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The euryhaline, unicellular cyanobacterium Synechococcus sp. strain PCC 7002 produces the dicyclic aro-
matic carotenoid synechoxanthin (�,�-caroten-18,18�-dioic acid) as a major pigment (>15% of total carot-
enoid) and when grown to stationary phase also accumulates small amounts of renierapurpurin (�,�-carotene)
(J. E. Graham, J. T. J. Lecomte, and D. A. Bryant, J. Nat. Prod. 71:1647–1650, 2008). Two genes that were
predicted to encode enzymes involved in the biosynthesis of synechoxanthin were identified by comparative
genomics, and these genes were insertionally inactivated in Synechococcus sp. strain PCC 7002 to verify their
function. The cruE gene (SYNPCC7002_A1248) encodes �-carotene desaturase/methyltransferase, which con-
verts �-carotene to renierapurpurin. The cruH gene (SYNPCC7002_A2246) encodes an enzyme that is mini-
mally responsible for the hydroxylation/oxidation of the C-18 and C-18� methyl groups of renierapurpurin.
Based on observed and biochemically characterized intermediates, a complete pathway for synechoxanthin
biosynthesis is proposed.

Carotenoids are multifunctional, C40 isoprenoid pigments
that are found in all chlorophototrophs, all retinalopho-
totrophs, and many nonphototrophic organisms (24). In par-
ticular, oxygenated carotenoids, known as xanthophylls, play
crucial roles in quenching reactive oxygen species. The cyclic
carotenoids of cyanobacteria contain mostly �-rings, although
ε-rings occur in the Prochlorococcus spp., in which �-carotene
is the principal carotene (42). Cyanobacterial xanthophylls in-
clude compounds with various oxidative modifications of their
�-rings: hydroxyl groups may occur at the C-2, C-3, or C-4
positions, and/or keto groups may occur at the C-4 positions
(37, 44). Additionally, some cyanobacteria produce the mono-
cyclic xanthophyll myxoxanthophyll or the acyclic xanthophyll
oscillaxanthin. These are compounds in which the � ends of the
molecules are hydroxylated at the C-1 and C-2 positions and an
additional double bond is added at the C-3,4 position; this
produces either 12 or 13 conjugated double bonds in the re-
sulting carotenoid, respectively (23, 35).

Carotenoids are important and integral components of both
photosystem I and photosystem II. �-Carotene is the primary
carotenoid associated with the photosystems in most cyanobac-
teria (3, 17), and the cyanobacterial cytochrome b6f complex
also contains one carotenoid molecule (4, 47, 50). Carotenoids
are also found in the water-soluble orange carotenoid protein
(20), which binds the xanthophyll 3�-hydroxy-echinenone in
Synechocystis sp. strain PCC 6803 (49). The orange carotenoid

protein functions in nonphotochemical quenching of energy
transfer phycobilisomes (19, 48). Aside from their roles in
various photosynthetic complexes, the xanthophylls of cya-
nobacteria are located in the thylakoid, cytoplasmic, and outer
membranes of these gram-negative organisms. Anacystis nidu-
lans (now Synechococcus sp. strain PCC 6301) contains primar-
ily �-carotene and zeaxanthin in its thylakoid membranes (30).
In contrast, the cell envelope (outer membrane and cell wall)
and cytoplasmic membranes of this organism contain zeaxan-
thin and nostoxanthin in similar proportions (30, 32). In Syn-
echocystis sp. strain PCC 6714, �-carotene is found primarily in
the thylakoid fractions (where photosystem I and II occur),
and zeaxanthin occurs primarily in the cytoplasmic membranes
(33). However, the outer membrane fractions of Synechocystis
sp. strain PCC 6714 are bright orange-red and predominantly
contain myxoxanthophyll as well as other carotenoids (18).
Thus, cyanobacterial carotenoids play diverse roles, and these
differing roles may in part explain the diversity of carotenoids
found in these organisms and their asymmetric distribution
within the cell.

We have recently established that the cyanobacterium Syn-
echococcus sp. strain PCC 7002 produces a novel xanthophyll,
which is a bicyclic, aromatic carotenoid diacid (�,�-caroten-
18,18�-dioic acid) and which we have given the common name
synechoxanthin (16). This discovery has further increased the
chemical diversity of carotenoids produced by cyanobacteria,
and the discovery of synechoxanthin has prompted us to study
its biosynthesis. Previous studies of the biosynthesis of aryl
carotenoids had suggested that these compound are synthe-
sized from lycopene through monocyclic (�,�) or dicyclic (�,�)
carotene intermediates (22, 29). The enzyme CrtU was subse-
quently characterized from Streptomyces griseus as a novel car-
otene desaturase/methyltransferase that converts � rings to �
rings (21). A gene in the green sulfur bacterium Chlorobacu-
lum tepidum that encodes an enzyme with sequence similarity
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to S. griseus CrtU was characterized (12). A C. tepidum crtU
mutant accumulated �-carotene instead of the aromatic carot-
enoid chlorobactene.

