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CYP287A1 is a carotenoid 2-β-hydroxylase required
for deinoxanthin biosynthesis in Deinococcus radiodurans R1
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Abstract The carotenoid deinoxanthin is a crucial resistance
factor against various stresses in the radiation-resistant bacte-
rium Deinococcus radiodurans. Disruption of the gene
dr2473 encoding the cytochrome P450 CYP287A1 led to
the accumulation of 2-deoxydeinoxanthin in D. radiodurans,
demonstrating that CYP287A1 is a novel β-carotene 2-hy-
droxylase. The dr2473 knockout mutant was shown to be
more sensitive to UV radiation and oxidative stress than the
wild-type strain D. radiodurans R1, indicating that the C2
alcohol of deinoxanthin is important for antioxidant activity.
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Introduction

Deinococcus radiodurans is a red-pigmented, non-
photosynthetic bacterium well-known for its extreme

resistance to ionizing radiation and numerous oxidizing agents
(Cox and Battista 2005; Slade et al. 2009). In addition to its
highly efficient and accurate DNA repair mechanisms, cellular
antioxidants such as carotenoids and pyrroloquinoline qui-
none play an important role in the resi l ience of
D. radiodurans (Ghosal et al. 2005). Deinoxanthin (2,1′-dihy-
droxy-3′,4′-didehydro-1′,2′-dihydro-β,ψ-caroten-4-one) is
the major carotenoid produced by D. radiodurans (Lemee
et al. 1997; Saito et al. 1998). This pigment shows a more
powerful reactive oxygen species (ROS)-scavenging ability
than the better known carotenes, lycopene and β-carotene,
and the xanthophylls zeaxanthin and lutein (Tian et al.
2007). Deinoxanthin is a unique C2-hydroxylated monocyclic
ketocarotenoid distinct from the more prevalent C3-
hydroxylated carotenoids, such as the myxol analogues, zea-
xanthin, and flexixanthin (Takaichi and Mochimaru 2007)
(Aasen and Jensen 1966). The biosynthetic pathway for 2-
deoxydeinoxanthin, the immediate precursor of deinoxanthin,
has been clarified in D. radiodurans (Fig. 1). This pathway
includes the reactions catalyzed by geranylgeranyl diphos-
phate synthase (CrtE, encoded by dr1395), phytoene synthase
(CrtB, encoded by dr0862), phytoene desaturase (CrtI,
encoded by dr0861), lycopene cyclase (CrtLm, encoded by
dr0801), carotenoid 3′,4′-desaturase (CrtD, encoded by
dr2250), carotenoid 1,2-hydratase (CruF, encoded by
dr0091), and carotenoid ketolase (CrtO, encoded by
dr0093). Hydroxylases modifying carotenoid β-rings at the
3 position have also been described from various plant and
bacterial sources (Cunningham and Gantt 1998; Tian and
DellaPenna 2004), and some of these enzymes have been used
tomodify carotenogenesis in plants (Davison et al. 2002; Gotz
et al. 2002). However, the putative carotene 2-β-hydroxylase
responsible for the oxidation of the C2 position of 2-
deoxydeinoxanthin has not been identified up till now (Tian
and Hua 2010).
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Cytochrome P450 monooxygenases (P450s) are a super-
family of heme-containing enzymes that are widespread in
bacteria, plants, and animals, and various genome projects
have identified a remarkably large number and variety of
P450s (Nelson 2011). In the presence of suitable redox part-
ners, P450 monooxygenases use electrons from NAD(P)H to
catalyze the activation of molecular oxygen, followed by di-
rect regio- and stereospecific oxidative attacks on non-
activated carbon–hydrogen bonds of various structurally dif-
ferent chemicals (Werck-Reichhart and Feyereisen 2000). In
bacteria, P450s play an essential role in primary and second-
ary metabolic pathways, including steroid biosynthesis, drug
catabolism, and the utilization of organic compounds as ener-
gy sources. They are also involved in the biosynthesis of var-
ious carotenoids (Schoefs et al. 2001). In fungi, P450s may
also play a role in the carotenoid biosynthesis. For example, a
cytochrome P450 enzyme (CrtS) catalyzes the conversion of
β-carotene to astaxanthin in the astaxanthin-producing basid-
iomycetous yeast Xanthophyllomyces dendrorhous (Alvarez
et al. 2006). Moreover, the crtS gene could be used to achieve
xanthophyll production in a β-carotene-producing filamen-
tous fungus, Mucor circinelloides (Csernetics et al. 2015).

