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Breaking the dogma: Photosynthesis without 
carotenes 
 

 

 

Abstract: 

Carotenoids play essential roles in plant photosynthesis: they stabilize the pigment-
protein complexes, are active in harvesting sunlight, and are involved in photoprotection 
via several different mechanisms.  In plants, they are present as carotenes, mainly in the 
form of β-carotene, associated with the core complexes of Photosystem II and I, and as 
xanthophylls, a variety of oxygenated derivates, which are bound to the light-harvesting 
complexes.  While mutant plants lacking xanthophylls show photoautotrophic growth, no 
plants lacking carotenes have been reported so far, leading to the conclusion that 
carotenes are essential for the survival of the plant. 

Here, we have studied N.tobacco plants modified to produce astaxanthin, a 
ketocarotenoid. We show that these plants do not contain any carotenes and that 
astaxanthin is the only xanthophyll present. Despite this, the plants grow 
photoautotrophically, demonstrating for the first time that carotenes are not essential for 
photosynthesis. Combining measurements at plant and protein level, we show that the 
absence of β-carotene does not have a large impact on the functionality of PSII and PSI.  It 
mainly influences the supramolecular organization and stability of Photosystem II and the 
photostability of PSI, and has a small effect on the electron transfer at the QB level. 
Moreover, most, but not all, of the carotenoid binding sites of the core complexes are 
promiscuous.  Finally, these plants show that non-photochemical quenching (NPQ) can be 
induced in the absence of both zeaxanthin and lutein, the xanthophylls that have been 
held responsible for NPQ so far. 

 

 

 

Manuscript in preparation: 

Pengqi Xu, Vohla U. Chukhutsina, Gert Schansker, Ludwik W. Bielczynski, Yinghong Lu, Daniel Karcher, Ralph Bock 
and Roberta Croce. Breaking the dogma: Photosynthesis without carotenes  
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Introduction 

Carotenoids are a large class of pigments responsible for the yellow, orange and red color 
of fruits and leaves and are essential for photosynthesis (for a recent review see 228,229). In 
the thylakoid membranes, they are mainly associated with the photosynthetic complexes. 
They have multiple roles and are active in both light harvesting and photoprotection 230. 
Their large absorption cross section in the blue region of the electromagnetic spectrum 
makes them ideal light-harvesting pigments, especially for aquatic organisms. The 
drawback due to their very short excited state lifetimes is overcome by their close 
connection with chlorophylls which favors fast (and thus efficient) excitation energy 
transfer 166. However, the main role of carotenoids, especially in eukaryotic organisms, is 
photoprotection. Their capacity to quench chlorophyll (Chl) triplets (thus avoiding their 
reaction with molecular oxygen and the production of singlet oxygen), and to scavenge 
singlet oxygen makes them essential for the survival of the organism 25,231,232. This critical 
role is also apparent by the inability of the light-harvesting complexes to fold in the 
absence of carotenoids 233. Finally, carotenoids have been proposed to be involved in the 
energy quenching of singlet excited state chlorophylls in a process known as non-
photochemical quenching (NPQ), which controls the level of excited states in the 
membrane 234. 

Two species of carotenoids are present in the thylakoid membranes of plants: carotenes 
and xanthophylls, which are oxygenated carotenoids. The main carotene is β-carotene 
which is associated with the core complexes of Photosystem I and II. Eleven β-carotene 
molecules were resolved in the structure of the PSII core of cyanobacteria 21, ten in the 
PSII core of plants 6, and 22 in the core of PSI 20. Xanthophylls are associated with the light-
harvesting complexes (LHC) that act as a peripheral antenna of both photosystems. These 
complexes bind lutein, neoxanthin and violaxanthin, which in high light conditions is 
partially converted to zeaxanthin 15,187,235. LHCII, the main antenna complex of higher 
plants, binds four xanthophylls in addition to 14 Chls. Two lutein molecules are located in 
the L1 and L2 internal binding sites, one neoxanthin in the N site, while the V1 binding site 
is occupied by violaxanthin or lutein and can accommodate zeaxanthin in stress conditions 
47,50,178. 

The carotenoid binding sites of the LHC are rather promiscuous. The L1 and L2 site can 
accommodate a number of different carotenoids. Those include violaxanthin, as in the L2 
site of the minor antenna CP29 and CP24 18,236, zeaxanthin, and also other forms that are 
not naturally present in the photosynthetic membrane 237. However, they cannot 
accommodate neoxanthin or β-carotene 26. Occupation of the L1 and L2 sites is essential 
for the folding and stability of the complex 26 and Chl triplet quenching 168. 

Information regarding the role of the individual carotenoids has been obtained from the 
analysis of mutants of plants and algae affected at different stages of the carotenoid 
biosynthetic pathways. It was shown that lutein is essential for the stability of the LHCII 
trimers 19 and, together with zeaxanthin, for photoprotection 238 via energy dissipation of 
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exited Chls 92,102. Neoxanthin instead seems to be necessary for the scavenging of 
superoxide anions 27.  Violaxanthin, in the L2 site of minor antenna complexes, stabilizes 
the protein, while violaxanthin bound to the V1 site of LHCII is a readily available substrate 
for the activity of the xanthophyll cycle under high light 50,178. Zeaxanthin is active as 
scavenger of singlet oxygen in the membrane 40, and has a role in NPQ 15, although its 
action mechanism is debated 33,131. More recently, a mutant plant lacking all xanthophylls 
has been analyzed 239. This mutant did not contain LHC, had no NPQ, and showed a 
reduced PSI content, which led the authors to suggest that xanthophylls are required for 
LHC assembly and PSI biogenesis. While mutants without xanthophylls have been 
identified in several organisms, mutants lacking carotenes have only been identified in 
cyanobacteria and the green alga C. reinhardtii when these organisms were grown 
heterotrophically 22,23,240. This led to the conclusion that β-carotene is essential for 
photoautotrophic growth and thus for photosynthesis. 

In this work, we have analyzed Nicotiana tobacco plants in which the carotenoid 
biosynthetic pathways have been engineered to produce the ketocarotenoid astaxanthin 
(Lu et al. submitted). The plants only contain astaxanthin, demonstrating the carotenes 
are dispensable for photosynthesis, and allowing the investigation of the role of β-
carotene in the different complexes. 

