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Abstract
Chlorosomes of green photosynthetic bacteria are the most amazing example of long-range ordered natural light-harvesting 
antennae. Chlorosomes are the largest among all known photosynthetic light-harvesting structures (~ 104–105 pigments in 
the aggregated state). The chlorosomal bacteriochlorophyll (BChl) c/d/e molecules are organized via self-assembly and do 
not require proteins to provide a scaffold for efficient light harvesting. Despite numerous investigations, a consensus regard-
ing the spatial structure of chlorosomal antennae has not yet been reached. In the present work, we studied hyperchromism/
hypochromism in the chlorosomal BChl c Q/B absorption bands of the green photosynthetic bacterium Chloroflexus (Cfx.) 
aurantiacus. The chlorosomes were isolated from cells grown under different light intensities and therefore, as we discov-
ered earlier, they had different sizes of both BChl c antennae and their unit building blocks. We have shown experimentally 
that the Q-/B-band hyperchromism/hypochromism is proportional to the size of the chlorosomal antenna. We explained 
theoretically these findings in terms of excitonic intensity borrowing between the Q and B bands for the J-/H-aggregates of 
the BChls. The theory developed by Gülen (Photosynth Res 87:205–214, 2006) showed the dependence of the Q-/B-band 
hyperchromism/hypochromism on the structure of the aggregates. For the model of exciton-coupled BChl c linear chains 
within a unit building block, the theory predicted an increase in the hyperchromism/hypochromism with the increase in the 
number of molecules per chain and a decrease in it with the increase in the number of chains. It was previously shown that 
this model ensured a good fit with spectroscopy experiments and approximated the BChl c low packing density in vivo. The 
presented experimental and theoretical studies of the Q-/B-band hyperchromism/hypochromism permitted us to conclude 
that the unit building block of Cfx. aurantiacus chlorosomes comprises of several short BChl c chains.
This conclusion is in accordance with previous linear and nonlinear spectroscopy studies on Cfx. aurantiacus chlorosomes.
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Abbreviations
BChl  Bacteriochlorophyll
Cfx  Chloroflexus
CMC  Chlorosome-membrane complexes
Cba  Chlorobaculum
OD  Optical density

Introduction

In green photosynthetic bacteria, chlorosomes are the 
key light-harvesting extramembrane structures contain-
ing ~ 104–105 molecules (depending on the species) of 
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bacteriochlorophyll (BChl) c/d/e in the aggregated state 
(Olson 1998; Pierson and Castenholz 1992, 1995). Chlo-
rosomes have ovoid-shape structures with sizes of ca. 100–
260 nm × 40–100 nm × 10–30 nm (Frigaard and Bryant 
2006; Oelze and Golecki 1995; Taisova et al. 2002), and are 
attached to the inner surface of the cytoplasmic membranes. 
The most amazing property of the chlorosomes is that the 
BChl c/d/e pigments are organized via self-assembly and do 
not require proteins to provide a scaffold for efficient light 
harvesting. The self-aggregation of these pigments is due to 
intrinsic donor–acceptor properties of chlorophylls (Smith 
et al. 1983; Krasnovsky and Bystrova 1980). The neighbor-
ing molecules in the chlorosomal BChl aggregate couple 
via coordination bonds between the  C31 hydroxy group and 
the central Mg atom and via hydrogen bonds between the 
C13 carbonyl group and the  C31 hydroxy group. The strong 
orientational ordering of the BChl c  Qy transition dipoles 
in situ (Fetisova et al. 1988), isolated chlorosome-membrane 
complexes (Fetisova et al. 1986), and isolated chlorosomes 
(Mimuro et al. 1994; van Amerongen et al. 1988; van Dors-
sen et al. 1986) supports the suggestion that the elementary 
chlorosomal BChl c aggregate has the form of a quasi-linear 
chain.

Besides BChl c/d/e, the chlorosomes contain a small 
amount of BChl a (Gerola and Olson 1986) located in the 
baseplate (Frigaard and Bryant 2006). In Chloroflexaceae 
species, the B798 BChl a antenna of the baseplate (Mon-
tano et al. 2003) connects the chlorosomal B740 BChl c 
antenna with the membranous B808-866 BChl a antenna and 
reaction centers. The excitation energy transfer within this 
superantenna occurs according to the cascade scheme: BChl 
c B740 → BChl a B798 → BChl a B808 → BChl a B866 
(Martiskainen et al. 2009; van Dorssen and Amesz 1988). 
The BChl c B740 → BChl a B798 step has a major kinetic 
component of 10–40 ps depending on the BChl c antenna 
size (Savikhin et al. 1994; Fetisova et al. 1996). All green 
bacteria are able to grow in a wide range of growth-light 
intensities due to significant changes of the peripheral BChl 
c/d/e antenna size which is governed by the growth-light 
intensity (Frigaard and Bryant 2006; Oelze 1992; Pierson 
and Castenholz 1974; Schmidt et al. 1980; Taisova et al. 
2006; Yakovlev et al. 2002b).

Structural models of the BChl c/d/e aggregates have 
been extensively investigated. Many models using a rod-
like arrangement of BChl c/d/e aggregates were inspired 
by freeze-fracture electron microscopy data (Egawa et al. 
2007; Novoderezhkin et al. 2001; Saga and Tamiaki 2006; 
Sprague et al. 1981; Staehelin et al. 1978; Yakovlev et al. 
2002a). Conversely, a lamellar-type structure for the BChl 
c/d/e aggregates in chlorosomes was proposed in accord-
ance with the X-ray diffraction data (Pšenčik et al. 2004, 
2010, 2013). In addition, based on the integration of two 
different bio-imaging methods, solid-state nuclear magnetic 