Frigaard et al. (12) had observed that cyanobacterial ge-
nomes encode proteins apparently homologous to CrtU
(�-carotene-desaturase/methyltransferase) from C. tepidum.
However, until recently, cyanobacteria were believed to be
unable to synthesize aromatic carotenoids (9, 12, 27). For this
reason, Frigaard et al. proposed that these CrtU homologs
might be the then-unknown lycopene cyclases in those cya-
nobacteria that lack CrtL-type lycopene cyclases (12). How-
ever, the subsequent discovery of the CruA/CruP family of
lycopene cyclases by Maresca et al. identified the “missing”
carotene cyclases in chlorophototrophs (26). The recent dis-
covery of synechoxanthin, an aromatic carotenoid produced by
Synechococcus sp. strain PCC 7002, increased the likelihood
that the cyanobacterial CrtU homologs were involved in the
aromatization of carotenoids, and this prompted us to study
the function of these crtU homologs in cyanobacteria (26).

In this study two cruE genes, which encode the cyanobacte-
rial homologs of CrtU in Synechococcus sp. strain PCC 7002
and Synechocystis sp. strain PCC 6803, were mutated and
shown to be required for the synthesis of aromatic carotenoids
in these organisms. The cruH gene, which encodes a second
enzyme involved in the biosynthesis of synechoxanthin in Syn-
echococcus sp. strain PCC 7002, was also identified by com-
parative genomics, and the function of its product in synechox-
anthin synthesis was also verified by insertional inactivation.
The characterization of these cruE and cruH mutants reveals
how aromatic carotenoids are synthesized in cyanobacteria and
provides insights into the synthesis of �,�-carotenoids in other
organisms.

MATERIALS AND METHODS

Strains and growth conditions. Synechococcus sp. strain PCC 7002 wild type
and mutants were routinely grown under standard growth conditions (38°C,
continuous illumination at 250 	mol photons m
2 s
1, bubbling with 1% [vol/
vol] CO2) in 25-ml test tube cultures in medium A supplemented with 1 mg
NaNO3 ml
1 (medium A�) (41). Media were supplemented with 100 	g kana-
mycin ml
1 or 100 	g spectinomycin ml
1 as required. Freshwater strains,
including Synechocystis sp. strain PCC 6803, Nostoc sp. strain MAC, Nostoc sp.
strain PCC 7120, and Synechococcus sp. strain PCC 7942, were grown in B-
HEPES medium or on solid B-HEPES medium supplemented with 15 g Bacto
agar liter
1 (Difco, Voigt Global Distribution, Lawrence, KS). B-HEPES me-
dium was prepared by supplementing BG-11 medium with 4.6 mM HEPES-
KOH and 18 mg liter
1 ferric ammonium citrate (39). Plates were incubated at
30°C at a light intensity of 150 	mol photons m
2 s
1. Synechococcus sp. strain
C9 was grown in medium D supplemented with 10 mM HEPES buffer, pH 7.6,
at 45°C in 30-ml test tube cultures or in 12-liter carboys (8). Other cyanobacterial
cell materials were the kind gifts from other laboratories.

Identification of genes and phylogenetic comparisons. Analyses of cyanobac-
terial genomes were conducted using databases, the Blastp algorithm (1), and the
phylogenetic profiling tools at the Integrated Microbial Genomes website (Joint
Genome Institutes, Walnut Grove, CA; http://img.jgi.doe.gov/cgi-bin/pub/main
.cgi). For construction of phylogenetic trees, amino acid sequences were aligned
with the ClustalW tool in MacVector 9.0 (MacVector, Inc., Cary, NC), and
neighbor-joining trees were generated from the resulting alignments with PAUP
4.0 (Sinauer Associates, Inc., Sunderland, MA).

Inactivation of genes by interposon mutagenesis. The upstream and down-
stream flanking sequences of genes selected for insertional inactivation were
amplified by PCR by using genomic DNA templates isolated from wild-type
Synechococcus sp. strain PCC 7002 or wild-type Synechocystis sp. strain PCC 6803
with the primers described in Table S1 in the supplemental material. The reverse
primers for the left flank and the forward primers for the right flank contained
BamHI, EcoRI, or HindIII restriction sites as indicated in Table S1 in the

supplemental material. PCR products were digested with the appropriate restric-
tion enzymes and purified from agarose gels by use of an Eppendorf Perfectprep
gel cleanup kit (catalog number 0032 007.759; Eppendorf, Westbury, NY). For
insertional activation of SYNPCC7002_A1248, the aphAII gene, conferring re-
sistance to kanamycin, was excised from plasmid pRL170 (13) with HindIII and
purified by electrophoresis on an agarose gel. For insertional inactivation of
sll0254 and SYNPCC7002_A2246, the aadA gene, conferring resistance to strep-
tomycin and spectinomycin, was excised from plasmid pSRA2 (14) with EcoRI or
BamHI, respectively, and purified in the same manner. The fragments were
mixed at a left flank/antibiotic resistance cassette/right flank ratio of 3:1:3 and
ligated by incubating with T4 DNA ligase. The ligation products were separated
on agarose gels, and the desired products were excised, purified as described
above, and used to transform Synechococcus sp. strain PCC 7002 or Synechocystis
sp. strain PCC 6803 as previously described by Frigaard et al. (13).