Material and Methods 

Tobacco growth and thylakoid isolations: 
Seeds from mutant and WT plants were sown on moist filter paper and synchronized at 4 
°C for 2-3 days before being moved to room temperature until germination. The sprouts 
were transferred to soil and grown at 22 °C under 150-200 μ mol photons m-2 s-1 for WT 
and 80-120 μ mol photons m-2 s-1 for the mutant with 14 hours of light per day. Plants 
were fed with commercial fertilizer each week.  Leaves from WT (5-6 weeks old) and 
mutant plants (14-16 weeks for young leaf (orange), 20 weeks for old leaves (more green)) 
were used for physiology measurements or thylakoids isolation. WT thylakoids isolation 
was performed as described in 131. The centrifuge speed was increased to 4000 g for the 
first step of the isolation for mutant tobacco, as all other parameters were the same for 
both mutant and WT.  

Pigment analysis: 
Pigments from isolated protein-pigment complexes or leaves were extracted with 80% 
acetone. HPLC was performed as in Xu, P. et al 2015 131 with a the modification that buffer 
B was linearly increased from 0% to 100% in 9.2 minutes. Chlorophyll a/b ratios and 
chlorophyll/carotenoid ratios were calculated by fitting their individual absorption spectra 
to measured spectra 185. The fitting of total thylakoids and isolated Lhcbs are shown in SI 
Figure 11 as examples. 

Quantification of the singlet oxygen yield in vivo: 
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Singlet Oxygen Sensor Green (SOSG) is a fluorescent dye used to detect the amount of 
singlet oxygen in the leaf after strong illumination 179. Leaves disc (1X1 cm) were vacuum-
infiltrated with 200 μM SOSG solution and exposed to 2500 μmol photons m-2 s-1 red light 
(>600nm) for 180 minutes at RT. The leaf discs were moistened with water to avoid 
dehydration during the illumination. The fluorescence signal was recorded by a Fluorolog 
with an optic fiber, allowing measurement of the fluorescence emission from the top of 
the leaf. A wavelength of 480 nm was used to excite the samples and fluorescence was 
measure at 500-600 nm and 500-650 nm for WT and mutant, respectively. The primary 
results are shown in SI Figure 1. 

NPQ and OJIP Measurements: 
NPQ: Dark-adapted plants were measured by a Dual-PAM-100 (Waltz) with a 7 μE 
measuring beam to keep the reaction centers in the open state, and a 4000 μmol 
photons·m−2·s−1 (500 ms) saturating beam to close the reaction centers. A 531 μmol 
photons·m−2·s−1 actinic light was used to induce NPQ. 

OJIP: A HandyPEA (Hansatech Instruments Ltd, UK) was used to measure fluorescent 
induction upon a dark-to-light transition. Three red LEDs (peak intensity at ~650 nm) were 
used as a light source, giving approximately 3500 µmol photons m-2 s-1 at the leaf surface. 
A HandyPEA measured the fluorescence intensity emitted in response to the actinic light. 
No measuring light was used, and between pulses there was no light. To correct for 
differences in the fluorescence intensity due to differences in the actinic light intensity, 
the measured fluorescence values were divided by F0 (= F20µs). Tobacco plants were taken 
from the growth chamber at the end of their night and were kept in near darkness for at 
least one hour before leaf clips were attached to a set of 10 leaves. These leaves were 
measured repetitively during the experiment with 10-15 min of darkness between 
measurements. Two types of measurements were carried out. To estimate the effective 
antenna size of PSII, leaves were illuminated with light intensities from 3500 down to 200 
µmol photons m-2 s-1, starting at the highest light intensity. To characterize the re-
oxidation properties of PSII and the rest of the photosynthetic electron transport chain, 
two strong pulses of light (0.5 s 3500 μmol photons·m−2·s−1) were given to the leaves 
spaced Δt apart, with Δt between 0.1 s and 200 s. 

Redox state of PSI and PSII measurements: 
Dark-adapted plants were measured with a Dual-PAM-100 (Waltz) to record NPQ, qP and 
P700 at different actinic light intensities (70, 95, 166, 531 and 1028 μmol photons·m−2·s−1). 
The 820 nm absorbance signal corrected for absorbance changes at 870 nm was used for 
the analysis of the P700 kinetics. 

Blue Native Gel, SDS-PAGE, Immunoblotting, and Sucrose density 
gradients: 
Blue Native gels were performed as described in Bielczynski et al. 2016 241 and second 
dimension and SDS-PAGE as described in 184. 
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For immunoblot analysis, total protein extracts were separated by SDS-PAGE and 
transferred to Protran 0.45 mm nitrocellulose membrane. Specific primary antibodies 
(Agrisera) were used to detect the target protein. Chemiluminescence was detected using 
an ImageQuant LAS 4000 imaging system. 

For sucrose density gradient fractionation, 0.2 mg total chlorophyll of thylakoids were 
washed with 5 mM EDTA and resuspended in 200 μL 10 mM Hepes (pH 7.5). An equal 
volume of 1.2% α-DDM was added, mixed gently, and the solubilized thylakoids were 
centrifuged at 14000 rpm for 10 minutes at 4 °C. The supernatant was loaded on a 0-1 M 
sucrose gradient (10 mM Hepes, pH 7.5, 0.03% α-DDM) and centrifuged at 288000 g for 17 
hours. The separated bands were collected with a syringe. 

State Steady Spectroscopy Measurements: 
Absorption and CD: The absorption spectra were measured at RT with a Varian Cary 4000 
UV-Vis-spectrophotometer. The CD spectra were recorded using a Chirascan-Plus 
spectropolarimeter (Applied Photophysics) at 20 °C. The OD of the samples was 0.8–1/cm 
at the maximum of the Qy. 

77K fluorescence emission: Low-temperature fluorescence emission spectra were 
recorded using a Fluorolog 3.22 spectrofluorometer (JobinYvon-Spex). For 77 K 
measurements, a home built liquid nitrogen cooled device was used. The excitation 
wavelengths were 440 nm was detected in the 600–800 nm range. Excitation and 
emission slit widths were set to 3 nm. 

RT fluorescence excitation: The fluorescence emission spectrum was recorded using 
Fluorolog and a sample with an OD 0.05/cm at a maximum at Qy that excited from 385-
685 nm and detected at 695 nm with a step 0.5 nm. Both of the excitation and emission 
slit set at 3 nm. 

All measurements were performed in the same buffers used for the sucrose gradients. 