resonance and cryo-electron microscopy, it was concluded 
that pairs of alternating syn-anti-ligated BChl c and d stacks 
form concentric helical nanotubes in chlorosomes from 
the green sulfur bacterium Chlorobaculum (Cba) tepidum 
mutant (Ganapathy et al. 2009). The combination of sev-
eral experimental techniques can be useful for quantitative 
estimation of the curvature variation of the BChl aggre-
gates within the same chlorosomes (Gunther et al. 2016). 
The validity of these structural models has been examined 
by comparing various experimental data and theoretical 
predictions (Arellano et al. 2000; Carbonera et al. 2001; 
Didraga and Knoster 2003; Dracheva et al. 1998; Fetisova 
2004; Fetisova et al. 1986, 1988, 1996; Fetisova and Maur-
ing 1992, 1993; Ganapathy et al. 2009; Gunther et al. 2016; 
Jendrny et al. 2014; Lin et al. 1991; Linnanto and Korppi-
Tommola 2008, 2013; Martiskainen et al. 2012; Mauring 
et al. 1999; Novoderezhkin et al. 1998, 2001; Pšenčik et al. 
2010; Savikhin et al. 1998; Sawaya et al. 2015; Shibata et al. 
2007; Yakovlev et al. 2002a). Despite the huge amount of 
research (for review see: Gunther et  al. 2016; Fetisova 
et al. 1988, 1996; Jendrny et al. 2014; Mirkovic et al. 2017; 
Novoderezhkin et al. 2001; Oostergetel et al. 2010; Orf and 
Blankenship 2013; Pandit and de Groot 2012; Savikhin et al. 
1998; Sawaya et al. 2015; Scholes et al. 2011; Yakovlev et al. 
2002a), conclusive information on the chlorosomal 3D struc-
ture is not yet available. Perhaps, the real structure of the 
pigment aggregates is a mixture of rod-like and lamellar-like 
structures (Gunther et al. 2016).

The green nonsulfur thermophilic bacterium, Chloro-
flexus (Cfx.) aurantiacus, is a nice example of filamentous 
anoxygenic phototrophic bacteria whose peripheral antenna 
is not very large (≤ 5 × 104 BChl c molecules, ~ 2 × 103 
BChl a molecules, ~ 1.5 × 104 molecules of carotenoids, 
and ~ 6 × 103 molecules of menaquinone-10) (Frigaard and 
Bryant 2004, 2006). Oligomeric organization of chloroso-
mal pigments in intact cells of Cfx. aurantiacus (as well as 
in those of Chlorobium limicola and Chlorobium phaeovi-
brioides) was proved by the spectral hole-burning method 
(Fetisova and Mauring 1992, 1993; Fetisova et al. 1994). 
A long-range molecular order of chlorosomal BChl c of 
Cfx. aurantiacus was shown by polarization spectroscopy 
(Fetisova et al. 1986, 1988; Van Dorssen et al. 1986). The 
light-controlled variability of the aggregation extent of Cfx. 
aurantiacus peripheral antenna pigments was studied by 
steady-state and time-resolved spectroscopy (Fetisova et al. 
1996; Taisova et al. 2001; Yakovlev et al. 2002b, 2017). 
The experimental findings were theoretically explained in 
terms of the tubular model of several exciton-coupled BChl 
c chains within the unit building blocks from which the rod-
like structures of BChl c aggregates were built in Cfx. auran-
tiacus chlorosomes. Each rod was considered as a sequence 
of the unit building blocks in accordance with the freeze-
fracture electron microscopy data (Fetisova et al. 1996; 
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Sprague et al. 1981; Staehelin et al. 1978). Optical proper-
ties of a tubular aggregate calculated by exciton theory were 
shown to be dependent on the size of the unit building block 
and, in particular, on the number of pigments in quasi-linear 
chains within the unit building block. The number of BChl 
c molecules per each chain within the unit building block 
was estimated as < 6–7 (Yakovlev et al. 2017). This tubular 
model was able to explain basic spectroscopic properties of 
Cfx. aurantiacus chlorosomes and approximated the BChl c 
low packing density in chlorosomes in vivo (Fetisova et al. 
1996; Taisova et al. 2001; Yakovlev et al. 2002b, 2017).

The green sulfur bacterium Cba. tepidum is very attrac-
tive due to its extremely large (up to 2.5 × 105 molecules) 
chlorosomal size (Frigaard and Bryant 2006). Various 
tubular, lamellar, and rolled lamellar structural models 
were proposed for Cba. tepidum chlorosomes (van Dorssen 
et al. 1986; Tamiaki 1996; Pšenčík et al. 2004; Furumaki 
et al. 2011; Linnanto and Korppi-Tommola 2013). To mini-
mize inherent structural heterogeneity of the chlorosomes, 
the triple mutant (bchQRU) from the species Cba. tepidum 
(Gomez Maqueo Chew et al. 2007) was studied by various 
techniques (Ganapathy et al. 2009). The structural model of 
syn-anti stacked dimeric BChl c molecules arranged in mul-
tilayer tubular superstructures was proposed for this mutant 
and wild-type Cba. tepidum chlorosomes (Ganapathy et al. 
2009). Heterogeneous ensemble averaging strongly impeded 
the study of chlorosomal structure. A study of individual 
chlorosomes helps to get over this problem in part (Shibata 
et al. 2006; Furumaki et al. 2011, 2012; Jendrny et al. 2014). 
A combination of mutagenesis, polarization-resolved single-
particle fluorescence excitation spectroscopy, cryo-electron 
microscopy, and theoretical modeling was used to study the 
chlorosomal structure of Cba. tepidum bchR mutant and to 
estimate the curvature variation of these aggregates (Günther 
et al. 2016). Strong intra- and inter-chlorosomal variations 
of the average curvature of the structural elements were 
reported. It was concluded that various structural elements 
(partial cylinders, lamellae, and spirals) can contribute to the 
structure of chlorosomes during their growth and biogenesis. 
The structural hierarchy in the pigment organization within 
an individual chlorosome was shown to be consistent with 
the multilayer arrangement of BChl aggregates. Thus, the 
macroscopic ensemble of chlosoromes was characterized 
by a mixture of organelles with differently curved struc-
tures of each individual chlorosome. This may explain the 
difference in spatial arrangement of the aggregated BChl 
molecules reported in literature (van Dorssen et al. 1986; 
Tamiaki 1996; Pšenčík et al. 2004; Linnanto and Korppi-
Tommola 2013).

