants to improve crop yields (Chen 
and Blankenship 2011; Blankenship and Chen 2013; Bryant 
2016), it is crucial to understand which of these processes 
are essential and what parameters influence the efficiency 
of each of these modifications. In previous studies by sev-
eral labs, the important roles of the modified phycobilipro-
teins produced in FRL have already been documented (Gan 
et al. 2014; Gan and Bryant 2015; Li et al. 2016; Miao et al. 
2016; Xu et al. 2016, 2017; Ho et al. 2017a, b, c; Herrera-
Salgado et al. 2018). These FRL-absorbing proteins, related 
to allophycocyanins, produce modified phycobilisomes or 
bicylindrical core structures (Gan et al. 2014; Li et al. 2016; 
Miao et al. 2016; Xu et al. 2016, 2017; Ho et al. 2017a, b, c) 
and strongly participate in FRL absorption by cyanobacte-
rial cells. However, in the short term at least, because of the 
complexity of their biogenesis and assembly, these compo-
nents of FaRLiP are unlikely to be introduced into plants.

In this study, we focused on the properties of PSI com-
plexes produced by Synechococcus 7335 cells grown in WL 
or FRL and by Synechococcus 7002 cells heterologously 
expressing the chlF gene of F. thermalis 7521. Consistent 
with very recently published results of others for other FaR-
LiP cyanobacteria (Li et al. 2018; Nurnberg et al. 2018), 
we found that FRL–PSI complexes of Synechococcus 7335 
do not contain Chl d and that P700 is most likely formed 
from a Chl a/Chl a′ heterodimer, as found in all other stud-
ied cyanobacteria except A. marina (Sivakumar et al. 2003; 

Fig. 8   Comparison of the action spectra and absorption spectra 
of PSI complexes. a Comparison of the action spectrum for light-
induced photobleaching of PSI complexes isolated from the WT 
strain of Synechococcus 7335 grown under FRL (red line) compared 
to their absorption spectrum (dashed red line). b Comparison of the 
action spectrum for light-induced photobleaching of PSI complexes 
from Synechococcus 7002 containing 3.8 Chl f molecules (green line) 
and with their absorption spectrum (dashed green line). The absorp-
tion spectra were normalized to an absorbance of 1.0 at 678  nm, 
whereas the action spectra were scaled so that the error shown in the 
difference (black points and lines) was minimized. The error bars are 
largest in the regions where the pigments have the most absorption. 
The ratio of the action spectrum to the absorbance spectrum is plotted 
above each figure. This is equivalent to the relative quantum yield for 
the pigments absorbing in this wavelength range
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Tomo et al. 2008; Allakhverdiev et al. 2016). The issue of 
thermally activated, uphill energy transfer from Chl d and 
Chl f to the trapping center has been addressed in a number 
of studies (Mielke et al. 2013; Schmitt et al. 2018). While 
it is obvious that energy transfer and trapping must occur 
in FaRLiP cyanobacteria, if only because they are capa-
ble of growth at wavelengths at which other cyanobacteria 
are incapable of growing (Gan et al. 2014; Li et al. 2014; 
Behrendt et al. 2015), the efficiency of these processes has 
not been previously addressed.

Visible–near‑IR absorption spectra

The absorption spectrum of PSI isolated from WT Syne-
chococcus 7335 grown in far-red light shows an enhanced 
absorbance at wavelengths from 695 nm to 790 nm due to 
the presence of ~ 8 molecules of Chl f. This enhancement 
is absent in PSI isolated from Synechococcus 7335 grown 
in white light or in a strain of Synechococcus 7335 lacking 
Chl f synthase grown either in FRL or in WL, which do not 
synthesize Chl f (Table S1). When chlF7521 was introduced 
into Synechococcus 7002, the absorption spectrum of PSI 
showed an enhanced absorbance at wavelengths from 700 to 
740 nm due to the presence of 3.8 molecules of Chl f, but the 
degree of enhancement was lower. The amino acid environ-
ment immediately surrounding the Chl-binding site(s) must 
play a significant role shifting the absorbance to the red. 
In this instance, Chl f bound to the PsaA/PsaB subunits in 
Synechococcus 7002 is not as red-shifted as Chl f bound to 
the PsaA2/PsaB2 subunits in Synechococcus 7335 expressed 
under far-red light conditions (Gan et al. 2014).