Photobleaching and Protein Stability: 
Photobleaching: The samples were diluted to an absorbance of around 0.8 at the 
maximum in the Qy region. The protein-pigment complexes were illuminated with white 
light (7100 μ mol photons m-2 s-1) from a halogen lamp with optic fiber arm. After each 
time interval, the cuvette was removed from the light source, and the absorption spectra 
were recorded with a Varian Cary 4000 UV-Vis-spectrophotometer in the range of 600–
750 nm 26. 

Protein Stability: The stability of the isolated complexes were tested by measuring the 
temperature denaturation curve as obtained by monitoring changes in the CD spectra at 
Qy region while increasing the temperature from 20 °C to 90 °C 242. A 400 μL sample with 
OD 0.8 at the maximum of Qy was used in this measurement. 
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In Vivo Time-Resolved Fluorescence Measurement: 
Time-resolved fluorescence measurements on leaves were done using a time-correlated 
single photon counting (TCSPC) setup as described previously 243. Excitation at 650 nm was 
used to excite Chl b preferentially. Detached plant leaves were placed between two glass 
plates and mounted in the rotation cuvette (diameter, 10 cm; thickness, 1 mm). The 
cuvette was rotated at 1400 rpm while oscillating sideways (76 mpm). Fluorescence was 
measured in a front-face arrangement from the upper side of the leaves. Time-resolved 
fluorescence decays were measured at multiple detection wavelengths (between 675 and 
690 nm with wavelength step of 5 nm, and between 700 and 760 nm with a maximal 
wavelength step of 10 nm).  The measurements were done in open (F0) and closed (Fm) 
states. 

i) F0 was measured in complete darkness after dark adaptation overnight. The repetition 
rate was then reduced by a Pulse Picker (Spectra Physics) to 0.8 MHz. The excitation 
power was 20 μW. Preliminary checks with different powers and repetition rates were 
done to ensure that the PSII reaction centers (RCs) were indeed open. 

ii) To measure on leaves with closed PSII RCs (Fm), the leaves were incubated for 12 h in 
sucrose (0.3 M) with addition of 50 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). 
To achieve full closure of the PS II RCs during the measurement, an additional blue LED 
light of very low intensity (∼50 μmol photons·m−2·s−1) was used to pre-illuminate leaves 
just before detection of the signal. The repetition rate was reduced by a Pulse Picker 
(Spectra Physics) to 4 MHz. The excitation power was 100 μW. 

To perform an experiment in one state took 2–3 h. The measurement time at a single 
wavelength was limited maximally to 10 min, to avoid changes in the leaves due to 
prolonged measurement in the rotating cuvette. All in vivo measurements were 
performed at 20 °C. The obtained fluorescence decay traces were analyzed globally with 
the “TRFA Data Processing Package” of the Scientific Software Technologies Center 
(Belarusian State University, Minsk, Belarus) 244. The methodology of global analysis is 
described in 245. In short, a number of parallel, non interacting kinetic components was 
used as a kinetic model, so the total dataset was fitted with function f (t, λ) as follows:

),()exp()(
...2,1

λ
τ

λ tirftDAS
N

i
i ⊕−∑ , 

where decay-associated spectra (DASi) is the amplitude factor associated with a decay 
component i having a decay lifetime τi, and irf(t, λ) was measured using scattering light. 
Typical full width at half-maximum (FWHM) values were 28 ± 2 ps. 

In Vitro Time-Resolved Fluorescence Measurement: 
Time-resolved fluorescence measurements on isolated LHCII were performed on a 
FluoTime200 setup (Picoquant). The samples were diluted to an OD of 0.05/cm at the Qy 
maximum and measured in a 3.5 ml cuvette with a path length of 1 cm at 283 K.  
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Excitation was provided by a 468 nm laser diode (Chl b preferential excitation) operating 
at 10 MHz repetition rate. The instrument response function (IRF) was obtained by 
measuring the decay of a pinacyanol iodide dye dissolved in methanol, which has a 6 ps 
fluorescence lifetime 246.The resulting IRF FWHM was ∼88 ps. The fluorescence decay 
kinetics was detected at 680 nm with a channel time spacing of 8 ps. Data analysis was 
performed by TRFA DATA processor. 

Results 

Figure 1 shows WT and astaxanthin-producing tobacco plants at a similar growth stage. 
However, WT plants reach this stage after seven weeks (Figure 1A), while the mutant 
plants are 21 weeks old (Figure 1B). The leaves of the mutant plant are orange at an early 
state (top) and become green (bottom) with time. This is probably due to a stronger 
expression of the photosynthesis-related genes in young leaves (YL) 247, which in the 
mutant results in a large production of astaxanthin. In old leaves (OL), the free caroteonid 
starts to be degraded 248. Interestingly, the greening of the leaves corresponds to an 
increase in the growth rate of the plant. 

 
Figure 1. WT and astaxanthin-containing tobacco plants with pigment analysis 

The plant in (A) is 7 weeks old, and the plant in (B) is 21 weeks old. (C) Chromatographic profiles were recorded 
at 440 nm and normalized at the peak of Chl a. Pigments were identified by their retention time and spectra 249. 
(OL: old leaf from astaxanthin-containing plants, YL: young leaf from astaxanthin-containing plants, Neo: 
neoxanthin, Vio: violaxanthin, Lut: lutein, β-Car: β-carotene, 4-keto: 4-ketoantherxanthin, Ast: astaxanthin, Ado: 
adonixanthin, Can: canthaxanthin). 

Pigment analysis shows that both young and old leaves from astaxanthin-containing plants 
contain only 20% of the amount of Chl per fresh weight as compared to the wild type (WT) 
(Table 1). The lower Chl content can partially explain the slower growth of the mutant, but 
not the different growth rates at different developmental stages. The Chl a/b ratio is 
similar for YL and OL, and lower than in the WT, implying that the relative content of light-
harvesting complexes, which contain Chl b, vs. core complexes is higher in the mutant. 
Also, the relative amount of carotenoids is higher in the mutant than in the WT at all 
growth stages, and it is clearly higher in YL than in OL. These results indicate that the 
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difference in color between YL and OL is only due to a decrease in carotenoid content in 
the old leaves. The analysis of the pigments (Figure 1C) shows that while the WT contains 
the usual four types of carotenoids (Neo, Vio, Lut, and β-caro), the mutant at all stages of 
growth only contains astaxanthin and a small amount of by-products of astaxanthin 
synthesis 249. This result is surprising, as Vio and Lut are considered to be necessary for the 
folding of the antennas complexes 19, and β-carotene was reported to be essential for 
photosynthesis and autotrophic growth 22,23,240. This result is also at variance with 
previously analyzed astaxanthin-producing plants that still contained WT carotenoids, 
although in a lower amount 249-251. These tobacco plants are the first plants that show 
autotrophic growth in the total absence of carotenes. 

