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Abstract Plants depend on cytochrome P450 (CYP)
enzymes for nearly every aspect of their biology. In several
sequenced angiosperms, CYP genes constitute up to 1% of
the protein coding genes. The angiosperm sequence
diversity is encapsulated by 59 CYP families, of which 52
families form a widely distributed core set. In the 20 years
since the first plant P450 was sequenced, 3,387 P450
sequences have been identified and annotated in plant
databases. As no new angiosperm CYP families have been
discovered since 2004, it is now apparent that the sampling
of CYP diversity is beginning to plateau. This review
presents a comparison of 1,415 cytochrome P450 sequen-
ces from the six sequenced genomes of Vitis vinifera
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(grape), Carica papaya (papaya), Populus trichocarpa
(poplar), Oryza sativa (rice), Arabidopsis thaliana (Arabi-
dopsis or mouse ear’s cress) and Physcomitrella patens
(moss). An evolutionary analysis is presented that tracks
land plant P450 innovation over time from the most ancient
and conserved sequences to the newest dicot-specific
families. The earliest or oldest P450 families are devoted
to the essential biochemistries of sterol and carotenoid
synthesis. The next evolutionary radiation of P450 families
appears to mediate crucial adaptations to a land environ-
ment. And, the newest CYP families appear to have driven
the diversity of angiosperms in mediating the synthesis of
pigments, odorants, flavors and order-/genus-specific sec-
ondary metabolites. Family-by-family comparisons allow
the visualization of plant genome plasticity by whole
genome duplications and massive gene family expansions
via tandem duplications. Molecular evidence of human
domestication is quite apparent in the repeated P450 gene
duplications occurring in the grape genome.

Keywords Cytochrome P450 - Evolution - P450
superfamily - CYP- Papaya - Grape - Comparative genomics

Introduction

As genome sequencing projects were undertaken over the
past 15 years, leaders of these projects realized quite
quickly that individual genomes were hard to annotate
without comparison to closely related genomes. The
subsequent sequencing of closely related pairs of organisms
has provided the annotation bootstrapping necessary for
more accurate assignment of open reading frames and
intron positions. In animals, this strategy has been carried
forward to some extremes with sequenced genomes now
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available for 12 species of Drosophila, dozens of mammals,
five fish and pairs of more unusual creatures, such as
nematodes and sea squirts. Although plant genomes have not
been deeply sampled at present, six land plant genomes (Vitis
vinifera (grape), Carica papaya (papaya), Populus tricho-
carpa (poplar), Oryza sativa (rice), Arabidopsis thaliana
(Arabidopsis or mouse ear’s cress) and Physcomitrella
patens (moss)) and several algal genomes (Chlamydomonas
reinhardtii and Volvox carteri (green algae), Ostreococcus
tauri and O. lucimarinus (microalgae), Cyanidioschyzon
merolae and Galdiera sulphuraria (red algae)) have been
fully sequenced and more plant species, including Zea mays
(corn) and Medicago truncatula (barrel medic or barrel
clover), are in the sequencing pipeline. Among these, the
land plant genomes are close enough in sequence to aid in
gene identification but far enough apart to provide insights
into the evolutionary differences between these quite
diverse species.

In this review, we focus on similarities and differences
that exist in the cytochrome P450 (CYP) monooxygenase
superfamily that in these six land plant genomes collec-
tively contains 1,415 full-length and putatively functional
genes. In this large number of genes, there exist only 73
families as defined in the standardized nomenclature
developed for cytochrome P450 sequences [1] (Fig. 1,
Supplementary Table 1). Sixteen of these families are moss-
specific and the remaining 57 families encompass the P450
diversity existing in the five angiosperms. Four additional
CYP families are not included in this collection because
they are of limited taxonomic range. Of these, CYP719 is
found only in Ranunculales and Aristolochiales, which is
one of the ANITA (Amborella-Nymphaeales-Illiciales-
Trimeniales-Aristolochiales) basal angiosperms [2].
CYP725 is only found in Taxus but has some overlap with
the more common CYP716 family and may be an offshoot
of that family. CYP726 is found only in some Euphorbia
species producing vernolic acid [3] and it clusters within
the CYP71 family suggesting that it is part of a CYP71
subfamily. CYP750 is present only in gymnosperms, but is
somewhat related to the CYP75 and CYP92 families. The
most recent review comparing Arabidopsis and rice CYP
genes is [4] and the most recent review comparing moss
and angiosperm CYP genes is [1].