By using comparative genomic analysis, gene knockout,
and carotenoid product analysis, we show that the cytochrome
P450 CYP287A1, encoded by the dr2473 gene of
D. radiodurans, catalyzes β-ring hydroxylation at the C2 po-
sition of 2-deoxydeinoxanthin. These results now complete

the deinoxanthin biosynthetic pathway and establish
CYP287A1 as a novel carotenoid 2-β-hydroxylase. We also
show that the C2 hydroxylation of 2-deinoxanthin contributes
to the UV- and oxidation stress resistance of D. radiodurans.

Materials and methods

Bacterial strains and growth conditions

The wild-type D. radiodurans R1 (CGMCC 1.633) and its
engineered mutants were grown in TGY medium (1.0 % (w/
v) tryptone, 0.5 % (w/v) yeast extract, 0.1 % (w/v) glucose) at
30 °C with shaking at 200 rpm. Escherichia coli TOP10 was
used as a host for plasmid propagation and routinely cultured
in Luria-Bertani broth at 37 °C with shaking at 200 rpm.
Plasmid pJET1.2 was used for gene cloning from
D. radiodurans. Plasmid-containing strains were cultivated
in the presence of antibiotics. For E. coli, the medium was
supplemented with 100 μg/mL of ampicillin or 50 μg/mL of
kanamycin. For D. radiodurans, 8 μg/mL of kanamycin was
added to the medium.

Construction of mutant strains

Gene disruption in D. radiodurans was performed by using the
direct insertional mutagenesis technique described by Funayama

Fig. 1 Deinoxanthin
biosynthesis in Deinococcus
radiodurans. The enzymes and
their encoding genes involved in
each step are indicated (Tian and
Hua 2010). CYP287A1, encoded
by the gene dr2473, functions as a
carotenoid 2-hydroxylase (this
work). FPP farnesyl diphosphate
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et al. (1999). For CYP287A1, a 1160-bp DNA fragment con-
taining dr2473 was amplified by PCR using D. radiodurans
chromosomal DNA as the template and the primers 5′-
TACGAATTCGATGCTTTCCTCTCTGCACGATTTGCCC-
3′ and 5′-TACGGATCCCTAGCGCCGCTCCACGACCA-3′.
The PCR product was cloned into pJET1.2. After sequence
confirmation, the 50-bp AgeI–KpnI internal fragment of
dr2474 was replaced with the 980-bp AgeI–KpnI kanamycin
resistance gene cassette from pKatAPH3 (Funayama et al.
1999). The resultant dr2473 replacement cassette was amplified
by PCR using the above primers, and the PCR product was
transformed into wild-type D. radiodurans R1. Replacement
of the target gene was confirmed by diagnostic PCR and subse-
quent sequencing of the amplicon. Gene knockouts for the three
other P450 genes (dr1723, dr2538, drA0186) were constructed
using similar schemes with the primers described in the
Supplementary Information (Table S1).

Isolation and analysis of carotenoids

Wild-type and mutant cells of D. radiodurans were harvested
by centrifugation at 5000g for 10min from 100mL samples of
overnight cultures grown under aerobic conditions. After
washing the cell pellets three times with sterile water, carot-
enoids were extracted twice with 2 mL acetone each. The
organic phases were combined and extracted with 3 mL of
water. The acetone phase containing the carotenoid pigments
was centrifuged for 10 min at 10,000g to sediment particu-
lates, and the clear supernatant was immediately analyzed by
HPLC. All procedures were performed under dim light
conditions.

HPLC was carried out using a Hewlett-Packard HP 1050
Series HPLC system with diode array detector as described
previously (Tian et al. 2008; Wang et al. 2008). A Kromasil
C18 column (4.6 × 250 mm; 5 μm) was used. Samples were
introduced via an injector loop of 100 μL, and the carotenoids
were eluted for 30 min at a flow rate of 0.8 ml per min (mobile
phase/acetonitrile/methanol/2-propanol = 40:50:10, by vol.).
Pigments were detected at 470 nm. High-pressure liquid
chromatography-mass spectrometry (LC-MS) and tandem
mass spectrometry (MS/MS) was performed as described
(Xu et al. 2008).