In the following, we study the effect of the lack of carotenes on the organization and 
function of the photosynthetic apparatus using the old leaves that have a Car/Chl ratio 
close to that of the WT. The mutant plants and the complexes purified from them are 
indicated as Noβ (no β-carotene). 

Table 1. Chlorophyll a/b ratio and chlorophyll/carotenoid ratio 

Samples Chl a/b Chl/caro Chl/weight* (mg/g) Chl/unit area# (mg) 

WT leaf 3.79±0.09 4.21±0.20 2.63±0.39 0.0312±0.0026 

Young leaf 3.16±0.19 0.76±0.13 0.55±0.09 0.0049±0.0011 

Old leaf 3.01±0.10 3.02±0.22 0.58±0.07 0.0062±0.0008 

The data are the results of 10 biological replicas *fresh weight; # squeezed by the large end of 1 ml tip 

As an essential role of carotenoids is to protect the organism from photodamage in order 
to avoid photooxidation 252, we checked the effect of this drastic change in carotenoid 
composition on the production of singlet oxygen. The level of singlet oxygen on leaf discs 
of WT and Noβ plants was measured by using singlet oxygen sensor green (SOSG) 253. The 
mutant shows a level of singlet oxygen almost 6 times higher than that of WT, which 
suggests that astaxanthin is less efficient in quenching Chl triplets and scavenging singlet 
oxygen than the carotenoids in the WT. 

Electron transport is not severely affected in the absence of carotene 
To check the effect of the lack of carotene on the functionality of the photosynthetic 
apparatus, PSII and PSI activities were measured. The parameter Fv/Fm was low in the 
Noβ plants (Table 2), mainly due to a very low value of Fm. The functional antenna size of 
PSII, measured as the slope of the light intensity dependence of the 300 µs point 
(F300µs/Fo) in the OJIP transients 241,254, is far smaller in the Noβ plants. The light intensity 
dependence of the OJIP transients (SI Figure 2) also suggests that in the Noβ plants the 
binding affinity of PQ for the QB site may be somewhat lower than in the WT. The J-step 
(F3ms), representing the reduction of the acceptor side of PSII 255,256, saturates more quickly 
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in the Noβ plants, which may have a slight negative effect on PSII activity.  No significant 
effects are observed in the other steps of the OJIP transient (SI Figure 2). The same is true 
for the re-oxidation kinetics of the different parts of the photosynthetic electron transport 
chain following a saturating pulse (SI Figure 3), indicating that there are no major 
limitations in the electron transfer steps. 

Table 2. Quantum yield of PSII and singlet oxygen scavenger capacity of different leaves 

Samples Fv/Fm * Slope light intensity 
dependence F300µs/Fo Relative amount of ROS § 

WT 0.82±0.01 3.32±0.12 * 10-4 1.00±0.23 

Noβ 0.43±0.03 1.10±0.07 * 10-4 5.98±1.48 

*n=15, § The intensity of fluorescence emission at 530 nm subtract their background and then double normalized 
to total pigments content and WT level (n=3). Fluorescence emission spectra are shown in SI Figure 1. 

For an analysis of the photosynthetic activity, the parameters qP, NPQ and P700red were 
determined at various light intensities (Figure 2 and SI Figure 4). The photochemical 
quenching (qP) is a rough indicator of the redox state of QA, whereas P700red is a measure 
for the redox state of the donor side of PSI. The light intensity dependence of qP is very 
similar in WT and Noβ plants (inset of Figure 2A), indicating that the balance between 
oxidation and reduction of QA is not severely affected by the absence of β-carotene. Since 
the re-oxidation of PQH2 by cytochrome b6f is rate limiting (the normal fluorescence rise 
kinetics of both WT and Noβ plants indicates that this is also the case here), it is this 
reaction that determines the electron flow between PSII and PSI 257. This reaction is 
sensitive to the lumen pH and slows down as the lumen pH decreases 257. As a 
consequence, the PQ-pool and QA become more reduced and P700 more oxidized. It has 
been shown that higher levels of cyclic electron transport around PSI makes the lumen 
more acidic at a given light intensity, which changes the slope between qP and P700red 258. 
As illustrated by Figure 2A, the relationship between qP and P700red is approximately 
linear and very similar (only slightly shifted) for WT and Noβ plants. Figure 2B illustrates 
the linear relationship between NPQ and P700red for WT and Noβ plants. The slope of the 
relationship between NPQ and P700red (Figure 2B) is much steeper in the Noβ plants, but 
this is likely due to the fact that there is much less fluorescence in the mutant plants. 
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Figure 2. Relationships between qP, P700red 
and NPQ for WT and Noβ plants 

(A) Relationship between P700red and qP; inset: qP as a 
function of the light intensity. (B) Relationship between 
P700red and NPQ. The fraction of PSI RCs with a reduced 
donor side (P700red) under steady state conditions is 
shown as a function of the actinic light intensity. Leaves 
of tobacco plants dark-adapted overnight were 
illuminated with light of 70-1030 µmol photons m-2 s-1 for 
10 min to induce the steady state. 

 

 

 

Composition of the thylakoid membrane  
Next, we analyzed the composition and organization of the photosynthetic complexes. 
Blue native (BN) gels followed by SDS-PAGE in the second dimension were performed and 
the results are shown in Figure 3. A different pattern between WT and Noβ is visible in the 
BN gel (Figure 3A): the bands of LHCII trimer, CP29-LHCII-CP24 complex, PSI and PSII 
supercomplexes are clearly visible in the WT, but not in the Noβ membranes. The mutant 
shows a smear in the PSII supercomplex region, only a very faint PSI band, and no LHCII 
trimers. The second dimension (Figure 3B and 3C) reveals that the smear in the upper part 
of the BN gel contains all the components of the PSII supercomplexes, suggesting that 
they are present in the plants, but are largely unstable. PSII is mainly present in the form 
of monomeric core, although a small band corresponding to the PSII core dimer is also 
visible. The Lhcbs migrate in a broad range of MW suggesting that they exist in different 
aggregation states. PSI is present in a low amount but still in the PSI-LHCI form, while both 
ATPase and cytochrome b6f seem to be properly assembled. 

