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ABSTRACT Chlorosomes are themain light harvesting complexes of green photosynthetic bacteria. Recently, a lamellar model
was proposed for the arrangement of pigment aggregates inChlorobium tepidum chlorosomes, which contain bacteriochlorophyll
(BChl) c as the main pigment. Here we demonstrate that the lamellar organization is also found in chlorosomes from two brown-
colored species (Chl. phaeovibrioides and Chl. phaeobacteroides) containing BChl e as the main pigment. This suggests that the
lamellar model is universal among green sulfur bacteria. In contrast to green-colored Chl. tepidum, chlorosomes from the brown-
colored species often contain domains of lamellar aggregates that may help them to survive in extremely low light conditions. We
suggest that carotenoids are localized between the lamellar planes and drive lamellar assembly by augmenting hydrophobic
interactions. A model for chlorosome assembly, which accounts for the role of carotenoids and secondary BChl homologs, is
presented.

INTRODUCTION

Chlorosomes are the main light harvesting complexes of

green photosynthetic bacteria. A typical chlorosome is an

ellipsoidal body (typically 100�200 nm in length, 20�50

nm in width) that is composed mainly of bacteriochloro-

phylls and carotenoids with minor contributions from qui-

nones, lipids, and proteins (1,2). The major difference from

all other light harvesting complexes is that the main chlo-

rosome pigments, bacteriochlorophyll (BChl) c, d, or e, are
not associated with proteins and self-assemble into aggre-

gates. The BChl aggregates were originally proposed to

assemble into rodlike elements (3,4). An alternative lamellar

model was put forward for the pigment arrangement in

Chlorobium tepidum chlorosomes (5). Recently, further

support for the lamellar model was obtained by a careful

fixation of whole cells and electron microscopy (EM) (6).

The density patterns and striations observed for most Chl.
tepidum chlorosomes in this study were inconsistent with the

presence of hexagonally packed, rod-shaped, BChl c aggre-
gates, but could be explained by the lamellar structure of

the aggregates. However, it is not obvious whether similar

structural features are common to chlorosomes from the other

members of Chlorobiaceae, which exhibit different pigment

compositions.

Chl. tepidum is a green-colored, green sulfur bacterium

containing BChl c as the main pigment, and chlorobactene

and OH-chlorobactene as the main carotenoids. For com-

parison we selected two brown-colored green sulfur bacteria,

Chl. phaeovibrioides and Chl. phaeobacteroides, which

contain BChl e, isorenieratene, and b-isorenieratene as the

main pigments (7). Compared to green-colored bacteria,

chlorosomes from brown-colored species contain larger

amounts of carotenoids and BChl secondary homologs with

esterifying alcohols longer than farnesyl (8,9). Recently,

carotenoids were shown to play a pivotal role in nucleating

the aggregation of BChl c in vitro (10). Carotenoids were also
proposed to play a structural role in the lamellar assembly

(5). This suggests that carotenoids may play an important

role in chlorosome morphogenesis. The carotenoid content

of chlorosomes can be manipulated by growing the bacteria

in the presence of 2-hydroxybiphenyl (HBP) which acts as

an inhibitor of carotenoid synthesis (11,12). This treatment

reduces the carotenoid amount available during chlorosome

assembly. Alternatively, carotenoids can be extracted from

isolated chlorosomes by hexane in vitro (13).

In this study we use a combination of structural and

analytical techniques to explore the roles of carotenoids and

secondary BChl homologs in chlorosome structure and self-

assembly. The results show that chlorosomes from the two

brown-colored species exhibit the same lamellar organiza-

tion of BChl e pigments as previously observed for BChl c in
Chl. tepidum. However, the long-range organization is funda-
mentally different. The results also unequivocally demon-

strate that carotenoids are an integral part of the lamellar

structure.

MATERIALS AND METHODS

Organisms and growth conditions

Chl. phaeobacteroides strain CL1401 and Chl. phaeovibrioides strain

UdG7006 were grown in standard Pfennig mineral medium (14) in 10-L
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glass bottles under continuous stirring. For the brackish Chl. phaeovi-

brioides the medium was supplemented with 2% NaCl. The inoculum was

3% using active cultures of both species. Illumination was continuously

provided by four Philips SL25 fluorescent lamps giving an average light

intensity of 100 mmol photons/m2/s at the surface of the culture bottles. Cells

were harvested at the stationary phase by centrifugation at 16,0003 g for

20 min at 4�C. Pellets were suspended in 50 mM Tris-HCl pH 8.0 and stored

at �20�C until use. Chl. tepidum was grown as previously described (5).