Herein, we studied in detail the phenomena of the 
Q-band hyperchromism and B-band hypochromism in Cfx. 
aurantiacus chlorosomes isolated from cell cultures grown 
at different light intensities and therefore having different 

size of BChl c antennae. Hyperchromism (and its coun-
terpart, hypochromism) is defined as intensity borrowing 
between the spectral bands. The theory of hyperchromism 
was originally developed in (Rich and Tinoco 1960; 
Tinoco 1960, 1962; DeVoe and Tinoco 1962) and then 
applied to chlorophylls and related molecules by Scherz 
and Parson (1984a, b). The dependence of the  Qy-band 
hyperchromism on the antenna size in Cfx. aurantiacus 
chlorosomes was reported earlier (Taisova et al. 2001; 
Yakovlev et al. 2002b) but this has not been systemati-
cally studied. The theory of intensity borrowing between 
the Soret and  Qy transitions based on the rod-like model 
of BChl c/e aggregates was created for the green sulfur 
bacteria Chlorobium phaeobacteroides and Chlorobium 
tepidum (Shibata et al. 2010). A simple theory of exci-
tonic intensity borrowing between the Q and B bands for 
J-/H-aggregates of the BChls was developed by Gülen 
(2006). This theory showed the dependence of the Q-/B-
band hyperchromism/hypochromism on the structure of 
the aggregates. For example, for the model of exciton-
coupled BChl c linear chains, this theory predicted the 
dependence of the hyperchromism on the number of mol-
ecules per chain and the number of chains. In the present 
work, we showed experimentally an increase in the Q-/B-
band hyperchromism/hypochromism with increasing in the 
antenna size and explained this fact by an increase in the 
number of BChl c molecules per chain in accordance with 
the theory of Gülen (2006). A comparison of our experi-
mental data and this theory led to conclusion that the unit 
building block of Cfx. aurantiacus chlorosomes contains 
several short BChl c chains. This conclusion is consistent 
with our previous linear and nonlinear spectroscopy stud-
ies on Cfx. aurantiacus chlorosomes (Fetisova et al. 1996; 
Yakovlev et al. 2002b, 2017).

Materials and methods

Growth

Cells of filamentous thermophilic green bacterium Chloro-
flexus aurantiacus strain Ok-70-fl (collection of Leiden Uni-
versity, The Netherlands) were cultivated anaerobically in 
batch cultures with constant stirring at 55 °C on a standard 
medium (Pierson and Castenholz 1974; Castenholz 1969, 
Supplement) at different light intensities from incandescent 
lamps. The emission spectrum of the lamps is presented in 
Supplement. Different light intensities were achieved by 
varying the number of lamps, the light power of each lamp, 
and the distance from the light source. The corresponding 
incident photon flux density was varied from ~ 3 to ~ 60 µE 
 m−2 s−1.



98 Photosynthesis Research (2020) 146:95–108

1 3

Isolation of chlorosome‑membrane complexes

Chlorosome-membrane complexes (CMC) were isolated 
from Cfx. aurantiacus cell cultures grown at different light 
intensities. Consequently, these CMC had different BChl c 
contents. CMC were prepared from fresh Cfx. aurantiacus 
cells by the method of Ma et al. (1996) in slight modifica-
tion. Fresh cells were harvested by centrifugation at 8500×g 
for 20 min, washed with 10 mM Tris–HCl buffer, pH 8.0 
and suspended in TA buffer (10 mM Tris–HCl buffer pH 
8.0 containing 10 mM sodium ascorbate). The suspension 
was disrupted by two passes through a French pressure cell 
at 20,000 psi in the presence of 2 mM phenylmethylsulfonyl 
fluoride. Unbroken cell and large debris were removed by 
centrifugation at 20,000×g for 30 min at 4° C. The superna-
tant was centrifugated for 90 min at 180,000×g (45,000 rpm, 
Ti 50) at 4° C, and the resulting pellet was resuspended in a 
small volume of TA buffer, and diluted with 0.7 vol. of glyc-
erol before storing at − 70 °C. It contained the cytoplasmic 
membranes with attached chlorosomes.

Chlorosome isolation

Chlorosomes were isolated from Cfx. aurantiacus CMC 
suspension in TA buffer in a twofold successive continuous 
sucrose gradient (55–20% (wt/wt) and 45–15% (wt/wt) as 
described earlier in modification for CMC (Taisova et al. 
2002). Continuous sucrose density gradients were prepared 
in 50 mM Tris-HCl buffer, pH 8.0, and 2 MNaSCN (Tris-
thiocyanate buffer) in the presence of 10 mM sodium ascor-
bate in centrifuge tubes each containing a total of 38 ml. 
1.5–2.0 ml of the CMC suspension with optical density 
150–170 optical units at 740 nm was carefully added on 
top of each sucrose gradient. After centrifugation for 20 h 
at 135,000×g(28 000 rpm, SW-28) at 4° C, the chlorosomes 
banding between 28 and 30% sucrose were collected (based 
on the amplitude of absorption at ~ 740 nm).

Spectroscopy

Ground state absorption spectra of chlorosomes were 
recorded at room temperature with a Hitachi-557 spectro-
photometer (Japan). We used only freshly isolated samples 
of chlorosomes in all measurements.

Results

Figure 1 shows the absorption spectra of Cfx. aurantiacus 
chlorosomes isolated from cells grown under different light 
intensities and diluted into aqueous.

Tris buffer and into the equivalent amount of acetone-
methanol mixture, 7:2. Thus, the material concentrations 

in the pairs of samples in Fig. 1 were the same. The spectra 
of chlorosomes in Tris buffer consisted of a well-separated 
 Qy band (13,514 cm−1 or 740 nm) and a broad Soret (B) 
band (maximum at 21,834 cm−1 or 458 nm) of BChl c 
aggregates. A very small band at 12,580 cm−1 (795 nm) 
belonged to the baseplate BChl a. The broad, shapeless tail 
of the  Qy band (15,000–18,000 cm−1) probably contained 
a weak  Qx band and higher-energy Q transitions. Carot-
enoids mainly contributed to the region between 18,000 
and 20,500 cm−1 in Tris buffer spectra. The Soret band 
comprised of a strongly overlapping unresolved mixture 
of  Bx and  By bands. Theoretical modeling of the optical 
spectra of the BChl c aggregates showed that the contribu-
tions of both bands to the Soret band were comparable, but 
the energy of the  By transition was somewhat less than that 
of the  Bx transition (Shibata et al. 2010).