Measurement of cell survival

The survival of D. radiodurans cells exposed to UV light or
oxidative stress was determined by methods described previ-
ously (Narumi et al. 1999; Pan et al. 2009). Briefly, overnight
cultures of D. radiodurans grown in TGY were diluted 1:100
with fresh TGY medium and incubated at 30 °C with aeration
until the OD600 reached 5.0 (mid logarithmic phase). These
cultures were subjected to the indicated doses of UV radiation
(wavelength 254 nm; 20 J/m2/s at the sample position). To

measure oxidative stress tolerance, bacterial cells grown to
initial logarithmic phase (OD600 of 0.5) were harvested and
suspended in sterile PBS. Stock solutions of hydrogen perox-
ide (30 % v/v) or cumene hydroperoxide (CHP, 80 % w/v)
were used to supplement the cultures to achieve the indicated
final concentrations. The cells were treated with the oxidizing
agents for 30 min, harvested by centrifugation, and washed
three times with PBS. UV- or oxidizing agent-treated cells
were diluted and plated on TGY agar plates, and the cultures
were incubated at 30 °C for 3 days before surviving colonies
were enumerated. Survival was expressed as the percentage of
the number of colonies in the treated samples compared with
untreated controls. The LD90 (dose causing 90 % lethality)
values of UV light or oxidative stress were calculated as de-
scribed previously (Fairand and Fidopiastis 2010). All surviv-
al assays were repeated three times. Student’s t test was used
to assess the significance of differences between the means,
and P < 0.05 was considered significant.

Results

Identification of candidate genes for the ketocarotenoid
2-β-hydroxylase

The carotenoid biosynthetic pathway in D. radiodurans was
delineated based on sequence similarities of proteins encoded
in the genome of strain R1 (White et al. 1999) to known
carotenoid biosynthetic enzymes from other organisms and
confirmed by the structural analysis of product intermediates
in gene knockout strains (Tian and Hua 2010) (Fig. 1).
However, the β-ring 2-hydroxylase of 2-deoxydeinoxanthin,
expected to be the last step of the pathway, has remained
elusive. Thus, no orthologue of the known carotenoid 2,
2′-β-hydroxylase (CrtG) of Brevundimonas sp. strain SD212
(Nishida et al. 2005) has been found to be encoded in the
genome of D. radiodurans, indicating that a novel type of 2-
hydroxylase might be present in this species. To identify can-
didates for such an enzyme, we have used the sequence of the
β-carotene 3,3′-hydroxylase CYP175A1 of Thermus
thermophilus HB27 (Blasco et al. 2004) to query the deduced
proteome of D. radiodurans. This search returned four de-
duced D. radiodurans P450s with unknown functions.
Amongst these, CYP287A1 (encoded by the dr2473 gene)
was the most similar to CYP175A1 (26.9 % identity and
37.0 % similarity at deduced protein level), followed by
CYP155B1 (encoded by drA0186, 22.7 % identity and
32.0 % similarity at deduced protein level), CYP286A1
(encoded by dr1723, 20.9 % identity and 33.5 % similarity
at deduced protein level), and CYP148A1 (encoded by
dr2538, 20.1 % identity and 33.4 % similarity at deduced
protein level). Phylogenetic analysis (Fig. 2) showed that
CYP287A1, CYP148A1, and CYP155B1 form a clade with
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the T. thermophilus carotenoid 3,3 ′-β-hydroxylase
CYP175A1 (Blasco et al. 2004), while CYP286A1 of
D. radiodurans is most similar to P450s involved in abscisic
acid biosynthesis. The CYP175A1/CYP287A1 clade is sister
to clades involved in the oxidation of various lipophilic sub-
strates, including carotenoids, phenylpropanoids, oxylipins,
fatty acids, and brassinosteroids. Based on these analyses,
we hypo thes ized tha t one of the four pu ta t ive
D. radiodurans P450s, most likely CYP287A1, might play
the role of ketocarotenoid 2-β-hydroxylase during
deinoxanthin biosynthesis.