HPLC analysis of pigment extracts. Wild-type and mutant cells of Synecho-
coccus sp. strain PCC 7002 were harvested in mid-exponential phase (optical
density at 730 nm [OD730] of �1.0) or stationary phase (OD730 of �14). Wild-
type and mutant cells of Synechocystis sp. strain PCC 6803 were harvested in
mid-exponential phase (OD730 of �1.0). Pigments were extracted from whole
cells by sonication in 7:2 acetone-methanol, or in methanol alone when indicated,
and the cellular debris was removed by centrifugation. The supernatant was
filtered through a 0.2-	m polytetrafluoroethylene syringe filter (6783-0402;
Whatman, Clifton, NJ). Filtered extracts were analyzed immediately without
further manipulation. The high-pressure liquid chromatography (HPLC) system
consisted of an analytical 5-	m Discovery C18 column (25 cm by 4.6 mm; Su-
pelco, Bellefonte, PA) fitted to a binary pump (model G1312A) and solvent
degasser (model 1379A) (1100 series; Agilent Technologies, Palo Alto, CA).
Eluates were monitored with a 1,024-element diode array detector (model
G1315B, 1100 series; Agilent Technologies, Palo Alto, CA), and the system was
controlled with Agilent ChemStation software for HPLC. Solvent A was meth-
anol-acetonitrile-water (21:16.5:62.5, vol/vol/vol) and contained 10 mM ammo-
nium acetate; solvent B was methanol-acetonitrile-ethyl acetate (50:20:30, vol/
vol/vol). The solvent gradient program (time [min], %B, flow rate [ml min
1])
employed was as follows: 0, 20, 0.750; 10, 70, 1.0; 40, 100, 1.0; and 60, 100, 1.0.

Pigment purification and analysis. For larger-scale purification of pigments, a
semipreparative 5-	m Discovery C18 column (25 cm by 10 mm; Supelco, Belle-
fonte, PA) was used with the same HPLC equipment and gradient as described
above except that the flow rate was increased to 3.5 ml min
1. Pigment-contain-
ing fractions were collected and dried under a stream of nitrogen gas. Chemical
analyses of compounds was performed as previously described (11). To test for
the presence of hydroxyl groups, a small (200-ng) sample of the carotenoid was
dissolved in anhydrous pyridine and treated with Sigma-Sil-A (10 to 100 	l)
(trimethylchlorosilane–1,1,1,3,3,3-hexamethyldisilazane–pyridine, 1:3:9) (Sigma,
St. Louis, MO). Reactions were quenched with excess methanol, and the solution
was dried under nitrogen and resuspended in methanol prior to HPLC analysis.
Reduction of carbonyls by sodium borohydride or lithium aluminum hydride was
performed as previously described, except that in some cases the starting mate-
rial was initially solubilized in tetrahydrofuran or anhydrous pyridine rather than
diethyl ether (11). The production of methyl esters from acidic carotenoids in the
presence of trimethylsilyl-diazomethane and methanol was used as a diagnostic
reaction for the presence of carboxylic acid moieties. Methanol (100 	l) was
added to a dried carotenoid sample (200 ng), trimethylsilyl-diazomethane (50 	l
of a 2 M stock solution prepared in hexane) was added in excess, and the mixture
was incubated for 1 h prior to quenching the reaction with excess ethyl acetate.
The sample was then dried under nitrogen and resuspended in methanol for
further analyses. Eric Snyder and Li Zhang at the Proteomics and Mass Spec-
trometry Core Facility of the Huck Institutes of the Life Sciences, The Pennsyl-
vania State University, performed the mass spectrometric analyses.

RESULTS

Identification of candidate genes and phylogenetic analyses.
As previously noted by Frigaard et al. (12), genes encoding
cyanobacterial enzymes with strong sequence similarity to
CrtU carotene desaturases are found in some but not all cya-
nobacteria whose genomes have been sequenced. CrtU ho-
mologs are not found in some sequenced strains, including
Nostoc punctiforme strain PCC 73102, Thermosynechococcus
elongatus strain BP-1, Synechococcus sp. strain JA-2-3B�a(2-
13), and Synechococcus sp. strain JA-3-3Ab, which also lack
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sequences similar to those of CrtL-type lycopene cyclases.
Thus, because all cyanobacteria produce ring-containing car-
otenes, these CrtU homologs are unlikely to be carotenoid
cyclases. The cyanobacterial CrtU-like proteins form a clade
that is distinct from the CrtU enzymes of both nonphotosyn-
thetic bacteria and the green sulfur bacteria (Fig. 1). As will be
shown below, the enzymatic activity attributed to the products
of these cyanobacterial genes is also distinct from that of these
other bacteria, and therefore we have given these genes a
distinctive gene locus designation, cruE. The open reading
frame that carries cruE in Synechococcus sp. strain PCC 7002 is
SYNPCC7002_A1248, and that in Synechocystis sp. strain PCC
6803 is sll0154. CruE sequences resemble the CrtU sequences
of green sulfur bacteria by having a Rieske iron/sulfur cluster
domain inserted into the C terminus of a flavin-binding, pyri-
dine nucleotide-disulfide oxidoreductase superfamily domain.
The latter domain is similar to domains that are characteristic
of flavin-containing amine oxidases and CrtP-type phytoene
desaturases. The CrtU sequences of Streptomyces spp. and
other, related organisms lack the domain for binding a Rieske
iron/sulfur cluster and are likely to have a different mechanism
from those enzymes that have such domains.