Dilution in a polar solvent (acetone) led to the mono-
merization of BChl c aggregates (Clayton 1980) which 
clearly caused noticeable changes in the absorption spectra 
(Fig. 1, blue). The monomeric  Qy- and B-bands of BChl c 
are shifted to ~ 15,133 cm−1 (661 nm) and ~ 23,234 cm−1 
(430 nm), respectively. A small band at ~ 16,000 cm−1 
(625 nm) probably belongs to a mixture of the monomeric 
 Qx band and the higher-energy  Qy-vibrational transition 
of BChl c. The two peaks at ~ 20,600 and 21,800 cm−1 
(485 and 460 nm) in acetone-methanol spectra belong to 
carotenoids. For comparison, pure BChl c dissolved in 
acetone has major absorption peaks at 15,150  (Qy) and 
23,100 (B)  cm−1 and minor peaks at 16,000 (Q), 24,250 
(B), and 25,600 (B)  cm−1 (Shibata et al. 2010). Quantum 
chemical calculation of the Chl a (a closest relative to 
BChl c) absorption spectrum revealed ~ 10 transitions in 
the B band in addition to two transitions in the Q band 
 (Qx and  Qy) (Graczyk et al. 2014). The spectra of chlo-
rosomes from the cells grown under different light inten-
sities and extracted with acetone-methanol mixture were 
not the same (Fig. 1) due to different ratios of pigments. 
For example, chlorosomes from the low-light-grown cells 
(Fig. 1d) contained less carotenoids per BChl than chlo-
rosomes from the high-light-grown cells (Fig. 1a).

It is clearly seen in Fig. 1 that the oligomerization of chlo-
rosomal BChl c led to an enhancement of the  Qy band and 
a reduction of the B band due to B → Q intensity borrow-
ing. The B-band reduction mainly occurred near the B-band 
maximum. To characterize this phenomenon quantitatively, 
we introduced the term hyperchromism H as the relative 
difference between the areas under spectral curves of the 
chlorosomal (SQ,B) and monomeric (SQ,B

0) BChl c bands:

A posit ive/negative H  value cor responds to 
hyperchromism/hypochromism.

(1)HQ,B = (SQ,B − S
0

Q,B
)∕S0

Q,B
= SQ,B∕S

0

Q,B
− 1
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The main problem in calculating SQ,B and SQ,B
0 is the 

uncertainty in the integration limits due to very compli-
cated shape of the multi-band absorption spectrum of Cfx. 
aurantiacus chlorosomes. It is almost impossible to sepa-
rate strongly mixed  By and  Bx bands. Also, it is difficult to 
define correctly the high-energy limit of the  Qy band. To 
simplify the task, we separated the spectral contributions 
of carotenoids and BChl a from those of BChl c in Tris 
buffer and acetone-methanol spectra of chlorosoms. For 
this, we fitted the spectral bands of carotenoids and BChl a 
with Gaussian profiles and subtracted them from the original 
spectra of chlorosomes. The spectra of carotenoids were fit-
ted with two Gaussian profiles, and the spectrum of BChl 
a was fitted with single Gaussian profile. Parameters of the 
fitting corresponded to the complete absence of the spectral 
bands of carotenoids and BChl a in the residual spectra. 
Thus, the residual spectra that remained after subtraction 
mainly contained the  Qx,y and  Bx,y bands of BChl c. We 
did not use the fitting procedure for separation of the “x” 
and “y” bands because of their evident overlap and pos-
sible mixing and interaction between them. The residual 
spectra were used for further calculations. We synchro-
nously varied the integration limits of SQ,B and SQ,B

0 in the 
same proportions to minimize the corresponding error. We 

started from narrow limits of integration included only the 
main  Qy peak and the central part of the B band and gradu-
ally increased them up to the whole Q and B bands. Thus, 
the integration limits were changed approximately from 
12,000–14,600 to 12,000–17,500 cm−1 (Q band, Tris buffer), 
from 19,500–23,500 to 17,500–27,500 cm−1 (B band, Tris 
buffer), from 14,000–16,000 to 14,000–18,500 cm−1 (Q 
band, acetone-methanol), and from 22,000–24,000 to 
20,000–27,500 cm−1 (B band, acetone-methanol). The upper 
limit of B-band integration (27,500 cm−1) was just the limit 
of the spectrometer. These different calculations produced 
a spread of calculated H values (see Fig. 2). A minimal and 
maximal H for each experimental point corresponded to 
underestimated and overestimated values of H, respectively. 
It should be noticed that the applied method of calculation 
did not provide a full guarantee of correct extracting of the 
 Qy and B bands from the measured spectra, and therefore 
it could be used for the approximate estimation of the H 
values.

Figure 2 shows the dependence of the  Qy-band hyper-
chromism and the B-band hypochromism of Cfx. aurantiacus 
chlorosomes on the light intensity used for bacterial growth. 
An increase in the light intensity led to a decrease in both 
the  Qy-band hyperchromism and the B-band hypochromism. 

Fig. 1  The absorption spectra of Cfx. aurantiacus chlorosomes isolated from cells grown under light intensities of 1 (d), 3 (c), 10 (b), and 20 (a) 
relative units, diluted into aqueous Tris buffer (black) and into the equivalent amount of acetone-methanol, 7:2 (blue)
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The absolute values of the positive  Qy-band hyperchromism 
and the negative B-band hypocromism were close one to 
another. The spread of H values (shown by double arrows 
in Fig. 2) reflects an uncertainty in the integration limits in 
the calculation of SQ,B and SQ,B

0. The corresponding error 
was moderate in the case of integration of the  Qy spectrum, 
but large for the B spectrum. Formally, the large spread for 
the B-band data points permitted to draw even a horizontal 
H(I) line, but the lower and upper H values for each I clearly 
showed that H depends on I.