Gene knockout of dr2473 affects carotenoid production

To investigate the involvement of the four putative P450 en-
zymes in deinoxanthin biosynthesis, we have knocked out

each corresponding gene by insertional inactivation. Since
D. radiodurans contains four genome equivalents in each cell,
homogenotization of the mutants and complete loss of the
wild-type alleles was carefully validated by PCR analysis
and sequencing for each mutant. Deinoxanthin production
remained undisturbed in the dr2538, drA0186, and dr1723
knockout mutants (results not shown). Gene knockout of
dr2473 also resulted in a strain, designated R1Δ2473, whose
cultures appeared similar in color to those of the wild-type
parent. However, HPLC analysis of the carotenoids produced
by strain R1Δ2473 revealed a metabolic profile much different
from that of the wild-type strain (Fig. 3). Wild-type
D. radiodurans R1 produces large amounts of deinoxanthin
(pigment 2, Mw 582, λmax = 452, 480, and 507 nm in the
HPLC eluent, Fig. 3a and Supplementary Figure S2) (Lemee
et al. 1997; Saito et al. 1998). The wild-type strain also

Fig. 2 Phylogenetic analysis of cytochrome P450s. Known substrates for
P450s is indicated to the right of the tree. The tree was constructed using
the neighbor-joining method. Bootstrap percentage values were
calculated from 1000 replications, and significant (>50 %) values are
shown as numbers on branch nodes. The tree was constructed using
CrtG from Brevundimonas sp. SD212 as the outgroup. CYP86A1,
Arabidopsis thaliana NP_200694.1; CYP86A8, Arabidopsis lyrata
subsp. lyrata EFH58302.1; CYP714A1, Arabidopsis thaliana
AED93377.1; CYP715A1, Arabidopsis thaliana AED96209.1;
CYP72B1, Arabidopsis thaliana AEC07878.1; CYP72A13,

Arabidopsis thaliana AEE75552.1; CYP72A7, Arabidopsis lyrata
subsp. lyrata EFH59146.1; CYP102A1, Bacillus megaterium P14779.2;
CYP97A5, Chlamydomonas reinhardtii ABQ59244.1; CYP97A3,
Arabidopsis thaliana AEE31394.1; CYP97C1, Arabidopsis thaliana
AEE79040.1; CYP175A1, Thermus thermophilus HB27 YP_145342.1;
CYP707A, Arabidopsis lyrata subsp. lyrata EFH46252.1; CYP707A2,
Arabidopsis lyrata subsp. lyrata EFH57287.1; CYP73A5, Arabidopsis
thaliana P92994.1; CYP84A1, Arabidopsis thaliana AEE86636.1;
CYP74A, Arabidopsis thaliana AED94842.1; CYP74B, Solanum
lycopersicum NP_001234420.1
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produces other minor ketocarotenoids, including two cis-iso-
mers of deinoxanthin (pigments 3 and 4) (Tian et al. 2008). In
contrast, mutant R1Δ2473 apparently lost the ability to
biosynthesize deinoxanthin, the two cis-deinoxanthin isomers,
and the unidentified carotenoid represented by peak 1 in
Fig. 3a. However, strain R1Δ2473 accumulated large amounts
of a carotenoid with an obvious hypsochromic shift (pigment
5, λmax = 452, 480 and 502 nm in the HPLC eluent, Fig. 3b
and Supplementary Figure S2). This carotenoid is also pro-
duced as a minor product by the wild-type strain (Fig. 3a). LC-
MS analyses showed that this dominant carotenoid of strain
R1Δ2473 has an m/z of 567 for the protonated molecular ion
[M + H]+, in agreement with the molecular formula of
C40H54O2 compatible with deoxydeinoxanthin. Tandem mass
spectrometry of the isolated compound yielded fragment ions
that were in agreement with the known fragmentation pattern
of 2-deoxydeinoxanthin and indicated that pigment 5 is miss-
ing the characteristic hydroxyl group of the β-ring of
deinoxanthin (Fig. 4) (Tian et al. 2008). Mutant R1Δ2473 also
produces small amounts of two other carotenoids represented

by peaks 6 and 7 (Fig. 3b). The m/z for the protonated molec-
ular ions for both of these compounds was also found to be
567, suggesting that these minor products are probably the 2-
deoxy analogues of pigments 3 and 4, the cis-deinoxanthin
isomers produced by the wild-type strain (Tian et al. 2008).
Taken together, these results indicate that CYP287A1 encoded
by gene dr2473 is the carotenoid 2-β-hydroxylase of
D. radiodurans.