Phylogenetic profiling (34) was employed to identify a sec-
ond enzyme that is involved in synechoxanthin biosynthesis
(see below). This enzyme, encoded by open reading frame
SYNPCC7002_A2246 in Synechococcus sp. strain PCC 7002
and here named CruH, is related to the phenylpropionate
dioxygenases, a family of ring-hydroxylating enzymes that con-
tain domains which ligate Rieske iron-sulfur clusters. The dis-
tribution of CruH among sequenced cyanobacteria precisely
matched the distribution of CruE. Furthermore, in two cases,
Gloeobacter violaceus strain PCC 7421 and Trichodesmium
erythraeum strain IMS101, the cruH gene was found in the
same gene neighborhood as cruE. CruH from Synechococcus
sp. strain PCC 7002 is 63% identical and 78% similar to its
ortholog, Sll1869, in Synechocystis sp. strain PCC 6803, and it is

57% identical and 74% similar to its ortholog (Cwat-
DRAFT_4939) in Crocosphaera watsonii.

Characterization of mutant strains. When carotenoids were
isolated from exponentially growing wild-type Synechococcus
sp. strain PCC 7002, seven major carotenoids were resolved
(not counting geometrical isomers) (Fig. 2). Based on previous
characterization studies as well as mass spectrometric analyses,
these compounds corresponded to synechoxanthin, myxol-2�-
fucoside, zeaxanthin, 3�-hydroxy-echinenone, cryptoxanthin,
echinenone, and �-carotene (15, 16). These carotenoids were
identical to those found in Synechocystis sp. strain PCC 6803,
except that this organism synthesizes myxol-2�-dimethylfuco-
side instead of myxol-2�-fucoside (5, 15, 43). A fully segregated
cruE disruption mutant (SYNPCC7002_A1248) was obtained

FIG. 1. Neighbor-joining distance tree of aryl-carotenoid-forming �-ring carotene desaturase/methyltransferase enzymes, CrtU and CruE. The
CrtP sequences of Arabidopsis thaliana and Synechocystis sp. strain PCC 6803 are included as an outgroup. The bold lines indicate biochemically
or genetically characterized enzymes.

FIG. 2. HPLC elution profiles for pigments for two cyanobacteria.
(A) HPLC elution profile for pigments extracted from the wild-type
(solid line) and cruE (dotted line) mutant strains of Synechococcus sp.
strain PCC 7002. (B) HPLC elution profile for pigments extracted
from wild-type (solid line) and sll0254/cruE (dotted line) mutant
strains of Synechocystis sp. strain PCC 6803. s, synechoxanthin; m1,
myxol-2�-fucoside; m2, myxol-2�-dimethylfucoside; z, zeaxanthin; he,
3�-hydroxy-echinenone; z-cis, cis-zeaxanthin; c, cryptoxanthin; e, echi-
nenone; b, �-carotene.
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in Synechococcus sp. strain PCC 7002 under standard growth
conditions. The mutant was constructed using the primer pairs
CruEf1/CruEr2 and CruEf2/CruEr1 (see Table S1 in the sup-
plemental material), and segregation was verified using the
primer pair CruEf1/CruEr1 (see Table S1 in the supplemental
material). In this mutant the aphAII cartridge from pRL171
replaces 1,307 bp of the coding region of cruE (Fig. 3A).
Digestion of the PCR amplicon from the mutant strain with
SphI produced two fragments as expected and showed that the
resulting mutant strain was homozygous (Fig. 3B).

Although a previous study reported that sll0254 (cruE) was
essential for viability and that a homozygous mutant with a
mutation at this locus could not be obtained (27), we readily
obtained a fully segregated sll0254 (cruE) disruption mutant of
Synechocystis sp. strain PCC 6803 under standard growth con-
ditions. The mutant was generated by using primer pairs
0254f1/0254r2 and 0254f2/0254r1, and segregation was verified
by PCR amplification from genomic DNA using the primer
pair 0254f1/0254r1 (see Table S1 in the supplemental mate-
rial). In this mutant, the aadA cartridge from pSRA2, which
lacks the strong transcription termination sequences of the �
cartridge (14), was inserted via EcoRI restriction sites into the
coding sequence, and it replaces 398 bp in the 5� portion of the
gene (Fig. 3C). Complete segregation was verified by PCR
amplification from genomic DNA (Fig. 3D).

Mutants disrupted at the cruE loci in Synechococcus sp.
strain PCC 7002 and Synechocystis sp. strain PCC 6803 did not
produce detectable synechoxanthin, but otherwise these mu-
tants had essentially normal carotenoid contents (Fig. 2). Fur-
thermore, the growth rates of these mutants under standard

conditions were indistinguishable from those of the corre-
sponding wild-type strains (data not shown). When wild-type
Synechococcus sp. strain PCC 7002 was grown to high cell
density (OD730 of �14) and cells were harvested in stationary
phase, several minor compounds that had absorption spectra
similar to those of synechoxanthin and renierapurpurin could
be identified, and all of these compounds were also missing
from the carotenoids of the cruE mutant (Fig. 4). Thus, the
cruE mutant was presumed to be incapable of producing �,�-
carotenes. The spent growth medium of stationary-phase cul-
tures of Synechococcus sp. strain PCC 7002 (OD730 of �10 to
14) accumulated an orange pigment (Fig. 5; see Fig. S1 in the
supplemental material). This pigment was missing from the
spent growth medium of stationary-phase cultures of the cruE
mutant (Fig. 5). When the growth medium from wild-type cells
was evaporated, extracted with methanol, and analyzed by
HPLC, synechoxanthin was the major pigment from the extract
(see Fig. S2 in the supplemental material).