The recently sequenced genomes of grapevine and
papaya have added 457 P450 genes to the expanding
collection of plant sequences. With both being fruiting
woody plants and important crops, grapevine CYP genes
are especially interesting since this plant has been cultivated
for thousands of years and selected for flavors and colors
generated by many P450-mediated biosynthetic steps. As
noted in the French-Italian Consortium paper on the inbred
PN40024 grape genome [5], the grape genome contains 43
stilbene synthases and 89 terpene synthases important in the
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Fig. 1 Cytochrome P450 genes in each family among the six plant
genomes. The order of the species in each family block is Arabidopsis,
papaya, grape, poplar, rice and moss. The numbers are given in
Supplementary Table 1. The number of genes tends to decrease at
higher CYP family numbers that were historically discovered and
named later

synthesis of resveratrol and monoterpenes that contribute to
the aroma of grapes, wine and foods derived from them.
Despite the obvious expansion of its secondary metabolic
pathways, no mention of the multiplicity of grape P450
sequences has been included in this analysis except in their
Supplemental Table S9 [5]. More recent analysis of a
heterozygous Pinot Noir ENTAV 115 strain [6] identified
21 stilbene synthases and 35 terpene synthases in this
genome with the large differences in gene counts for these
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two protein families suggesting that the initial grape
genome paper counted alleles for these loci as separate
entities. The discussion of CYP genes in [6] focused on five
enzymes in the phenolic and terpenoid pathways, including
cinnamate 4-hydroxylase (C4H/CYP73, three genes in
Supplemental Table S4), flavonoid 3’-hydroxylase (F3’H/
CYP75B, one gene), flavonoid 3°,5’-hydroxylase (F3°5’H/
CYP75A, ten genes) and two unidentified P450s in Fig. 4b.
Other than cursory asides on CYP genes in the text, Velasco
et al. Supplemental Table S5 lists five CYP707A genes, and
orthologues of CYP97A3, CYP701A1/GA3 and
CYP711A1 [6]. To better appreciate the divergence of the
plant CYP superfamily, more detailed analyses are clearly
justified.

An Evolutionary Tour of Plant CYP Genes from most
Ancient to most Recent

CYP Gene Families Found in all Six Plant Genomes,
the Core CYPs of Land Plants

The first of several CYP gene categories to be discussed are
those highly conserved orthologs that exist in a clear
1:1:1:1:1:1 pattern across all six species (Fig. 1, Supple-
mental Tables S1 and S2). The only three genes in this most
highly conserved group are CYP97A [7] and CYP97C [8],
which are carotenoid hydroxylases, and the closely related
CYP97B, whose function has not yet been identified. The
oldest of these three genes is CYP97B as evidenced by its
higher phylogenetic identity with the CYP97E and
CYPI7F sequences of diatoms and other protists (Fig. 2
and Supplemental Fig. 1).

The next category contains 11 CYP families that exist in
all six species, but not in 1:1 relationships and not
necessarily with the same subfamilies across all six species
(Fig. 1, Supplemental Table 2). The oldest of these families
are CYP51 and CYP710 that are also found in non-plant
species including trypanosomes and euglena (Euglenozoa).
The CYP51 family, whose members are required for
obtusifoliol 14 «-demethylation in plant sterol biosynthesis
[9, 10], may represent the oldest eukaryotic CYP families.
It appears to have undergone relatively little expansion with
papaya and moss having only one CYP51G subfamily gene
and Arabidopsis having one functional gene with a second
one being the expressed CYP51G2P pseudogene that
contains a single nucleotide deletion in exon 1 [10]. With
poplar, rice and grape each having two CYP51G genes,
synteny analysis has shown that CYP51GS5 is part of a
recent genome duplication in poplar. The grape CYP51G6
is 90% identical to grape CYP51Gl1, but the surrounding
gene neighborhoods are very different, ruling out any large
segmental duplication. The rice CYP51G3 is bracketed by
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Fig. 2 An unrooted Neighbor-joining tree of CYP97 plant sequences.
Sequences were aligned using the program ClustalW and the NJ tree
was computed using the Phylip package