Sequence analysis of CYP287A1 from D. radiodurans

The predicted CYP287A1 contains 381 amino acids with a
deduced molecular weight of 41,856 Da. The enzyme harbors
well-conserved P450 diagnostic sequence signatures for a pro-
line hinge region (residues 157–196), an oxygen-binding
pocket (residues 211–244), and a heme-binding motif (resi-
dues 245–351). While CYP287A1 is similar to known bacte-
rial P450 monooxygenases, it is only distantly related (16.2
identity, 20.9 % similarity) to the known 2,2′-β-carotene hy-
droxylase CrtG involved in the production of nostoxanthin

Fig. 3 HPLC analysis of carotenoids from D. radiodurans strains. a.
D. radiodurans R1 (wild-type strain). b. D. radiodurans R1Δ2473 with
the dr2473 gene knocked out. Pigment 1, unidentified carotenoid;

pigment 2, deinoxanthin; pigments 3 and 4, cis-deinoxanthin isomers
(Tian et al. 2008); pigment 5, 2-deoxydeinoxanthin; pigments 6 and 7,
putative cis-2-deoxydeinoxanthin isomers

Fig. 4 Tandem mass spectrometry analysis of carotenoids. The main
fragmentation processes and the corresponding m/z of the fragment ions
are indicated. aDeinoxanthin (pigment 2, Fig. 3a) isolated from the wild-
type D. radiodurans R1 strain, with the protonated molecular ion [M +

H]+ atm/z 583. b 2-deoxydeinoxanthin (pigment 5, Fig. 3b) isolated from
the D. radiodurans R1Δ2473 strain with the dr2473 mutation, showing
the protonated molecular ion [M + H]+ at m/z 567
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and 2-hydroxyastaxanthin in Brevundimonas sp. SD212
(Nishida et al. 2005) (Fig. 2). In contrast, orthologues of
CYP287A1 with identities exceeding 50 % are widespread
in variousDeinococcus species, all with currently unidentified
functions (Figure S1).

Reduced stress resistance in the strain deficient
in CYP287A1

Next, we investigated the role of the 2-β-hydroxylation of 2-
deoxydeinoxanthin in the resilience ofD. radiodurans against
UV irradiation and oxidative stress. Figure 5a shows that the
mutant R1Δ2473 is more sensitive to UV radiation than the
wild type (LD90 of 541.7 for R1Δ2473 vs. 590.1 J m−2 for the
wild type, P < 0.05). Compared to the wild type, the survival
of mutant R1Δ2473 decreased by 90 % at UV irradiation
doses of 1000 J m−2. Similarly, survival of the mutant
R1Δ2473 decreased significantly in the presence of H2O2

(Fig. 5b, LD90 of 54.6 mM/30 min for R1Δ2473 vs.
71.2 mM/30 min for the wild-type R1 strain, P < 0.05).
Finally, the mutant R1Δ2473 became more sensitive to the
organic oxidizing agent cumene hydroperoxide than the
wild-type strain (Fig. 5c, LD90 of 8.1 mM/30 min for
R1Δ2473 vs. 9.3 mM/30 min for the wild type, P < 0.05).
These differences in the survival rates were not caused by
reduced accumulation of carotenoids in the R1Δ2473 strain,
as the total cellular carotenoid level in the mutant strain was
indistinguishable from that of the wild type based on the anal-
ysis of the corresponding peak areas in HPLC (Fig. 3). The
increased sensitivity of the mutant to UV irradiation and to

organic and inorganic oxidative stresses shows that
deinoxanthin is a more powerful antioxidant than 2-
deoxydeinoxanthin, and thus, CYP287A1 contributes to the
antioxidant capacity of D. radiodurans.

Discussion

We have used the sequence of theβ-carotene 3,3′-hydroxylase
of T. thermophilus HB27 (Blasco et al. 2004) to identify four
distinct cytochrome P450s encoded in the genome of the ex-
treme radiation-resistant bacteriumD. radiodurans R1 as can-
didates for the missing 2-deoxydeinoxanthin 2-β-hydroxylase
in the deinoxanthin biosynthetic pathway. Insertional inacti-
vation of the dr2473 gene of D. radiodurans led to the accu-
mulation of 2-deoxydeinoxanthin, the last biosynthetic inter-
mediate en route to deinoxanthin, confirming that the putative
cytochrome P450 CYP287A1 encoded by dr2473 is a carot-
enoid 2-β-hydroxylase. The dr2473 mutant strain displayed
significantly reduced resistance to UV irradiation and oxida-
tive stresses.