Inhibition of carotenoid biosynthesis was accomplished by supplementing

the culture media with HBP at a final concentration of 20 mg/mL (11).

Chlorosome preparation and
carotenoid extraction

Chlorosomes from brown-colored species and Chl. tepidum were isolated as

previously described (5,11). Carotenoids and quinones were extracted from

chlorosomes as described in (13,15) with minor modifications. The

chlorosome-containing sucrose gradient band was diluted eightfold with

50 mM Tris-HCl pH 8.0 and centrifuged at 125,0003 g for 1 h at 4�C. To
remove traces of sucrose, the chlorosome pellet was resuspended in buffer

and centrifuged again under the same conditions. The pellet was resuspended

in a minimal volume of buffer, quickly frozen in liquid nitrogen while

swirling the flask and freeze-dried for 90 min. The dried film of chlorosomes

was washed at least three times with hexane. To ensure efficient carotenoid

extraction, the film was resuspended in a minimal volume of buffer and the

freeze-drying procedure and the hexane wash were repeated at least three

times.

HPLC analysis

Photosynthetic pigments were extracted from thawed chlorosomes using

acetone:methanol (7:2) (Scharlau, HPLC grade). The extract was stored at –

30�C during 24 h and then centrifuged at 13,4003 g for 15 min. Before

HPLC analyses, 1 mL of clear supernatants were mixed with 1 M am-

monium acetate (10% final concentration), which was used as ion pairing

agent to improve the resolution of pigment separation (16). Samples were

equilibrated for 5 min and then analyzed by reverse-phase HPLC according

to (16) with minor modifications as described in (12).

The HPLC detection system was calibrated by injecting pigment

standards of known concentration extracted from pure cultures of Chl.
phaeobacteroides (BChl e, isorenieratene, and b-isorenieratene) and Chl.

limicola (BChl c and chlorobactene). The standards were quantified by

measuring the extinction at lmax for each pigment and determining the areas

of the corresponding peaks. The molar absorption coefficients used for

calibration were (in mM�1cm�1): 65.3 for BChl a at 771 nm (17), 74 for

BChl c at 434 nm (18), 41 for BChl e at 654 nm, and 107 for isorenieratene

at 450 nm (19). For the quantification of colorless phytoene an absorption

coefficient of 68 mM�1cm�1 at 287 nm was used (20). The calibrated areas

of peaks at 287 nm (phytoene), 434 nm (BChl c), 453 nm (isorenieratene),

464 nm (chlorobactene), 473 nm (BChl e), and 771 nm (BChl a) were used

to estimate the pigment composition of samples.

Structural analysis

Sample preparations and EM were done as previously described (5). X-ray

scattering of the native and HBP-chlorosomes presented in Fig. 3 was

collected at beamline ID1 of European synchrotron radiation facility with a

radiation wavelength of 0.92 Å. The measurements presented in Fig. 4 were

done on an in-house rotating Cu-anode source equipped with focusing optics

and an image plate detector. The typical optical density of the samples per

cm was 1000 at 715 nm. Extensive irradiation did not affect optical

properties of chlorosomes (Supplementary Fig. 1).

RESULTS

Pigment composition

One of the aims of this study was to establish a possible

correlation between pigment composition and chlorosome

structure and assembly. In particular the role of carotenoids

and secondary BChl homologs was examined. The compo-

sition of several different preparations of Chl. phaeovi-
brioides chlorosomes was analyzed and compared with

control chlorosomes from Chl. tepidum and Chl. phaeobac-
teroides (Table 1). Two different batches of control Chl.
phaeovibrioides chlorosomes (CTRL1 and CTRL2) were

washed with hexane to remove lipophilic molecules (carot-

enoids and quinones) resulting in samples HEX1 and HEX2,

respectively. These were also compared with chlorosomes

from HBP treated bacteria (HBP-chlorosomes), where carot-

enoid synthesis was inhibited. Absorption spectra of hexane

washed and HBP-chlorosomes exhibited the same features as

that of control chlorosomes except the changes due to loss of

carotenoids and BChl a (Supplementary Fig. 2).