Immunoblotting analyses of PSI and PSII core components (Figure 3D) shows a strong (6 
times) reduction in the PSI/PSII ratio in Noβ as compared to WT. They also confirmed the 
presence of all the antenna complexes (SI Figure 5A) (Figure 6E). The two main proteins 
forming the LHCII trimers, Lhcb1 and Lhcb2, along with the minor LHCII protein CP29, are 
present in the same relative amount with respect to the core as in the WT. However, CP26 
and PsbS are, respectively, strongly reduced and increased in Noβ.  Also, the ratio of 
antenna/core of PSI is increased in Noβ, suggesting the presence of a population of LHCI 
not connected with the core. 
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Figure 3. Composition of the thylakoid membranes in WT and Noβ plants 

(A) Thylakoids were solubilized with 1% of α-DDM and loaded on a blue native gel. Second dimension SDS-PAGE 
of WT (B) and Noβ (C). (D) Immunobloting with antibodies against PsaB (PSI subunit) and CP43 (PSII subunit) to 
determine the PSI/PSII ratio.  0.5, 1.2 and 1.9 μg (left to right) total thylakoid Chls were loaded in the three lanes. 
The PSI/PSII ratio in the mutant was normalized to WT PSI/PSII ratio. (E) Relative amount of LHC. The amount of 
each Lhcs were determined by immunoblotting (see SI Figure 5B). The values are normalized to their core protein 
(CP43 for Lhcbs and PsaB for Lhcas) and then double normalized to their WT level (n=3 or 4). 

Isolation and characterization of the photosynthetic complexes 
To study more in detail the effect of the different carotenoid composition, the individual 
complexes were purified by sucrose density gradient centrifugation. The band pattern in 
the WT is identical to that of A. thaliana 131, while fewer bands are visible in the gradient 
loaded with Noβ thylakoids as expected based on the BN gel (Figure 4A). The band 
containing free pigments (Band 1) is strongly orange in the mutant, indicating that part of 
the astaxanthin present in the membranes is not associated, or at least not stably 
associated, with the complexes. The protein composition of each band was analyzed by 
SDS-Page (Figure 4B). Band 2, which in the WT contains monomeric Lhcbs (mainly CP29, 
CP26, and CP24), is the most intense band in Noβ and it is composed primarily of Lhcb1, 2 
and 3 (Figure 4B). This is at variance with the WT, where these complexes are mainly 
present in the form of trimers and migrate in band 3, and confirm that LHCII trimers in the 
astaxanthin-containing plant are unstable or cannot form at all. This observation is in 
agreement with previous results showing that lutein is necessary for the stability of LHCII 
trimers 19. In the WT gradient, the bands containing both monomeric and dimeric PS II 
core are weak, while the band corresponding to PSI-LHCI (Band 6) is very intense. The 
opposite applies to the Noβ plants, where the most intense band corresponds to PSII 
monomer (Band 5), and the PSI-LHCI fraction is weak (Figure 4A), in agreement with the 
lower PSI content observed by immunoblotting. 
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Figure 4. Isolation of the individual photosynthetic complexes 

(A) 0.2 mg total Chls of thylakoids were solubilized with 0.6% α-DDM and loaded on a sucrose density gradient 
and separated by centrifugation. Absorption spectra of all bands are showed in SI Figure 6. (B) SDS-PAGE of the 
bands from the sucrose gradients. 

Pigment analysis of the isolated complexes 
Pigment analysis (Table 3) confirmed the total absence of Neo, Vio, Lut and β-carotene, 
and the substitution by astaxanthin in all complexes purified from the Noβ plants, thus 
excluding the possibility that a tiny amount of β-carotene is present in these plants. The 
Chl a/b ratio of the Noβ-Lhcbs is close to that of WT LHCII trimer, in agreement with the 
protein composition of these bands. The monomeric Noβ-Lhcs contain 3.1 carotenoids for 
every 14 Chls, suggesting that the L1, L2, and N1 carotenoid-binding sites are occupied by 
astaxanthin. The Chl/car ratio of the monomeric PSII core is lower in Noβ than in the WT. 
Normalizing to the same number of Chls, the Noβ-PSII core has 3 carotenoids less than the 
WT complex, indicating that the occupancy of several of the binding sites is not essential 
for the PSII folding. This effect is even larger in PSI as the Chl/car ratio of the PSI-LHCI 
complex is far higher in Noβ than in the WT. Assuming an equal number of Chls, Noβ-PSI-
LHCI contains 14 carotenoids less than the WT complex. Considering that astaxanthin 
seems to be able to bind to all the internal binding sites of the Lhcs, it is likely that the 
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empty carotenoid-binding sites in Noβ-PSI-LHCI are in the core, where astaxanthin can 
only partially substitute for β-carotene. 

Table 3. Pigment composition of the isolated complexes 

Samples Chl a/b Chl/car car Total chls* 

WT Lhcb monomers 2.41±0.01 4.09±0.03 2.9 12 

WT LHCII trimer 1.40±0.00 3.59±0.01 3.9 14 

Noβ-Lhcb monomers 1.48±0.01 4.47±0.03 3.1 14 

WT PSII core 8.88±0.12 4.98±0.02 7.4 37 

Noβ PSII core 7.74±0.27 8.89±0.17 4.2 37 

WT PS-LHCI 9.29±0.12 4.57±0.02 33.9 155 

Noβ-PSI-LHCI 5.44±0.19 8.05±0.18 19.3 155 

*Total Chls based on the values reported in the literature for the WT complexes 20,21,47,236. The chromatograms 
are shown in SI Figure 7. 