A cruH mutant of Synechococcus sp. strain PCC 7002 was
constructed by interposon mutagenesis by using the primer
pairs CruHf1/CruHr2 and CruHf2/CruHr1 (Fig. 6; see Table

FIG. 3. Restriction maps and PCR verification of cruE mutants of
two cyanobacteria. (A and C) Restriction maps showing construction
of disruption mutations of the cruE gene of Synechococcus sp. strain
PCC 7002 (A) and the sll0254/cruE gene of Synechocystis sp. strain
PCC 6803 (C). (B and D) Agarose gel electrophoresis of PCR ampli-
cons from the wild-type (WT) and cruE mutant strains of Synechococ-
cus sp. strain PCC 7002 (B) and wild-type and sll0254/cruE mutant
strains of Synechocystis sp. strain PCC 6803 (D). In panel B the PCR
amplicons were both digested with SphI to demonstrate the difference,
because the inserted drug resistance cartridge was nearly identical in
size to the DNA fragment that had been deleted. The data show that
both mutant strains are completely segregated. Size markers are indi-
cated at the left of panels B and D, and selected sizes in kb are
indicated.

FIG. 4. HPLC elution profile of pigments extracted from station-
ary-phase cells of the wild-type (solid line) and cruE mutant (dotted
line) strains of Synechococcus sp. strain PCC 7002. I1, I2, I3, and I4
indicate intermediates in the synthesis of synechoxanthin (s) (see text
for details). r, renierapurpurin. The abbreviations used to identify
other carotenoids are the same as in Fig. 2.

FIG. 5. Absorption spectra of methanolic extracts of spent growth
media recovered from stationary-phase cultures of the wild-type (solid
line) and cruE mutant (dotted line) strains of Synechococcus sp. strain
PCC 7002.
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S1 in the supplemental material). Segregation was verified by
PCR of genomic DNA using the primers CruHf1/CruHr1 (see
Table S1 in the supplemental material; Fig. 6). Methanol ex-
tracts of the cruH mutant were analyzed by HPLC, and the
mutant also failed to produce synechoxanthin but accumulated
renierapurpurin (Fig. 7). This observation suggests that reni-
erapurpurin is the substrate for CruH. Thus, CruH is postu-
lated to act as the C-18 hydroxylase in at least the first step in
the oxidation of renierapurpurin to synechoxanthin. It is pos-
sible that CruH performs sequential hydroxylations at the C-18
position to produce a carboxylic acid in the same manner that
thymine hydroxylase performs three successive hydroxylation/
oxidations (45).

Identification of synechoxanthin intermediates. Including
renierapurpurin, five compounds whose absorption spectra
and elution times corresponded to rational intermediates for
synechoxanthin biosynthesis were identified (Fig. 4 and 7).
These intermediates are here referred to, in order of decreas-
ing polarity, as I1, I2, I3, R (renierapurpurin), and I4. These
intermediates were purified by HPLC and subjected to chem-
ical and HPLC-mass spectrometry (HPLC-MS) analyses. In-
termediate I1 had an absorbance spectrum and elution time
that were identical to those of the partial reduction product of
synechoxanthin (18�-hydroxy-�,�-caroten-18-oic acid) (see Fig.
S3 and S4 in the supplemental material). I1 was unmodified by
treatment with sodium borohydride as well as by saponification
(data not shown). Intermediate I1 could, however, be modified
by Sigma-Sil-A and was reduced by lithium aluminum hydride
to a compound with a retention time and spectrum identical to
those of the complete reduction product of synechoxanthin
(�,�-carotene-18, 18�-diol) (see Fig. S4 in the supplemental
material). A methyl ester could be formed from intermediate
I1 (see Fig. S4 in the supplemental material). These observa-
tions indicated that intermediate I1 was identical to the partial
reduction product of synechoxanthin and thus was 18�-hydroxy-
�,�-caroten-18-oic acid. This was confirmed by HPLC-MS anal-
ysis, which showed that the molecular mass for this compound
was 574 Da. Intermediate I2 was unmodified by treatment with
sodium borohydride, by saponification, and by Sigma-Sil-A.
Compound I2 could, however, be reduced with lithium alumi-
num hydride to form a compound with an elution time and
spectrum identical to those of intermediate I3 (see Fig. S5 in