Native brown-colored bacteria contained more carote-

noids and secondary homologs than Chl. tepidum. However,
batch to batch variation in their content was observed (cf.

CTRL1 and CTRL2 in Table 1). Hexane washing of control

chlorosomes led to the removal of 70�95% of the original

carotenoid and 30�80% of the BChl a content, respectively

(HEX1 and HEX2 in Table 1). The carotenoid content of

HBP-chlorosomes from Chl. phaeovibrioides was signifi-

cantly reduced with respect to control chlorosomes. However,

the effect of the HBP treatment on carotenoid biosynthesis

inhibition was less efficient than in the case of Chl.
phaeobacteroides (10), which might be due to a different

cellular response. HBP treatment resulted in the accumulation

of colorless phytoene in chlorosomes (Table 1), beyond which

the carotenoid biosynthesis is inhibited by HBP.

Electron cryomicroscopy

Fig. 1 compares a field view of control chlorosomes from

Chl. tepidum and Chl. phaeovibrioides. Whereas chloro-

somes from Chl. tepidum had an approximately elliptical

shape with a relatively smooth outline, chlorosomes from

Chl. phaeovibrioides were irregular and exhibited a rather

rough outline. Fig. 2 compares a typical chlorosome from

Chl. tepidum with several control chlorosomes from Chl.
phaeovibrioides. In all of the chlorosomes striations of

parallel dark and light stripes were discernible. However, a

closer inspection revealed a different long-range organiza-

tion of BChl aggregates in the two species: In Chl. tepidum,
the striations run close to parallel with the long axis of the

chlorosome and span the whole length of the chlorosome

(see also Fig. 1 in Psencik et al. (5)). In contrast, the direction

of striation in Chl. phaeovibrioides chlorosomes was dis-

continuous and contained within distinct domains typically

100�200 Å in size. The relative orientation of the domains
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was more or less random although a preference for having

the striation oriented at sharp angles with the long axis of

the chlorosome was apparent. The random arrangement of

domains correlates with the rough outline of Chl. phaeovi-

brioides chlorosomes. Such domains were also found oc-

casionally in chlorosomes of Chl. tepidum (not shown).

The spacing between the striae was determined from the

computed power spectra of several regions in different chlo-

rosomes (Fig. 2). Multiple areas with pronounced striation

were analyzed and the ranges of spacing obtained are

summarized in Table 2. Control chlorosomes from Chl.
phaeovibrioides exhibited spacing (23�25 Å) larger than

that seen for Chl. tepidum (19�22 Å). The presence of

domains in Chl. phaeovibrioides chlorosomes often man-

ifested itself in several peaks with similar spacing but with

different orientation, i.e., different azimuthal position in

the power spectra (Fig. 2). In contrast, a single intense peak

was usually observed for Chl. tepidum chlorosomes (Fig. 2

here and Fig. 1 in Psencik et al. (5)).

The overall shapes of hexane-washed and HBP-chloro-

somes are comparedwith the control in Fig. 1. The shape of the

hexane-washed chlorosomes remained unchanged. The stria-

tion and domains were less often observed than in the control

chlorosomes, presumably due to a loss of order in the BChl

aggregates and consequently lower domain size. The range of

spacing between striations was smaller (21�25 Å) than that of

the control chlorosomes (Table 2). HBP-chlorosomes were

TABLE 1 Pigment composition of chlorosomes obtained from

the HPLC separation and analysis

Sample

BChl c,

e main

homologues %

BChl c,

e secondary

homologues %

Car/

BChl c, e

(mol/mol)

BChl a/

BChl c, e

(mol/mol)

Chl. tepidum 82.7 17.3 0.084 0.009

Chl. phaeovibrioides

CTRL1

79.0 21.5 0.111 0.0072

Chl. phaeovibrioides
HEX1

79.3 20.5 0.033 0.0039

Chl. phaeovibrioides

CTRL2

57.8 42.1 0.2 0.016

Chl. phaeovibrioides
HEX2

63.3 36.7 0.007 0.011

Chl. phaeovibrioides

HBP

61.3 37.9 0.040* 0.0022

Chl. phaeobacteroides 53.5 46.5 0.247 0.0054

*Phytoene was accumulated in HBP-chlorosome, phytoene/BChl e (mol/

mol) ratio of 1.9; phytoene was not detected in any other sample.

Concentrations of pigments were determined with an error of ;1.5%.