It is known that a change in the light intensity used 
for bacterial growth led to a change in the chlorosomal 
antenna size (Fetisova et al. 1996; Taisova et al. 2001; 
Yakovlev et al. 2002b, 2017). To relate the experimental 
values of the light intensity used for the growth of Cfx. 
aurantiacus cultures to the chlorosomal antenna sizes 
in these cultures, we measured the absorption spectra of 
Cfx. aurantiacus CMC grown at different light intensities 
(Fig. 3). The maximum of spectra at 13,514 cm−1 (740 nm) 
belonged to chlorosomal BChl c, while the maxima at 
12,376 and 11,547 cm−1 (808 and 866 nm) belonged to 
the membrane core BChl a antenna B808-866. It is known 
that the size of the core B808-866 antenna does not depend 
on the growth-light conditions (Olson 1980; Golecki and 
Oelze 1987). Based on this fact, we normalized the CMC 
absorption spectra at 11,547 cm−1 and characterized the 
different BChl c contents in chlorosomes according to the 
ratios of absorption peaks at 13,514 and 11,547 cm−1. 
Consequently, a 20-fold increase in the light intensity 
during the cell culturing resulted in a ~ 3.5-fold increase 
in the content of the chlorosomal BChl c in our experi-
ment. Figure  4 shows the dependence of the  Qy-band 
hyperchromism and the B-band hypochromism on the ratio 
of Cfx. aurantiacus cells absorption at 740 and 866 nm. 

Both hyper- and hypochromism increased with increas-
ing in the chlorosomal antenna size, but the rate of these 
changes (the first derivative of dH/d(antenna size)) gradu-
ally decreased. It is clear that an increase in the chloro-
somal antenna size itself cannot change the intensity of 
borrowing between the BChl spectral bands. The observed 
changes in hyper(hypo)chromism unambiguously indicate 
some structural variation in the chlorosomal antenna. 

Fig. 2  The dependence of the  Qy-band hyperchromism and the 
B-band hypochromism of Cfx. aurantiacus chlorosomes on the light 
intensity used for bacterial growth. Double arrows show the scatter of 
points due to variation of the integration limits in the calculations of 
S and S0

Fig. 3  The absorption spectra of chlorosome-membrane complexes 
isolated from Cfx. aurantiacus cell cultures, grown at light intensity 
of 20 (black), 10 (blue), 3 (red), and 1 (green) relative units. The 
spectra are normalized to the absorption maximum of the core B808–
B866 antenna at 866 nm since its size does not depend on the growth-
light conditions

Fig. 4  The dependence of the  Qy-band hyperchromism and the 
B-band hypochromism on the ratio of Cfx. aurantiacus absorption 
at 740 and 866  nm (see Fig.  3). Double arrows show the scatter of 
points due to variation of the integration limits in the calculations of 
S and S0
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Discussion

Model of Q/B hyperchromism/hypochromism

To explain the obtained data, we addressed to the theory 
of B–Q intensity borrowing in the J-/H-aggregates of 
BChls (Gülen 2006). The terms “J-/H-aggregates” denote 
the “nose to tail” and “nose to nose” spatial arrangement 
of transition dipole moments, respectively. This theory is 
based on the following approaches and assumptions: the 
point dipole approximation, the nearest neighbor interac-
tion, homogeneous aggregates, the same polarization of 
the Q and B transitions, and consideration of the excited 
states only. It is clear that a set of these assumptions pre-
vent a detailed quantitative explanation of our experiment. 
The most important drawback of the theory is the point 
dipole approximation which is not valid in tightly packed 
BChl aggregates. To our knowledge, an adequate theory 
of the hyper(hypo)chromism in Cfx. aurantiacus is not 
available now. By these reasons, we used the theory of 
Gülen for illustrative purpose for a general explanation 
of the basic effects. The validity of applying this theory 
to Cfx. aurantiacus chlorosomes is discussed below. A 
general conclusion made in (Gülen 2006) is that the Q–B 
interband mixing is mediated by the coupling between the 
excitonic transitions in the Q and B spectral bands. Con-
sequently, the Q–B band mixing significantly affected the 
spectral properties of these bands. The spatial structure of 
molecular aggregates is assumed to be constructed from 
parallel chains of molecules. The main parameters used 
in (Gülen 2006) were the energies and dipole moments 
of monomeric Q and B transitions, intraband (Q–Q and 
B–B) and interband (B–Q) couplings, the number of mol-
ecules per chain, and the number of chains. The last two 
parameters referred to the spatial structure of molecular 
aggregates.

To check the validity of the model used, we calculated 
spectra of the  Qy and  By absorption bands of Cfx. auran-
tiacus chlorosomes and of the monomeric BChl c bands 
(Fig. 5). For realism, a mixture of aggregates with N = 2, 
3, and 4 molecules (with relative contribution of 0.3:1:2, 
respectively) per chain and the Gaussian shape of each 
exciton band were assumed for the chlorosomal spectra. 
Most features of the calculated spectra such as the Q-band 
hyperchromism, B-band hypochromism, red shift of the 
chlorosomal spectra compared to the spectra of monomeric 
BChl c, and the high-energy tail of the chlorosomal bands 
are in accordance with those of the experimental spectra. 
The calculated difference in the amplitudes of chloroso-
mal and monomeric bands, the energies of the  Qy and  By 
bands, and their bandwidths are in accordance with the 
experimental ones, while the shapes of the calculated and 

experimental bands are not similar (see Fig. 1 for compari-
son). The deviation in the calculated shape of the Q band 
from the experimental one is moderate, but this deviation 
is much more evident for the B band. It is clear that tak-
ing into account the  Qx and  Bx transitions would improve 
the used approach. Figure 6 shows theoretical depend-
ence of the  Qy and  By absorption strengths and peaks on 
the number of molecules, N, per chain. A proportional 
increase in the strengths and a small red shift of the bands 
with increase in N is in accordance with the previously 
reported results (Yakovlev et al. 2017). One can conclude 
that the theory of Gülen (2006) can be used for qualitative 
explanation of the hyper(hypo) chromism in Cfx. auran-
tiacus chlorosomes, but more rigorous theory is needed 
to adequately describe interactions between aggregated 
molecules in Cfx. aurantiacus chlorosomes.