Spectral properties of isolated complexes 
Absorption, circular dichroism (CD) and 77K fluorescence emission spectra of monomeric 
antennas, PSII and PSI-LHCI complexes are shown in Figure 5. The absorption spectrum of 
Noβ-Lhcbs is similar in the Qy region to the spectrum of WT LHCII trimers, which contain 
the same proteins. The same applies to the CD spectra, indicating that the different 
carotenoid composition does not have a large effect on the organization and the 
spectroscopic properties of the Chls associated with Lhcb1-3. As a result, the fluorescence 
emission spectra are also very similar (Figure 5C). The major differences are observed in 
the blue region where the absorption is dominated by carotenoids. The spectra of Noβ-
PSII monomeric core (Band 5) only show small differences compared to WT PSII core in 
the far-red region, but this can be ascribed to some PSI contamination, which is clearly 
visible in the 77K emission spectra (Figure 5C). It can be concluded that also for PSII core 
the different carotenoid composition does not affect the chlorophyll organization. The 
spectrum of Noβ-PSI-LHCI has relatively less absorption above 700 nm than the WT 
complex. This indicates that the ‘red’ Chl forms, which are typical for PSI 58, are altered in 
the Noβ plants, as confirmed by the blue-shifted emission maximum at 77K (724 nm vs. 
730 nm in the WT) of Noβ-PSI-LHCI (Figure 5C). This blue-shift is also visible in the 
emission spectra of the thylakoids, indicating that it is not due to the purification (SI Figure 
8). The CD spectrum confirms that the organization of most of the other Chls is 
maintained in Noβ-PSI-LHCI (Figure 5B). 
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Figure 5. Absorption, CD and 77K fluorescence spectra of isolated complexes from WT 
(black) and Noβ (red) 

(A)Absorption spectra of Lhcbs, PSII core and PSI. The spectra are normalized to the maximum in the Qy region. 
(B) CD spectra of monomeric antennas, PSII core, and PSI-LHCI. (C) Fluorescence emission of monomeric 
antennas, PSII core, and PSI-LHCI at 77K. 

The contribution of astaxanthin to light harvesting 
One of the functions of carotenoids is to increase the absorption of the complexes by 
harvesting blue photons and transferring the excitation energy to the neighboring 
chlorophylls. To check the efficiency of astaxanthin in light harvesting, fluorescence 
excitation spectra of all complexes were measured, and they are shown in Figure 6 
together with the absorption (in fact 1-T) spectra. 

The difference between the absorption and the emission spectra suggests that 
astaxanthin transfers energy with relatively low efficiency in all the complexes, except 
Noβ-PSI-LHCI. 
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Figure 6. Fluorescence excitation and absorption spectra 

Fluorescence excitation spectra were detected at 695 nm and smoothed by averaging 5 adjacent points. All of 
the spectra were normalized at 400 nm. 

Protein stability and photoprotection 
Carotenoids are essential for the stability of the complexes 26,233 and they need to be 
located close to the Chls to be active in photoprotection via Chl triplet quenching 259. The 
stability of the complexes was measured by following the changes in the Qy region of their 
CD spectrum during heat denaturation. As shown in Figure 7A, all WT complexes are more 
stable than the corresponding complexes from Noβ plants, but the difference is only 
between 5 °C and 10 °C, indicating that lutein and violaxanthin in the antennae, and β-
carotene in the cores, can be substituted by astaxanthin without a large effect on the 
stability of the complexes. 

 

Figure 7. Stability and photoprotection of photosynthetic complexes 
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(A)Thermal denaturation was monitored by following the CD signals in the Qy (Lhcbs: 610-700 nm, PSII core: 640-
700 nm, PSI-LHCI: 675-735 nm) region (absolute value) at increasing temperature. The measuring CD spectra are 
shown in SI Figure 9. (B) Photobleaching is measured as the decrease of the area in the Qy range (600–750 nm) 
as a function of the time interval with high light treatment (n=3). The measuring absorption spectra are shown in 
SI Figure 10. 

The photoprotective capacity of the carotenoids was probed by illuminating the 
complexes in aerobic condition with bright light (7100 μ mol photons m-2 s-1) and 
measuring the decrease in chlorophyll absorption caused by singlet oxygen bleaching 26. 
The photobleaching effect was only slightly faster in the Noβ-PSII core than in the WT 
complexes (Figure 7B), suggesting that astaxanthin provides a similar protection as β-
carotene in PSII core. The difference is larger for the Lhcbs and in particular for PSI-LHCI, 
which becomes far more sensitive to light in the mutant, indicating that β-carotene is 
critical for photoprotection in PSI. 

Time-resolved fluorescence measurements 
Next, we studied how the absence of carotenes affects the light-harvesting and trapping 
properties of the photosynthetic complexes. Time-resolved fluorescence measurements 
were performed on intact leaves of WT and Noβ. The measurements were made with the 
PSII reaction centers in the open (Fo) and closed state (Fm, in the presence of DCMU). The 
decay traces at PSII (685 nm) and PSI (720 nm) emission maxima are reported in Figure 8. 
As expected, the decay kinetics of the leaves become longer in the closed state as 
compared to the open state. However, this difference was far larger in WT than in the Noβ 
sample in agreement with the lower Fv/Fm value of the Noβ leaves. Interestingly, 
fluorescence kinetics in Fo state at both detection wavelengths was somewhat faster in 
Noβ plants after 0.5 ns as compared to WT, suggesting the presence of constitutive 
quenching in Noβ leaves. However, the fast fluorescence kinetics (0-0.5 ns) is very similar 
in WT and Noβ at PSII emission maxima, and slower in Noβ plants at PSI emission maxima. 
This is in line with the observation that PSI/PSII ratio decreases substantially in Noβ plants 
(Figure 3). 

 
Figure 8. Normalized fluorescence decay traces measured on WT and Noβ leaves 
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(A) Fluorescence was detected at λ=685 nm and (B) λ=720 nm, which corresponds to PSII and PSI emission 
maxima, respectively. 

 
Figure 9. Results of time-resolved fluorescence of leaves from WT (A and B) and Noβ (C 
and D) 

Tobacco leaves were measured in two different fluorescence states: with the PSII reaction centers in the open 
(A, C state at Fo) and closed state (B, D state at Fm, in the presence of DCMU). (A, B) Decay-associated spectra 
(DAS) of  WT leaves ). (C, D) DAS of Noβ leaves.  

Table 4. Averaged lifetimes of PSI and PSII 

Sample PSI PSII, Fo PSII, Fm 

WT  70 ps 450 ps 1.60 ns 

Noβ 65 ps 280 ps 0.63 ns 

PSII lifetimes for WT Fo, Fm and Noβ Fm were calculated via  , where τi is 
the lifetime of the i-th component. For Fo state of Noβ, the 85-ps DAS was also included into the calculation by 
subtracting the PSI contribution from the spectrum, as judged from the relative amplitude of the 65-ps DAS. 