FIGURE 1 Comparison of overall chlorosome shapes. Electron micrographs of samples embedded in vitreous ice: (a) Chl. tepidum chlorosomes, (b) Chl.
phaeovibrioides control chlorosomes, (c) hexane-washed Chl. phaeovibrioides chlorosomes and (d) HBP-chlorosomes from Chl. phaeovibrioides. Scale bar

200 nm.
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smaller and more ellipsoidal than control chlorosomes (Fig. 1)
and resembled Chl. tepidum chlorosomes. The striation and

domains were also less frequently encountered and striation

wasmore often parallel to the long axis of the chlorosome. The

spacing was slightly larger (24�26 Å) for HBP-chlorosomes

than for the control (Table 2).

Preliminary results for Chl. phaeobacteroides indicated

the existence of two distinct types of chlorosomes, which

were denoted as ‘‘thin’’ and ‘‘thick’’ chlorosomes, respec-

tively. A ‘‘thin’’ chlorosome is ellipsoidal and exhibits stri-

ation (spacing 27�33 Å) parallel with the long axis (similar to

those of Chl. tepidum, although less ordered). A ‘‘thick’’

chlorosome has a rough surface and contains domains (similar

to those from Chl. phaeovibrioides). The striation spacing

(21�26 Å) was larger than that seen for Chl. tepidum and

approached that of Chl. phaeovibrioides.

X-ray scattering

Solution x-ray scattering from Chl. phaeovibrioides (control
and HBP-chlorosomes) and Chl. tepidum chlorosomes is

compared in Fig. 3. Both the control and HBP-chlorosomes

from Chl. phaeovibrioides exhibited a single diffraction peak
between 0.21�0.23 Å�1. This corresponds to lamellar

spacing between 27�30 Å. No discernible features were

observed at wide angles (q between 0.5�0.8 Å�1). On the

other hand, Chl. tepidum chlorosomes yielded the main

diffraction peak at q¼ 0.3 Å�1 (lamellar spacing 20.9 Å) and

FIGURE 2 EM analysis of representative chlorosomes of (a) Chl. tepidum and (b) Chl. phaeovibrioides embedded in vitreous ice. The lower panels (a) and

(b) show power spectra of the boxed areas in the upper panels. The quarter-circles indicate the spacing of the main diffraction maxima, which was 20 and 24 Å,

respectively. Additional chlorosomes from Chl. phaeovibrioides are shown in panels (c–e) to illustrate the variability of the domain arrangement and their

involvement in the rough surface formation. Scale bar 50 nm.
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distinct features were also discernible at wide angles (5)

(Table 2). The wide-angle features were assigned to an

ordered lattice of BChl molecules within the Chl. tepidum
lamellae (5). The absence of these features for Chl.
phaeovibrioides indicates a significantly disordered pigment

lattice. For chlorosomes from Chl. phaeobacteroides, a

spacing of 29.9 Å was obtained (Table 2).

Removal of carotenoids by hexane washing produced a

profound change in the position of the main diffraction peak

from 0.23 to 0.28 Å�1 (Fig. 4). This corresponds to a sub-

stantial decrease (18%) in the lamellar spacing upon removal

of carotenoids (Table 2).

DISCUSSION

Lamellar organization of pigment aggregates

Both EM and x-ray scattering show that BChl emolecules in

Chl. phaeovibrioides and Chl. phaeobacteroides chlorosomes

are organized into lamellae in a fashion similar to that

proposed for Chl. tepidum (5). No evidence for a rodlike

arrangement of pigments was found. Instead, striation cor-

responding to lamellae was directly observed in cryo-EM

images.

Although the values of spacing between lamellae obtained

from EM images are systematically lower than the ensemble

average yielded by x-ray (diffraction peak maxima) they still

fit within the width of the diffraction peak (Fig. 3). One ex-

planation of the discrepancy is that the EM analyzed areas,

which were selected to contain pronounced striation, corre-

spond to well-ordered and tightly packed regions with

smaller spacing. The second reason is that the underlying

parallel striation (see below) often exhibits larger spacing

than that of domains, but is not well represented in the power

spectra. Given that cryo-EM and SAXS give the same

spacing for chlorosomes which do not possess domains (e.g.,

Chl. tepidum, Chl. phaeobacteroides ‘‘thin’’ chlorosomes)

the second explanation represents the likely reason for the

apparent discrepancy. Hence EM does not provide the cor-

rect average spacing for chlorosomes with domains. Thus,

we use the spacing obtained from x-ray diffraction for quan-

titative comparisons.