Although a 2,2′-β-carotenoid hydroxylase was previously
identified from Brevundimonas sp. (Nishida et al. 2005), that
enzyme (CrtG) belongs to the fatty acid hydroxylase super-
family together with sterol desaturases and shows very low
sequence similarity to CYP287A1 (Fig. 2). Thus, prokaryotic
carotenoid hydroxylases that modify the C2 position of the β-
ionone ring belong to at least two, very distantly related pro-
tein families: namely, CYPs similar to CYP287A1 and fatty
acid hydroxylases similar to CrtG. This finding indicates that
this substrate regioselectivity (and hence the ability to produce

Fig. 5 Survival of
D. radiodurans strains. a UV, b
H2O2, and c CHP treatments. d
LD90 values. Filled squares,
wild-type D. radiodurans R1;
open circles, the R1Δ2473 strain
with the dr2473 gene knockout.
Data are averages ± standard
deviations of three independent
experiments
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2-hydroxylated carotenoid regioisomers) has evolved inde-
pendently in at least two occasions in distinct bacterial line-
ages, as a result of convergent evolution. On the other hand,
CYP175A1 from T. thermophilus HB27 shows 26.9 % iden-
tity to CYP287A1, but displays a 3,3′-hydroxylase activity
and oxidizes both rings of β-carotene to yield zeaxanthin
(Blasco et al. 2004). Thus, the cytochrome P450 scaffold has
been successfully utilized by evolution to develop orthogonal
regiospecificities in different bacteria for the oxidation of the
β-rings of similar carotenoid substrates.

Carotenoids are non-enzymatic ROS scavengers that
contribute to resistance against various oxidizing agents
and UV irradiation. The resistance of D. radiodurans to
stress caused by both organic and inorganic oxidizing
agents was found to be reduced upon inactivation of the
dr2473 gene. Both inorganic (H2O2) and organic (CHP)
peroxides can generate hydroxyl radicals by the Fenton
reaction. The hydroxyl radical is one of the most toxic
forms of reactive oxygen species, and can indiscriminately
oxidize vital cell components such as proteins, DNA, and
lipids (Jovanovic and Jovanovic 2013; Zhu et al. 2005).
Cells of the R1Δ2473 strain with the dr2473 mutation also
exhibited increased sensitivity to UV irradiation. UV light
can induce oxidative damage to proteins in the cell (Slade
and Radman 2011) and lead to point mutations and strand
breaks in DNA. Considering that the total carotenoid levels
were similar in R1Δ2473 and the wild-type parental strain,
the increased sensitivity of R1Δ2473 to oxidant stress and
UV irradiation shows that CYP287A1 contributes to the
antioxidant activity of carotenoids in D. radiodurans.
The antioxidant activity of carotenoids is linked to both
the length of their conjugated double bond system and to
the presence of additional functional groups in the mole-
cules (Albrecht et al. 2000). Xantophyls with the 2-
hydroxyl and the 2, 2′-β-dihydroxyl moieties have been
shown to display increased inhibitory effects toward lipid
peroxidation induced by ROS (Nishida et al. 2005). Our
in vivo results showing reduced resistance of the mutant
strain to UV irradiation and oxidative stress indicate that
hydroxylation at the C2 position may similarly potentiate
2-deoxydeinoxanthin.

Although we successfully expressed CYP287A1 in a solu-
ble form in E. coli, we could not detect catalytic activity with
whole cells or with crude cell extracts (results not shown),
most likely because suitable redox partners (ferredoxin and
ferredoxin reductase) were not supplied by the expression host
(Lee et al. 2015; Miki and Asano 2014; Molnár et al. 2005).
Future work on the identification of the cytochrome P450
redox systems of D. radiodurans will empower the
engineered biosynthesis of a variety of novel or rare caroten-
oids with the C2 hydroxyl group. In the meantime, identifica-
tion of CYP287A1 encoded by dr2473 as the 2-β-
hydroxylase of 2-deoxydeinoxanthin completes the

biosynthetic pathway of the unique ketocarotenoid
deinoxanthin in D. radiodurans.
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