the supplemental material). The molecular mass for interme-
diate I2 that was determined by HPLC-MS was 558 Da. Inter-
mediate I3 was not modified by treatment with lithium alumi-
num hydride or sodium borohydride or by saponification, but
this compound was modified by Sigma-Sil-A (see Fig. S6 in the
supplemental material). Thus, intermediate I2 is �,�-caroten-
18-oic acid, and intermediate I3 is 18-hydroxy-renierapurpurin
(�,�-carotene-18-ol). Renierapurpurin (16) had an elution
time of about 42 min and eluted �4 min earlier than �-caro-
tene. Intermediate I4 had an elution time roughly midway
between those of renierapurpurin and �-carotene (see Fig. S7
in the supplemental material); the spectrum of this compound
had absorption maxima intermediate between those of reni-
erapurpurin and �-carotene, and its elution time was similar to
that of �,�-carotene (see Fig. S7 in the supplemental mate-
rial). Thus, we concluded that intermediate I4 was �,�-caro-
tene. Based on the observed intermediates, the biosynthetic
pathway of synechoxanthin can be postulated to occur as fol-
lows (Fig. 8). CruE acts sequentially on the two rings of �-car-
otene to form �,�-carotene and renierapurpurin (�,�-caro-
tene). CruH is responsible for hydroxylation at the C-18 and
C-18� positions. Subsequently, an unidentified enzyme oxidizes
18-hydroxyrenierapurpurin to the carboxylic acid (�,�-caroten-
18-oic acid), or CruH acts sequentially to oxidize the methyl
group to the carboxylic acid as noted above. CruH then pre-
sumably acts on the second � ring to form 18�-hydroxy-�,�-
caroten-18-oic acid, which is subsequently oxidized to form
synechoxanthin (Fig. 8). No intermediate corresponding to the
diol (18,18�-dihydroxy-renierapurpurin) was found. This sug-
gested that the end groups are sequentially oxidized in this
cyanobacterium. Furthermore, no C-18 aldehyde derivatives
were identified. This observation suggested either that the ox-
idation of the C-18 hydroxyl group to the carboxylic acid occurs
in a single step or that the aldehyde intermediate is very rapidly
converted to the corresponding carboxylic acid.

Identification of synechoxanthin and synechoxanthin inter-
mediates in other strains. Based on elution time and absorp-
tion spectrum, synechoxanthin was identified by HPLC in the
pigment extracts of several cyanobacteria. Synechoxanthin was
found in Nostoc sp. strain MAC, Nostoc sp. strain PCC 7120,
Synechococcus sp. strain C9, and Synechocystis sp. strain PCC
6308. Only small amounts of synechoxanthin accumulated in
Synechococcus sp. strain C9 and G. violaceus strain PCC 7421.
However, these two cyanobacteria accumulated compounds
with elution times and spectra identical to those of compounds

FIG. 6. Restriction map and PCR verification of the cruH mutant
of Synechococcus sp. strain PCC 7002. (A) Restriction map showing
the construction of the cruH mutant of Synechococcus sp. strain PCC
7002. (B) Agarose gel electrophoresis of amplicons from the cruH
locus for the wild type (WT) and a cruH::aadA mutant (lane 1). The
data show that the cruH and cruH::aadA alleles are fully segregated in
the mutant strain.

FIG. 7. HPLC elution profile of pigments extracted from station-
ary-phase cells of the wild-type (solid line) and cruH mutant (dotted
line) strains of Synechococcus sp. strain PCC 7002. s, synechoxanthin;
r, renierapurpurin. The designations of other compounds is the same
as for Fig. 2.
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I2 (18�-hydroxy-�,�-caroten-18-oic acid) and I3 (�,�-caroten-
18-oic acid) from Synechococcus sp. strain PCC 7002. These
compounds were isolated from Synechococcus sp. strain C9
and analyzed by similar chemical means as described above,
and it was found that the compounds had masses and chemical
behaviors identical to those of the corresponding intermediate
compounds isolated from Synechococcus sp. strain PCC 7002.
Exponentially growing Anabaena variabilis strain ATCC 29413
did not contain significant amounts of synechoxanthin, al-
though nearly stationary-phase cells did (15) (see Fig. S8 in the
supplemental material). Similarly, Nostoc sp. strain PCC 7120
produced very small amounts of synechoxanthin when growing
exponentially, but nearly stationary-phase cultures contained
large amounts of synechoxanthin (15) (see Fig. S8 in the sup-
plemental material). Although the genome of T. erythraeum
strain IMS101 has homologs of cruE and cruH, extracts of this
organism did not contain detectable amounts of synechoxan-
thin or synechoxanthin intermediates. These observations sug-
gest that the production of synechoxanthin might occur only
under specific growth conditions in some organisms that have
the capacity to produce it.

DISCUSSION

The identification of genes involved in the production of
synechoxanthin in Synechococcus sp. strain PCC 7002 estab-