The spacing values obtained for the two brown-colored

species were found to be substantially larger (27�30 Å) than

that of Chl. tepidum (20.9 Å) chlorosomes. In addition, the

diffraction peaks obtained for Chl. phaeovibrioides were

wider than that for Chl. tepidum chlorosomes (Fig. 3). This,

FIGURE 3 SAXS obtained from solutions of Chl. phaeovibrioides

control (CTRL1, solid) and HBP-chlorosomes (dashed). Scattering from

Chl. tepidum chlorosomes (dotted) is shown for comparison (data from

Psencik et al. (5)).

FIGURE 4 SAXS obtained from solutions of Chl. phaeovibrioides
control (CTRL2, solid) and hexane-washed (HEX2, dotted) chlorosomes.

TABLE 2 Structural properties of chlorosomes

Bacterium BChl

Spacing

(EM) (Å) Domains*

Spacing

x-rayz (Å)

Chl. tepidum BChl c 19.5�21.5 Rarely 20.9

Chl. phaeovibrioides

CTRL1

BChl e 23–25 Almost always 28.9

Chl. phaeovibrioides

HEX1

BChl e 21�25 Almost always n.d.

Chl. phaeovibrioides
CTRL2

BChl e n.d. n.d. 27.3

Chl. phaeovibrioides

HEX2

BChl e n.d. n.d. 22.4

Chl. phaeovibrioides
HBP

BChl e 24–26 ;50% 29.8

Chl. phaeobacteroides BChl e 21–33y Only in ‘‘thick’’

chlorosomes

29.9

*Organization of visible striation; the visibility of striation is described

in text.
yThe ‘‘thick’’ chlorosomes exhibited spacing 21�26 Å, whereas ‘‘thin’’

chlorosomes exhibited larger spacing (27�33 Å).
zSpacing was determined with an accuracy of 60.1 Å.
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together with the absence of higher angle diffraction maxima

and EM results indicate lower lamellar order in the BChl e
containing chlorosomes. The increased spacing and disorder

could be a result of the different composition (e.g., caroten-

oid content or variation in secondary homologs), differences

between intrinsic structural properties of BChl c and e and

the way chlorosomes are being assembled in different cells

(e.g., mechanism of nucleation). As discussed below all

these factors may play a role.

Rough surface of chlorosomes is due to
lamellar domains

Although the basic lamellar arrangement of pigments in

chlorosomes is common to both green and brown-colored

species, there is a fundamental difference in their higher

order organization. The brown-colored species often contain

many lamellar domains with random orientations (Fig. 2). In

contrast, the lamellae span the whole length of the chlo-

rosome in the green-colored Chl. tepidum, effectively for-

ming a single domain. The presence of domains correlates

with the rough outline of these chlorosomes in EM. This

observation is consistent with results from atomic force mi-

croscopy (21). These authors reported that chlorosomes of

Chloroflexus aurantiacus, Chloronema sp., and Chl. tepidum
exhibited a smooth surface, whereas those of Chl. phaeo-
bacteroides and Chl. vibrioforme had rough surfaces. Thus,

we conclude that the rough surface represents the outline of

the underlying domains.

The development of domains is not limited to chlorosomes

from brown-colored species but may also happen in green-

colored species and their emergence may be related to

changes in growing conditions, e.g., self-shading in dense

cultures (see below). On the other hand, the ‘‘single domain’’

arrangement is also observed for the ‘‘thin’’ Chl. phaeobac-
teroides chlorosomes and for a fraction of HBP-chlorosomes

from Chl. phaeovibrioides. The results suggest that there are
two stages of chlorosome assembly. The first stage is nu-

cleated from the baseplate and results in the single domain

smooth chlorosomes. During the second stage, randomly

oriented domains nucleate on top of the baseplate-nucleated

regular layer. The latter process produces the rough, domain-

ridden surface appearance (Fig. 6). We propose that caro-

tenoids and secondary homologs play an important role in

the nucleation of domains (see below).

Physiological significance of domains

The brown-colored bacteria are able to survive at extremely

low-light conditions (22,23). Under these conditions effi-

cient capture of all photons becomes essential. The presence

of domains in chlorosomes may help to increase the light-

harvesting efficiency of photons with arbitrary polarization.