Figure  7 shows the theoretical dependences of the 
Q-band hyperchromism and of the B-band hypochromism 
on the number of molecules per chain, N, for the 6-chain 
aggregate. For realism, we used fractional N to imitate a 
mixture of aggregates with different N. The monomeric 
transition energies of 15,075 and 23,125 cm−1 were taken 
at the peaks of experimental  Qy and B absorption bands 
(Fig. 1). The ratio of the dipole moments of the mono-
meric Q and B transitions was taken as µB/µQ = 1.38 that 
is in the range of estimations (Scherz and Parson 1984a, 
b; Umetsu et al. 1999). The Q–Q coupling VQQ was taken 

Fig. 5  The calculated spectra of the  Qy and  By absorption bands of 
Cfx. aurantiacus chlorosomes (black) and the bands of monomeric 
BChl c (blue). A mixture of aggregates with N = 2, 3, and 4 mol-
ecules (with relative contribution of 0.3:1:2, respectively) per chain 
in a 6-chain tube was assumed. The Gaussian shape of each exciton 
band with FWHM = 250 and 300 cm−1 was assumed for the  Qy and 
 By bands, respectively. Parameters of the calculation were as follows: 
energy of the monomeric  Qy transition EQ = 15,075 cm−1, energy of 
the monomeric  By transition EB = 23,125  cm−1, the  Qy-Qy coupling 
VQQ =  − 970  cm−1, interchain  Qy-Qy coupling V1

QQ = 49  cm−1, the 
number of chains L = 6, and the ratio of dipole moments of  By  and 
 Qy transitions µB/µQ = 1.38. Note that the B-B and B-Q couplings can 
be scaled as VBB = (µB/µQ)2VQQ and VBQ = (µB/µQ)VQQ
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as − 970 cm−1 that agreed with close proximity of the self-
aggregated BChls (Pšenčik et al. 2004; Umetsu et al. 1999; 
Tamiaki et al. 2002). The coupling between chains was 
taken as 49 cm−1 that is close to the value used in previous 
theoretical simulations of linear and nonlinear spectra of 
tubular BChl c aggregates (Mauring et al. 1999; Yakovlev 
et al. 2017). The number of chains L = 6 was taken as in 
(Mauring et al. 1999; Yakovlev et al. 2017).

The theoretical curves in Fig. 7 show an increase in 
both Q-band hyperchromism and B-band hypochromism 
with increase in N. This increase is conspicuous for a 
small N = 1–3 but much less for N > 5. We arbitrarily put 
the experimental points on the theoretical curves in Fig. 7. 
Notice that we could not know the N values for each point 
and therefore used the relative difference of their H values. 
The experimental points are in close accordance with the 
theoretical curves if we assume a mixture of aggregates 
with different N in the experiment. For example, two exper-
imental points with N = 2.4 and N = 3.4 can be considered 
as a mixture of N = 2/N = 3 and N = 3/N = 4 aggregates in a 
ratio of 3:2, respectively. The main conclusion from Fig. 5 
is that BChl c aggregates of Cfx. aurantiacus chlorosomes 
can be built from the units with the short molecular chains. 

Fig. 6  Theoretical dependence of the  Qy and  By absorption strengths 
(see Fig. 5) (a) and their peak energy (b) on the number of molecules 
per chain N. See the legends in Fig. 5 for other parameters

Fig. 7  Experimental (squares and circles) and theoretical (solid 
curves) dependences of the  Qy-band hyperchromism and the B-band 
hypochromism of Cfx. aurantiacus chlorosomes on the number N of 
BChl c molecules per chain. Fractional N was used to imitate a mix-
ture of chlorosomes with different N. The size of the experimental 
points reflects the spread in the H values. See the legend in Fig. 5 for 
other parameters

Fig. 8  Theoretical dependence of the  Qy-band hyperchromism and 
the  By-band hypochromism on the number of molecules per chain 
N for different values of the Q–Q coupling VQQ =  − 1500, − 1000, 
and − 500 cm−1. See the legend in Fig. 5 for other parameters

Fig. 9  Theoretical dependence of the  Qy-band hyperchromism and 
the  By-band hypochromism on the number of molecules per chain N 
for different values of the ratio of the dipole moments of  By  and  Qy 
transitions µB/µQ = 1.73, 1.38, and 1.23. See the legend in Fig. 5 for 
other parameters



103Photosynthesis Research (2020) 146:95–108 

1 3

Variation of theoretical parameters over a wide range did 
not change this conclusion (Figs. 8, 9, 10, 11). This vari-
ation changed the H values in the Q- and B-bands, but the 
qualitative character of the H(N) dependences remained 
the same. For example, an increase in the Q–Q coupling 
VQQ from − 500 to − 1500 cm−1 and an increase in the µB/µQ 
ratio from 1.22 to 1.73 led to a conspicuous increase in H 
(more pronounced in the Q band than in the B-band) (Figs. 8 
and 9). An increase in the number of chains L from 1 to 10 
resulted in a decrease in the Q-band hyperchromism and a 
small increase in the B-band hypochromism (Fig. 10). An 
increase in the interchain coupling V1

QQ from 10 to 200 cm−1 
led to a decrease in both Q-band hyperchromism and B-band 
hypochromism (Fig.  11). All of the H(N) dependences 
shown in Figs. 6, 7, 8 and 9,  are qualitatively similar: the 
region of conspicuous increase at N = 1–4 is followed by 
the region of much smaller changes at N > 5–6. It should be 
noted that N = 1 corresponded to the ring of L molecules in 

the calculations, therefore H(N = 1, L) is equal to zero (as it 
should be for monomers) only if L = 1(see Fig. 10). Based 
on Fig. 7, we estimated the BChl c content for the building 
units of chlorosomes grown at high- and low-light intensity 
as 2.4 × 6 ~ 14 and 5 × 6 = 30 molecules per unit, respectively. 
These estimations accorded with previously obtained ones 
which were based on the tubular-model calculations of the 
steady-state and time-resolved spectra of Cfx. aurantiacus 
chlorosomes (Yakovlev et al. 2017).