lishes the biochemical basis for the production of aromatic
carotenoids in cyanobacteria. The characterization of Synecho-
coccus sp. strain PCC 7002 strains with mutations of cruE
(SYNPCC7002_A1248) and of Synechocystis sp. strain PCC
6803 strains with mutations of its homolog, sll0254, demon-
strated a role for the products of these genes in the aromati-
zation of carotenoid �-rings. Although they were unable to
produce a fully segregated mutant with a mutation at the
sll0254 locus, Mohamed and Vermaas (27) had previously pro-
posed that the product of this gene was a bifunctional lycopene
cyclase/dioxygenase required for myxoxanthophyll biosynthesis
in Synechocystis sp. strain PCC 6803. We previously showed
that CruA and CruP and not Sll0254 are lycopene cyclases in
Synechococcus sp. strain PCC 7002 and Synechocystis sp. strain
PCC 6803 and that myxoxanthophyll is produced in cruE mu-
tants of both strains (26). The failure of Mohamed and Ver-
maas (27) to obtain a fully segregated sll0254 mutant was likely
due to a polarity effect on the downstream gene sll1586. In this
work, the aadA cartridge from the plasmid PSRA2 was used
(14). This plasmid is derived from pHP45� but has the strong
transcriptional terminators removed and has been used repeat-
edly without causing polarity effects (12, 13). By eliminating
the transcription terminators that flank the aadA gene of the �
cartridge, we were able to obtain homozygous mutants with
mutations at the same locus with the same drug resistance
marker used by Mohamed and Vermaas (27). The product of
the downstream sll1586 gene has strong sequence similarity to
AsmA, which is important for outer membrane biogenesis in E.
coli (10). This might also explain the membrane-related phe-
notypes described by Mohamed and Vermaas (10, 27). Pig-
ment loss was likely due to cell death caused by increasing
antibiotic concentration rather than loss of carotenoid cyclase
activity as they suggested.

The complete loss of synechoxanthin and synechoxanthin
intermediates in the cruE mutant strains of both Synechococcus
sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803
suggests that CruE acts at the branch point that leads to syn-
echoxanthin biosynthesis. Unfortunately, attempts to demon-
strate CruE activity directly by expressing the cruE gene in an
Escherichia coli strain producing �-carotene have not yet been
successful. However, the similarity of CruE to other carotenoid
�-ring desaturase/methyltransferase enzymes, whose activities
have been demonstrated biochemically (21), strongly supports
its role in forming renierapurpurin from �-carotene. CruE is
the first member of the carotene desaturase family that is
involved in the synthesis of carotenoids with � rings, which
have methyl groups at the 1, 2, and 3 positions of the aryl ring.
CrtU-type carotene desaturase/methyltransferases produce
carotenoids with � rings, which have methyl groups at the 1, 2,
and 5 positions of the aryl rings. This difference presumably
arises because the methytransferase activities of CrtU and
CruE differ mechanistically.

The loss of synechoxanthin production in the cruH mutant,
as well as the accumulation of renierapurpurin (�,�-carotene),
establishes a role for CruH in the initial oxidation of reniera-
purpurin at the C-18 and C-18� positions. Because CruH be-
longs to the phenylpropionate dioxygenase family of ring-hy-
droxylating dioxygenases, it is probable that CruH is the
enzyme that performs this oxidation rather than a protein that
only regulates this activity. Thus, CruH is probably the first

FIG. 8. Proposed pathway for the conversion of �-carotene into
synechoxanthin. The roles of CruE and CruH are indicated. For ad-
ditional details, see the text. It should be noted that it is possible that
CruH also carries out the hydroxylation/oxidation steps indicated by
the two question marks.
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enzyme capable of oxygenating the � rings of carotenoids.
Other organisms, including Thiocystis gelatinosa, can oxygenate
carotenoids with � rings at the C-18 position, but the enzymes
that perform this reaction have not yet been identified (2).

Synechocystis sp. strain PCC 6803, which is one of the best-
studied cyanobacteria, produces significant quantities of syn-
echoxanthin (Fig. 2), and several other cyanobacteria also pro-
duce significant quantities of this carotenoid. Nevertheless, this
compound went mostly undetected or at least unidentified for
decades. This is probably due to the extremely polar and un-
usual chemical nature of this carotenoid. Bramley and Sand-
mann claimed to have systematically identified all of the caro-
tenoids produced by Synechocystis sp. strain PCC 6803 as early
as 1985 (5), but those authors did not describe any compound
with the properties of synechoxanthin. Synechoxanthin is prob-
ably identical to the unidentified acidic carotenoid that was
described by Omata and Murata and that was found in the
“cell wall” fraction of Synechocystis sp. strain PCC 6714 (33).
Furthermore, an extremely polar carotenoid was found to be a
major pigment of the outer membrane of Synechocystis sp.
strain PCC 6714, although it was absent from inner (cytoplas-
mic) and thylakoid membranes (18). Although they assigned
the earliest-eluting carotenoid compound in wild-type Syn-
echocystis sp. strain PCC 6803 as myxol, synechoxanthin is
almost certainly the early-eluting compound shown in the
chromatograms of Mohamed and Vermaas (28). In our hands,
the only major carotenoids that eluted earlier than myxol-2�-
dimethylfucoside from Synechocystis sp. strain PCC 6803 were
synechoxanthin and myxol (from A. variabilis strain ATCC
29413). The latter had an elution time similar to that of myxol-
2�-dimethylfucoside (19.5 min versus 20.0 min), albeit with a
different HPLC system (15).