Light‑induced difference spectrum of the trapping 
center

We measured the light-induced difference spectrum of the 
trapping center at high spectral resolution and determined 
that it consists of Chl a and not Chl f in WT Synechococ-
cus 7335 grown under far-red light conditions and therefore 
probably consists of Chl a/Chl a′ as in PSI complexes pro-
duced in WL that only contain Chl a. However, the peak of 
the bleaching was red-shifted 4 nm to the red, occurring at 
703–704 nm rather than 699–700 nm as in WT Synechococ-
cus 7335 grown under WL conditions or in Synechococcus 
7335 that lacks ChlF grown under either WL or FRL con-
ditions. This shift is likely due to the different amino acid 
environments surrounding the special pair in Chl a bound 
to the PsaA1/PsaB1 and PsaA2/PsaB2 subunits in Synecho-
coccus 7335, respectively. It should be noted that a similar 
shift from 699 nm in WL–PSI to 702 nm in FRL–PSI in 
the chemical oxidized-minus-reduced difference spectrum 
was reported Chl f-containing Halomicronema hongdechlo-
ris (Li et al. 2018). In the absence of Chl f synthesis, the 

chlF null mutant of Synechococcus 7335 is unable to stably 
accumulate PSI complexes containing PsaA2 and PsaB2 
(Table S2), and this explains why there is no shift into the 
red wavelength region even though the strain was grown in 
FRL. When the Chl f synthase gene was introduced into Syn-
echococcus 7002, the maximal photobleaching still occurred 
at 699 to 700 nm, identical to the wild-type strain. This indi-
cates that Chl f is not bound at the P700 binding site.

Light saturation characteristics of the trapping 
center

We plotted the amount of light energy required to oxidize 
50% of P700 in PSI complexes of WT Synechococcus 7335 
grown in FRL and WL and in PSI complexes from strains 
of Synechococcus 7002 engineered to contain Chl f. The 
data are depicted on a logarithmic scale to emphasize the 
differences at higher power levels. Our results showed that 
FRL–PSI complexes from WT Synechococcus 7335 are 
able to absorb light with wavelengths up to 40 to 50 nm 
longer than WL–PSI complexes and to efficiently trans-
fer this energy to the trapping center. This is both due to 
the synthesis of Chl f and the specialized protein environ-
ments afforded by the PsaA2 and PsaB2 subunits. In the 
chlF mutant, Chl f as well as PsaA2 and PsaB2 are missing, 
and the light-induced photobleaching characteristics of PSI 
closely resemble those of WT Synechococcus 7335 grown 
under WL. Notably, the PSI complexes of Synechococcus 
7002 are able to bind Chl f molecules heterologously pro-
duced by Chl f synthase. These Chl f molecules enhance the 
absorption of FRL and are capable of transferring excitation 
energy to the trapping center. However, the red-shift of the 
absorption is not nearly as large as for FRL–PSI from Syn-
echococcus 7335 consistent with shifts of the light saturation 
curve for photobleaching ~ 20 nm to the red.

Finally, we plotted the action spectra PSI complexes con-
taining Chl f from Synechococcus 7335 and Synechococcus 
7002 and showed that it superimposes nicely with the cor-
responding absorbance spectra. The ratio of these two values 
provides the relative quantum yield for P700 photobleaching, 
and these data are plotted as the black lines and points in 
Fig. 8. Within the accuracy afforded by these measurements, 
the data confirm that for Synechococcus 7335, the light 
absorbed by Chl f in the wavelength range 700 to 800 nm 
produces a charge-separated state in PSI with a quantum 
yield equivalent to that of Chl a in the antenna. Because a 
determination of the absolute quantum yield of photochem-
istry in Chl a-containing PSI trimers from Synechocystis sp. 
PCC 6803 yields a value ~ 1.0 (Hou et al. 2001), it follows 
that the quantum yield of photochemistry produced by light 
absorbed by Chl f must also be close to unity. Therefore, each 
far-red/near-infrared photon absorbed by Chl f is transferred 
to P700 and results in a charge-separated state. It should be 
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mentioned that in addition to light harvesting, a function in 
the charge-separating pigments of PSI has also been pro-
posed for Chl f (Kaucikas et al. 2017; Nurnberg et al. 2018). 
Finally, Chl f molecules bound PSI complexes of Synecho-
coccus 7002 are also functional, but they do not extend the 
absorbance as far to longer wavelength, and the quantum 
yield appears to decrease as the wavelength increases over 
the range from 700 to 750 nm. These observations are in a 
sense expected, as it seems unreasonable that cells would 
have evolved the complex acclimation processes described 
above if a single gene product could replace the function of 
many genes affecting several different components of the 
photosynthetic apparatus. As noted above, these results are 
directly relevant to the issue of extending the wavelength 
range for photosynthesis in crop plants as a mechanism 
for enhancing photosynthetic efficiency (Chen and Blank-
enship 2011; Blankenship and Chen 2013; Bryant 2016). 
The results obtained here suggest that, while this might be 
possible simply by heterologously expressing the chlF gene 
in plants, to achieve optimal FRL utilization may require 
specific engineering of Chl-binding proteins to increase the 
efficiency of excitation energy transfer and trapping.
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