Discussion on the chlorosome structure

In further discussion, we addressed to the available informa-
tion on the in vivo BChl c packing density for Cfx. aurantia-
cus chlorosomes (Staehelin et al. 1978; Golecki and Oelze 
1987; Sprague et al. 1981). This information, together with 
its analysis, is summarized in Table 1.

According to freeze-fracture electron microscopy, 
Cfx. aurantiacus chlorosomes with low/high BChl c 
content had an average height of 12/19 nm, a width of 
34/38 nm, and a length of 96/108 nm. The chlorosomes 
contained ~ 3400/12,000 molecules collected in ~ 12/21 
rods, each ~ 5.5  nm in diameter. Thus , each rod con-
tained ~ 280/570 molecules. Electron microscopy revealed 
a 6-nm periodicity in the rod structure (Staehelin et al. 1978; 
Sprague et al. 1981). Assuming that each rod consisted 
of 6-nm units, we calculated the number of units per rod 
as 16/18, and the number of molecules per unit as 18/32. 
Assuming further that each unit consisted of 6 quasi-linear 
chains, we finally estimated the number of molecules per 
chain as 3/5. This estimation is in a good agreement with the 
study of the hyper(hypo)chromism presented here. Similar 
estimations were also obtained in studies of the steady-state 
and the time-resolved spectra of Cfx. aurantiacus chlo-
rosomes (Yakovlev et al. 2017, 2018). It should be noted 
that questions about how BChl chains are unified into 6-nm 
building blocks and how these blocks are further unified 

Fig. 10  Theoretical dependence of the  Qy-band hyperchromism and 
the  By-band hypochromism on the number of molecules per chain N 
for the different number of chains L = 1, 2, 5, and 10. See the legend 
in Fig. 5 for other parameters

Fig. 11  Theoretical dependence of the  Qy-band hyperchromism and 
the  By-band hypochromism on the number of molecules per chain N 
for different values of the interchain coupling V1

QQ = 10, 50, 100, and 
200 cm−1. See the legend in Fig. 5 for other parameters

Table 1  Estimation of the in  vivo BChl c packing density for Cfx. 
aurantiacus chlorosomes (Staehelin et  al. 1978; Golecki and Oelze 
1987; Sprague et al. 1981)

Low BChl c 
content culture

High BChl 
c content 
culture

Chlorosomal size, nm 12 × 34 × 96 19 × 38 × 108
Total number of molecules  ~ 3400  ~ 12,000
Number of rods  ~ 12  ~ 21
Number of molecules per rod  ~ 280  ~ 570
Number of units per rod  ~ 16  ~ 18
Number of molecules per unit  ~ 18  ~ 32
Number of molecules per chain  ~ 3  ~ 5
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into rods still remain open due to the lack of conclusive 
information.

It is interesting to compare our theoretical results obtained 
in the framework of a rather simple model of J-/H-aggre-
gates (Gülen 2006) with a more rigorous model based on 
the rod-like model of the tightly packed BChl c/e aggregates 
(Shibata et al. 2010). The model structure used by Shibata 
et al. (2010) was the same as it was originally proposed by 
Holzwarth and Schaffner (1994) and by Prokhorenko et al. 
(2000, 2003). The model of Shibata et al. (2010) showed that 
intensity borrowing between the Soret and  Qy bands signifi-
cantly affects the absorption, linear dichroism, and circular 
dichroism spectra of Chlorobaculum (Cba.) tepidum (for-
merly Chlorobium tepidum) chlorosomes. This green sulfur 
bacterium has a very large chlorosomal antenna contain-
ing ≥ 105 BChl molecules which is several times larger than 
the chlorosomal antenna size of Cfx. aurantiacus (Frigaard 
and Bryant 2006). This difference in the antenna size pre-
vents a direct comparison of these two models. To obtain a 
good accordance with the experiment, it was additionally 
assumed by Shibata et al. (2010) that the  Bx- and  By- transi-
tion dipoles were not parallel to the molecular x- and y-axes, 
respectively. It was shown that in this case the optical spectra 
of chlorosomes are determined mainly by the local pigment 
arrangement of the aggregate, but not by its higher-order 
structure. Also, it was shown that the  Bx band did not par-
ticipate in the B → Q intensity borrowing in BChl c (but not 
in BChl e) aggregates. The calculated intensity borrowing 
from the  By  to the  Qy band in Cba. tepidum chlorosomes 
resulted in moderate  Qy-band hyperchromism and  By-band 
hypochromism (Shibata et al. 2010).

It is widely accepted that the self-aggregation of chloro-
somal BChls occurred by coordination of the  31-hydroxy 
group of the molecule to the central Mg of another molecule 
and by the hydrogen bonding of the coordinated hydroxy 
group with the 13-keto carbonyl group of the third molecule 
(Smith et al. 1983; Krasnovsky and Bystrova 1980). Many 
types of ester groups including long straight chains are pre-
sented in the chlorosomal BChls (for review, see Tamiaki 
et al. 2007). These ester groups are suggested to participate 
in the formation of the higher-ordered structure of chlo-
rosomes without any specific interaction with oligopep-
tides. For example, BChl c in Cfx. aurantiacus is esterified 
mainly with octadecanol (stearol). In chlorosomes, the ester 
groups of BChl molecules interact with flexible long chains 
of surrounding molecules. Chlorosomal BChl molecules 
have a long chain group at the 17-propionate ester which 
should interact with environmental molecules including the 
BChl molecules from the same or a neighboring rod, dif-
ferent molecules from the chlorosomal lipid sack (proteins, 
carotenoids and others), and the baseplate molecules. For 
example, the long chains of the molecules constituting the 
lipid monolayer directed to the chlorosomal interior and thus 

interacted with the esterifying chains of aggregated BChls. 
This hydrophobic interaction would stabilize the relatively 
flexible lipid monolayer at the chlorosomal surface (Tamiaki 
et al. 2007). Therefore, the esterifying chains are impor-
tant for the formation of a higher-ordered structure of chlo-
rosomes which is important for efficient energy transfer in 
the chlorosomal self-aggregates.