In all models for the BChl aggregate structure in chlor-

osomes (including rod and lamellar) the aggregates and their

main transition dipole moments are oriented along the long

axis of the chlorosome (e.g., single domain chlorosome). Con-

sequently, photons with a polarization component per-

pendicular to this axis are absorbed with lower efficiency.

In the absence of a polarization conversion mechanism, a

substantial part of the incident light would not be captured by

a given chlorosome. Domains with their lamellae oriented

at an angle with the long chlorosome axis provide such a

polarization conversion mechanism. The domains provide a

transition dipole component in the perpendicular direction

while their prevailing sharp angle with the long chlorosome

axis still assures reasonable coupling with the rest of the

underlying, baseplate-proximal aggregates (Fig. 6).

Localization of carotenoids

Previously it has been suggested that carotenoids occupy the

hydrophobic space between the chlorin planes and interact

with the esterifying alcohols (5). This model would predict

that the lamellar spacing would decrease upon carotenoid

content reduction. Indeed, this was observed in this work for

chlorosomes from which more than 95% of original carote-

noids were removed by hexane. The lattice constant decrease

corresponds to roughly an 18% total volume reduction. The

corresponding loss of carotenoids (Table 1) and possibly also

FIGURE 5 Schematic representation of carotenoid (orange) localization

(top) and the effect of their removal on the lamellar lattice of BChl (green)

molecules (bottom). Note that the length of the relatively stiff conjugated

carotenoids does not favor their orientation along the esterifying alcohol

chains.
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quinones could account for the volume decrease. The visible

absorption spectra of this sample does not indicate any sig-

nificant departure in short range order from the control (Sup-

plementary Fig. 2) and thus it is fair to assume that hexane

treatment affects only the lamellar spacing. Thus, we con-

clude that carotenoids and possibly quinones occupy the

volume between lamellae as illustrated in Fig. 5.

A comparison of the average lamellar spacing in

chlorosomes from Chl. tepidum (;21 Å), the control Chl.
phaeovibrioides (;28 Å), and Chl. phaeobacteroides (;30

Å) suggest that the value is proportional to the average length

of the esterifying alcohols. In different samples from the

same species this effect is often masked by the effect of ca-

rotenoids as discussed in the next section.

Role of carotenoids in assembly

Given that carotenoids occupy a substantial percentage of the

space between lamellae and that their removal in vitro led

to a reduction of lamellar spacing, one would expect the

amount of carotenoids to correlate with the spacing value.

However, the correlation observed for native bacteria is op-

posite to that predicted: a larger amount of carotenoids led to

a decrease in the spacing (cf. CTRL1 and CTRL2, Tables 1

and 2). Thus, the excluded volume of carotenoids is not the

sole determinant of the spacing.

The results of in vitro assembly experiments demonstrated

that the hydrophobic effect is the major driving force for

BChl aggregate assembly: carotenoids (or lipids) together

with esterifying alcohols drive aggregate formation by in-

creasing the hydrophobic interaction between the planes of

the relatively polar chlorine rings (10). The strength of the

interactions during assembly may determine the spacing. In

effect, larger amount of carotenoids (or other hydrophobic

substance which can partition into the lamellae) would

bolster the interaction between the lamellae and decrease the

spacing, as seen for CTRL1 versus CTRL2 (Tables 1 and 2),

or for ‘‘thin’’ chlorosomes versus domains. However, as

demonstrated by carotenoid extraction with hexane the la-

mellar arrangement is stable once fully assembled. Thus, the

carotenoid-mediated stabilization is essential only during

the early stages of assembly. In the fully assembled lamellae

the cooperative interactions of the esterifying alcohols are

strong enough to drive lattice transformation when carote-

noids are removed by hexane (Fig. 5).

Comparison of Chl. phaeovibrioides with Chl. tepidum
and HBP-chlorosomes suggests that carotenoids play im-

portant role in domain morphogenesis. Under certain stress

circumstances, e.g., low light conditions, the bacteria re-

spond by producing additional pigment varieties, in partic-

ular secondary homologs and carotenoids (9,24,25). As

shown in vitro (10) carotenoids may then facilitate nuclea-

tion of the new pigment assembly into small domains on the

surface of existing parallel aggregates (Fig. 6). The domains

provide additional light harvesting capacity to counter the

stress condition.

SUPPLEMENTARY MATERIAL
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