𝜏𝑎𝑣𝑔 = �𝛼𝑖 ∗
𝑁

𝑖=3

𝜏𝑖  
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The results of the global analysis of the data recorded at different detection wavelengths 
for WT and Noβ are shown in Figure 9. The analysis of the data in Fo and Fm states allows 
us to extract the contribution of PSI, since PSI decay kinetics is virtually independent of the 
redox state of the reaction centre (RC) 243,260. In WT, in both Fo and Fm states, PSI kinetics 
is well-resolved and is described by two components of 5 ps and 70 ps. The 5-ps DAS has a 
positive-negative signature, representing energy transfer/equilibration within red Chl 
forms of PSI. The 70-ps DAS instead represents the PSI decay.  In Noβ at Fm, we observed 
two PSI components of 6 ps and 65 ps. The slightly faster decay of PSI in Noβ leaves 
indicates that the PSI trapping time slightly decreases in the absence of carotenes. This 
effect can be due to the red Chl form content of Noβ-PSI-LHCI (see Figure 5C), which is 
known to influence the trapping time of PSI 58. The substantial decrease in the relative 
amplitude of the PSI decay component in Noβ leaves as compared to the WT indicates 
that the relative amount of PSI-LHCI in the Noβ leaves is smaller than in the WT, in 
agreement with the biochemical data. In Fo state, the fastest positive DAS has a lifetime of 
85 ps and a relatively higher amplitude than the 65-ps DAS in Fm state, suggesting a PSII 
contribution. 

The PSII kinetics in the open state in the WT leaves is characterized by four lifetimes in the 
195 ps -1.6 ns range for an average lifetime of 450 ps. In Fm state, all the lifetimes of the 
PSII components become longer-lived and the PSII average decay time is 1.6 ns (Table 4) . 
In Noβ leaves, the PSII in open state has lifetimes of 245ps, 420 ps and 920 ps.  Moreover, 
the comparison with the measurements in the closed state shows that Noβ PSII is 
responsible for more than 50% of the amplitude of the 80 ps component.  In the closed 
state, the main two components have lifetimes of 275 ps and 785 ps, while the 1.1-ns and 
2.3-ns components have small amplitudes. The average lifetime of PSII in Noβ leaves is 
630 ps in Fm state and 280 ps in Fo state. The small difference between open and closed 
states in Noβ compared to WT suggests that the antenna complexes of the Noβ plants are 
quenched in vivo.  To determine if this is due to a different organization of the complexes 
in the membrane or if it is a property of the antenna complexes in this mutant, we 
measured the fluorescence decay of the purified antennas. The decay traces of Lhcs are 
shown in Figure 10 together with the lifetimes. The fluorescence of the Noβ antennas is 
strongly quenched as compared with that of the WT complexes, as indicated by the very 
short lifetime of Noβ-Lhcb (0.87 ns) compared to that of WT Lhcbs (3.5 ns).  The presence 
of a constitutive quenching in the mutant explains the relatively short lifetimes observed 
in the Noβ leaves in closed and open PSII states, as well as the low Fv/Fm. 
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Figure 10. Time-resolved fluorescence decay of Lhcbs 

(A) Fluorescence decay curves of WT Lhcbs (black) and Noβ Lhcbs (red) upon excitation at 468 nm and detection 
at 680 nm. (B) Lifetimes of monomeric LHCs from WT and mutant. 

Discussion 

Photosynthesis without carotenes is possible 
In this work, we demonstrate that plants without carotenes can grow 
photoautotrophically. This is an unexpected result as mutants lacking β-carotene in 
cyanobacteria and the green alga C. reinhardtii can only grow heterotrophically 22,23. 
Moreover,  the absence of vital plants lacking carotenes had suggested that they are 
essential not only for photosynthesis but also for the survival of the plant 24. Here, we 
show that a xanthophyll, the keto-carotenoid astaxanthin, which is chemically very 
different from β-carotene, can substitute for it in some of the binding sites of PSI and PSII 
and sustain photoautotrophic growth. 

These plants grow slower than the WT, but this effect is not due to the absence of β-
carotene. At an early stage most of the energy in the Noβ plant is apparently used for the 
synthesis of astaxanthin, resulting in a reduced amount of Chl.  Furthermore, most of the 
light is absorbed by astaxanthin and thus is not available for photosynthesis. Finally, the 
light-harvesting capacity of these plants is additionally reduced by the quenching effect of 
the astaxanthin associated with the antenna, which lowers the PSII maximum efficiency to 
only half of that of the WT.  In this respect, it is interesting to observe that the plant is able 
to respond to this strong reduction of the functional antenna size by increasing the 
LHCII/PSII ratio and strongly lowering the PSI/PSII ratio, thus maintaining the balance 
between the activities of the two photosystems.  

The astaxanthin-producing plants also demonstrate that most of the carotenoid binding 
sites of the photosynthetic complexes are promiscuous. All natural xanthophylls in all the 
antenna complexes can be substituted by a keto-carotenoid without disturbing the folding 
of the complexes 26,237. 
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Interestingly, although the carotenoid binding sites appear to be rather promiscuous in all 
of the complexes, the impact of the presence of different carotenoids affects the structure 
and the function of PSI, PSII, and LHC in different ways.  

Effects on LHCs  
LHC can accommodate a variety of carotenoids as was shown by in vitro reconstitution 
26,261. In line with this, all of the carotenoid binding sites in monomeric LHC in the Noβ 
plants are occupied by astaxanthin, and this binding does not change the organization of 
the Chls in the complexes (Figure 5).  The small difference in denaturation temperature 
between Noβ LHCs and WT LHCs indicates that astaxanthin occupies the two central L1 
and L2 sites, which are essential for the stability of the Lhcs 26. It is also interesting to note 
that astaxanthin alone can provide full photoprotection to the Lhcs, probably by singlet 
and triplet chl quenching and singlet oxygen scavenging.  This is at variance with the 
xanthophylls naturally present in plant, which seem to have more specialized roles and act 
synergically to protect the complexes from high light 238,262-264. 

Effects on PS II core 
The absence of β-carotene in the PSII core monomer does not affect its function, stability 
or pigment organization. The data show that most of the β-carotene binding sites in the 
PSII core are promiscuous and can accommodate astaxanthin.  Only three of the sites 
seem to be specific for β-carotene, but their occupancy is not essential to the function of 
the complex in light harvesting and electron transport, and not even in photoprotection. 