Carotenoids play an important role in the chlorosome 
functioning mainly as photoprotectors. The nature of the 
interactions between BChls and carotenoids was studied by 
a combination of X-ray scattering, cryo-electron microscopy, 
absorption spectroscopy, and pigment analysis (Pšenčik 
et al. 2013). The data obtained by Pšenčik et al. (2013) were 
considered in favor of the lamellar structure of chlorosomes. 
Cfx. aurantiacus chlorosomes exhibit a carotenoid/BChl 
molar ratio in the range of 0.1–0.3. It was shown that Cfx. 
aurantiacus chlorosomes grown under higher light intensity 
contain more carotenoids, probably to provide more effective 
photoprotection (Pšenčik et al. 2013; Yakovlev et al. 2017). 
It was also shown that the lamellar spacing is roughly pro-
portional to the length of BChl esterifying alcohols (Pšenčik 
et al. 2013). The length of these esterifying alcohols deter-
mines the lamellar spacing. The wider lamellae provide 
accumulation of a larger quantity of nonpolar molecules 
(such as carotenoids and quinones) in the hydrophobic 
region between the lamellar layers. The distance between the 
lamellar layers decreased when carotenoids were removed 
from the chlorosomes. A larger carotenoid content provides 
the effective photoprotection at a higher light intensity. It 
was suggested that Cfx. aurantiacus chlorosomal disorder is 
mainly due to the heterogeneity in the length of the esterify-
ing alcohols and the larger amount of carotenoids (Pšenčik 
et al. 2013). The possible structural role of carotenoids needs 
to be further studied.

It should be noticed that the light-controlled variability 
of the building unit size during bacterial growth occurs not 
only in the peripheral BChl c/d/e chlorosomal antennae of 
green bacteria. For example, the structure of the peripheral 
BChl a antenna complex B-800 LH-2 of the purple pho-
tosynthetic bacterium Rhodopseudomonas palustris was 
shown to be also adapted to different light intensities during 
bacterial growth (Hartigan et al. 2002). The building unit of 
this peripheral antenna is composed of one B-800 monomer 
and one B-850 dimer. It was shown by X-ray crystallography 
that this building unit increased in size with decreasing light 
intensity during the culture growth (Hartigan et al. 2002). 
This change was accompanied by the aggregation of four 
exciton-coupled BChl a molecules.

Thus, the light intensity during bacterial growth controls 
both the size of the chlorosomal antenna of Cfx. aurantiacus 
and the size of its unit building block. As the light inten-
sity decreases, the size of the peripheral antenna increases 
to enhance the light-absorbing capability and compensate 
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for the light deficit. The inevitable drop in the efficiency of 
light harvesting is accompanied by this increase in antenna 
size (Fetisova et al. 1996). This drop is compensated by an 
increase in the size of the unit building blocks that form the 
oligomeric BChl c aggregate. As a result of these structural 
changes, the high efficiency of light harvesting is maintained 
over a wide range of light intensities which allowed Cfx. 
aurantiacus to survive. An increase in the number of mol-
ecules per unit leads to a decrease in the total number of 
acts of energy transfer between units (if the total number 
of antenna molecules is fixed). This shortens the time of 
energy migration in the antenna and, consequently, provides 
less energy loss. If the total number of antenna molecules 
increases, then the number of units can be increased in the 
same proportion (the most favorable case) or in some smaller 
proportion, or remains the same (the most unfavorable case). 
In addition, an increase in the number of molecules per unit 
leads to an increase in the dipole strength of the Qy absorp-
tion band, which enhances the absorption of light.

Conclusions

Here, we have demonstrated that Q-/B-band hyperchromism/
hypochromism is an effective tool for studying the oligo-
meric structure of the Cfx. aurantiacus chlorosomes. We 
studied chlorosomes grown at different light intensities and, 
therefore, had different antenna sizes. We showed experi-
mentally that Q-/B-bands hyperchromism/hypochromism 
is proportional to the size of the chlorosomal antenna. A 
theoretical explanation of these findings was based on the 
concept of excitonic intensity borrowing between the well-
separated Q and B absorption bands. We used the model 
of J-/H-aggregates of BChls which predicted the depend-
ence of Q-/B-bands hyperchromism/hypochromism on the 
structure of BChl aggregates (Gülen 2006). Being applied to 
exciton-coupled BChl c linear chains within the unit build-
ing block, the theory predicted an increase in the hyper-
chromism/hypochromism with an increase in the number 
of molecules per chain and a decrease in it with an increase 
in the number of chains. Comparison of experimental and 
theoretical results led to the conclusion that the unit building 
block of Cfx. aurantiacus chlorosomes comprises of several 
short BChl c chains. The number of BChl c molecules per 
chain varied from ~ 3 to ~ 5 depending on light intensity dur-
ing culture growth. This conclusion is in accordance with 
previous linear and nonlinear spectroscopy studies on Cfx. 
aurantiacus chlorosomes. Thus, we demonstrated the light-
controlled variability of the extent of BChl c aggregation 
within a unit building block in a variable peripheral antenna 
of Cfx. aurantiacus chlorosomes.

Control over the light-harvesting antenna size helps 
photosynthetic organisms to survive over a wide range of 

light intensities. As the light intensity decreases, the size 
of the antenna increases to compensate for the light deficit 
by enhancing its light-absorbing capability. In general, this 
increase in the antenna size itself should be accompanied by 
a drop in the efficiency of the antenna functioning. However, 
Nature solve this problem in many ways, for example, by 
enlarging the size of the unit BChl aggregate to ensure high 
efficiency of energy transfer within the antenna. The primary 
processes of light energy harvesting in photosynthetic organ-
isms are very efficient due to the structural optimization of 
their apparatus according to functional criteria (Fetisova and 
Fok 1984). One of the optimizing factors is the degree of 
oligomerization of antenna pigments (Fetisova et al.1989) 
which is possible due to the self-aggregation of chlorophylls 
(Smith et al. 1983; Krasnovsky and Bystrova 1980). Self-
organization of the ordered systems seems to be a key feature 
of all living systems.
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