If synechoxanthin is specifically localized in the cell wall and
outer membranes of Synechocystis spp., this localization sug-
gests that this carotenoid likely plays some unique role in
cyanobacterial physiology. This distribution would presumably
be the same in Synechococcus sp. strain PCC 7002, and the
presence of synechoxanthin in spent growth medium is consis-
tent with this conclusion and further suggests that there must
be some mechanism for the secretion of this compound. Al-
though other roles cannot be excluded, the likely occurrence of
synechoxanthin in cell walls suggests that this compound might
act as a protective “sunscreen” for cells growing in high light
intensity. Indeed, Synechococcus sp. strain PCC 7002 has the
highest levels of synechoxanthin of all the cyanobacteria that
we have analyzed, and this organism is known to be remarkably
tolerant to high light intensity (31). Physiological studies,
which will be reported elsewhere, indicate that the cruE and
cruH mutants are more sensitive to high light intensity than the
wild type and accumulate higher intracellular levels of reactive
oxygen species after a 30-min exposure to high light intensity.
For cyanobacteria in stationary phase, “turnover” methods of
protection from oxidative stress are reduced, and synechoxan-
thin could provide an additional level of protection from rad-
icals and lipid peroxides, which can otherwise induce cata-
strophic cell death through oxidation (36). Moreover, the
nearly water-soluble nature of synechoxanthin should allow
this compound to function as an antioxidant in molecular en-
vironments where few other carotenoids could be localized.
Thus, synechoxanthin may provide a “chemical” solution to the

problem of placing carotenoids into aqueous environments.
This would be in contrast with “biochemical” solutions, e.g.,
the water-soluble, carotenoid-binding proteins (20), which
could be an energetically more expensive solution to this prob-
lem for cells in stationary phase. Although the mechanism for
this increase will require further study, the increased produc-
tion of synechoxanthin is likely to be a common adaptive mech-
anism for cyanobacteria that produce this compound. It is not
yet clear whether this increase is governed by high-density cell
populations, by nutrient limitation, or by other physiological
pressures exerted in stationary-phase laboratory cultures.

The production and secretion of synechoxanthin by cya-
nobacteria may in part explain the aromatic carotenoids of
marine sponges. Sponges, like all other animals, are incapable
of the de novo synthesis of carotenoids and must obtain these
compounds from microbial symbionts or through modification
of dietary carotenoids (7, 24). Marine sponges have an as-
tounding array of associated cyanobacteria, including members
of the genera Synechococcus, Prochlorococcus, and Oscillatoria
among others (40). Therefore, it is possible that cyanobacterial
symbionts are one source of the �,�-carotenes found in marine
sponges, especially in light of the fact that cyanobacteria ap-
parently can secrete synechoxanthin.

The distribution of CruE, or �-carotene desaturase/methyl-
transferase, in a variety of cyanobacteria, including the very
early diverging strain G. violaceus strain PCC 7421, suggests
that this enzyme has probably been inherited vertically in most
strains that have the gene for this enzyme. If this is the case,
then it is likely that the common ancestor of present-day cya-
nobacteria was capable of producing aromatic carotenoids. It
has previously been assumed that �,�-carotene is produced by
purple sulfur bacteria and that the diagenetic reduction prod-
ucts of this compound are thus reliable geochemical biomark-
ers for these organisms and for anoxic, sulfidic environments
(6). However, the production of significant quantities of syn-
echoxanthin by oxygen-evolving cyanobacteria in mid-expo-
nential-phase cultures disproves this assumption and further
suggests that the interpretation of �,�-carotanes in the geolog-
ical record will be more complicated than initially presumed.
In fact, many purple sulfur bacteria do not produce �-car-
otenes at all and instead produce only acyclic carotenoids of
the spirilloxanthin/spheroidene series (46). Given the coexist-
ence of the myxoxanthophyll biosynthesis pathway and the
synechoxanthin pathway in a variety of cyanobacteria, it is
certainly possible that some cyanobacteria produce monocyclic
�-carotenoids (25). Although such compounds have not yet
been reported, it should be noted that their diagenesis prod-
ucts would be similar to those produced from okenone, an
important biomarker for purple sulfur bacteria. The interpre-
tation of �-ringed carotanes in the geological record should be
very carefully evaluated. It may still be possible to distinguish
diagenetic products of cyanobacteria and purple sulfur bacte-
ria through specific carbon isotope ratios or distinct diagenetic
pathways (7, 38). However, if alternate diagenesis pathways
were to exist for synechoxanthin and renierapurpurin, this
would also have significant implications for the interpretation
of the biomarker signatures relating to these compounds. For
instance, demethylation of the ring in renierapurpurin diage-
netic products should be random, whereas demethylation of
synechoxanthin products would likely be targeted because of
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the possibility of decarboxylation at the C-4 position (7). At-
tention to such details may increase the utility of �,�-carotenes
as biomarkers and possibly help in answering which types of
organisms have produced these compounds and at what times
in evolutionary history. Obviously, it is impossible to verify
which organisms had CrtU or CruE homologs billions of years
ago. Because very few sequenced genomes of purple sulfur
bacteria are currently available, homologs of CrtU and/or
CruE from these organisms are unfortunately not yet known.
Ongoing sequencing projects for cyanobacteria will probably
reveal more CruE homologs. This will contribute new infor-
mation on the distribution of aromatic carotenoids in nature
and will possibly help to reveal the evolutionary history of
these compounds. The discovery of the CruH oxygenase also
raises some interesting possibilities. Under anoxic conditions,
this enzyme presumably could not function, and thus the syn-
echoxanthin pathway should shift toward the production of
renierapurpurin. CruH is also likely to have homologs in pur-
ple sulfur bacteria such as Thiocystis gelatinosa, which produces
carotenoids that are aryl esters (2). Further biochemical and
genetic studies of a broader range of phototrophic prokaryotes
should resolve these remaining questions.
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