On the other hand, the carotenoid composition has an effect on the supramolecular 
organization of the complexes.  The PSII core dimer is destabilized and no supercomplexes 
could be purified. However, time-resolved measurements show that excitation energy 
transfer from the antenna to the PSII core is active in the mutant as indicated by the 
differences in the PSII decay in the closed and open state.  This suggests that although the 
interactions between the building blocks of the PSII supercomplex are not strong enough 
to survive purification, the complexes are still located close enough to assure efficient 
excitation energy transfer.  Indeed, the short lifetime of the antenna in the mutant can 
fully account for the lower maximal quantum efficiency of PSII measured in the Noβ 
plants. 

The most adverse consequence of the absence of β-carotene in the PSII core is the effect 
on the electron transport to the QB site. However, this effect is weak, but it can indicate 
that the β-carotene located close to the QB site or to the PQ channel plays a role, probably 
indirect, in electron transfer. 

Effect on Photosystem I 
The amount of PSI in the orange tobacco is far lower than in WT. However, this does not 
seem to be a direct effect of the absence of β-carotene, as the complex from the Noβ 
plants is stable, in agreement with the observation that PSI can also assemble without 
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carotenoids 22. The change in PSI/PSII ratio is most probably a response to the low 
efficiency of PSII. Indeed, in all light conditions, PSI is more oxidized in the mutant, 
suggesting that there are not enough electrons coming from PSII. In this respect, it is 
important to mention that the quenching in the antenna that reduces the lifetimes to 850 
ps has a large effect on the quantum yield of PSII, but a small one on that of PSI.  This is 
due to the differences in trapping times of the two photosystems, around 450 ps for PSII 
and 70 for PSI, which result in a quantum efficiency of 50% for PSII and of 92% for PSI (see 
96 for details). 

A number of carotenoid binding sites in PSI are promiscuous as they can be occupied by 
astaxanthin, which is active in transferring energy to the Chls. However, many are not able 
to bind astaxanthin and are empty in the Nob-PSI-LHCI. Two of the main effects of the 
change in carotenoid composition are: (i) the absence of the red most forms of Chl, and 
(ii) the increased susceptibility to photobleaching. As the Chls responsible for the red 
absorption in higher plants are Chl 603 and 609 in Lhca4 and Lhca3 265,266, it can be 
concluded that the change in carotenoid composition has an effect on those Chls and 
most probably on their interaction.  The increased photodamage of the PSI isolated from 
the mutant in comparison with the complex from WT is probably because some of the β-
carotene binding sites are empty in the complex and not all the Chl triplets can thus be 
quenched effectively.  This effect can be amplified by the absence of red-most forms that 
in the WT focus the excitation energy close to a carotenoid 267. 

Non-photochemical quenching 
Finally, it is also remarkable that plants lacking both β-carotenes and xanthophylls, which 
were shown to be essential for NPQ (namely zeaxanthin and lutein 15), are still able to 
perform NPQ (NPQ curves are shown in SI Figure 4). The level of NPQ measured in the 
Noβ plant is low, however. This can be attributed to two factors: the presence of static 
quenchers that have a strong influence on Fm, and the low ΔpH across the membrane, 
caused by the limited activity of PSII in Noβ plants.  However, the data clearly show that 
NPQ is linear with regard to the redox state of P700, indicating that it responds to pH 
changes, and shows that NPQ is occurring also in the absence of zeaxanthin and lutein.  
Interestingly, in these plants PsbS is present in a very high amount compared to WT 
plants, which can maybe compensate for the change in xanthophylls. 
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Supplementary Information 

 

 
SI Figure 1. Fluorescence emission of SOSG (averaged from 3 repetitions) 

 

 

SI Figure 2. Light-intensity dependence of the OJIP transients of three types of tobacco 
leaves 

(A) WT (B) Noβ. The insets show the same data but then on comparable scales to illustrate the dramatic effect of 
the presence of astaxanthin on the variable fluorescence intensity. All transients have been normalized to F0. The 
F0 values of the three types of leaves were approximately the same. 
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SI Figure 3. Re-oxidation kinetics of the photosynthetic electron transport chain (ETC) of 
WT and Noβ 

The ETC is reduced by a strong 0.5 s pulse of light (3500 µmol photons m-2 s-1) increasing the fluorescence 
intensity from F0 to FM. The re-oxidation kinetics were probed by a second 0.5 s pulse of light given at time Δt 
after the first pulse with Δt is 0.1 to 70 s. Full re-oxidation is assumed to have occurred after 500-600 s and 
values from the first pulse were taken at this time point. All fluorescence data have been defined relative to the 
F25µs (=F0) and FP (= FM) values of the first pulse: Vt = (Ft – F25µs)/(FM – F25µs). The dark-adaptation kinetics of V0 
reflecting the re-oxidation of QA (A); of VJ (B) (= V3ms) reflecting the re-oxidation of the PQ pool; (C) of VI (= V30ms) 
reflecting the re-oxidation of the acceptor side of PSI 255. All data points are the average of 10 independent 
measurements. The data were fitted with 1 or 2 exponentials.  

 

SI Figure 4. NPQ measurement 

NPQ kinetics upon transition from the dark to light (531 μmol photons m-2 s-1) and subsequent relaxation in the 
dark of WT tobacco and astaxanthin-containing tobacco (3 repetitions for each). 
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SI Figure 5. Immunoblotting 

Thylakoid membranes contain 0.5-2.5 μg of chls were loaded. Saturated signals were excluded from the analysis. 

 

 

SI Figure 6. Absorption spectra of the bands collected from sucrose density gradients 

(A) Sucrose gradient bands from WT. (B) Sucrose gradient bands from Noβ. The spectra are normalized to the 
maximum in the Qy region. 
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SI Figure 7. Pigment analysis of the isolated bands from sucrose density gradients 

The chromatographic profiles were recorded at 440 nm with 4 nm of bandwidth and normalized to the Chl a 
peak. (Neo: neoxanthin, Vio: violaxanthin, Lut: lutein, β-Car: β-carotene, 4-keto: 4-ketoantherxanthin, Ast: 
astaxanthin, Ado: adonixanthin, Can: canthaxanthin). 

 

SI Figure 8. Fluorescence emission spectra of thylakoids at 77k 
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SI Figure 9. Denaturation 

The CD signal was smoothed by averaging 5 adjacent points. 

 

 

SI Figure 10. Photobleaching 
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SI Figure 11. Fitting of the absorption spectrum of the acetone extract with the spectra 
of the individual pigments 

Carotenoids were purified by HPLC and the spectra measured in 80% acetone. (A) Thylakoids from young leaves. 
(B) LHCs. 
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