hypothetical proteins that are not syntenic with the genes
around rice CYP51G1 and the percent sequence identity
with Arabidopsis CYP51G1 is only 55% compared to 76%
for the ortholog CYP51GI1 pair. In addition to these
uncharacterized CYP51G subfamily members, rice is
unusual in having a divergent CYP51H subfamily with
eight intact genes. A paralog of these, oat (Avena strigosa)
CYP51H10 is synonomous with S4D2 (saponin-deficient
2) whose protein mediates the second step in the synthesis
of avenacin (an antifungal triterpene glycoside) and saponin
in root tips [11]. The identification of this divergent
function indicates that the CYP51 family has branched
out from the exclusive synthesis of sterols to include plant
defense compounds.

The CYP710 family contains sterol C22-desaturases that
appear to be equivalent to CYP61 in fungi [12]. Rice and
Arabidopsis each have four CYP710 genes and those of
Arabidopsis are differentially regulated [12]. Poplar, papaya
and grape each have only one gene while moss has two,
indicating that duplication and specialization are possible
but not essential in the evolution of this CYP family.

Interestingly, these three conserved families (CYP97,
CYP51 and CYP710) are categorized in CYP clans each
containing only one family (Fig. 3). Another single family
clan conserved across all six species, CYP74, includes
allene oxide synthases (AOS/CYP74A and some CYP74C
sequences), hydroperoxide lyases (HPL/CYP74B) and
divinyl ether synthases (DES/CYP74) with less distinct
subfamily divisions. The most conserved of these subfami-
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Fig. 3 Distribution of 94 cytochrome P450 families in plant
phylogeny. Cytochrome P450 family data from the Cytochrome
P450 Homepage was mapped onto a plant phylogeny based on [134,
135], with the placement of Vitis based on the chloroplast phylogeny
of Jansen et al., 2006 [131]. The branches only represent branching
order and they are not drawn to scale. The P450 families are sorted by

lies (AOS/CYP74A) has a single gene in Arabidopsis and
papaya, two genes in rice, poplar and moss and six genes in
grape.

The very recent publications of crystal structures for
Arabidopsis CYPT4A1 and its ortholog in Parthenium
argentatum (guayule) [13, 14] have now provided the first
insights into the mechanism by which allene oxide synthase
rearranges its acyl hydroperoxide substrate to an epoxide
during oxylipin biosynthesis. Unlike the more classical
plant P450s that incorporate molecular oxygen into their
substrates, the substrates for CYP74 enzymes provide their
own oxygen in the form of hydroperoxide. The release of
its oxygen binding constraints has led to structural
alterations in the I-helix and heme-binding region in all
CYP74 enzymes. Specifically, conserved I-helix motifs are
missing from CYP74 sequences and the heme-binding
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of the uppermost dots illustrates the first appearance in evolution of
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region harbors a unique nine amino acid insert that is
present in all CYP74 sequences in the six genomes
compared here. Crystallographic analysis indicates that a
highly conserved Lys in the I-helix pairs with the acyl chain
carboxyl and another conserved Asn hydrogen bonds with
the hydroperoxide near the heme iron. Interestingly, the
CYP74 family has been identified recently in a number of
animal species but not yet in fungi or vertebrates [13].
Hydroperoxide lyase activities, functionally assigned to
the CYP74B subfamily in Arabidopsis [15] and Medicago
sativa (alfalfa) [16], have also been demonstrated for the
more distantly related CYP74E and CYP74F subfamilies in
rice (CYP74E2/OsHPL1, CYP74E1/OsHPL2 and
CYP74F1/0OsHPL3) [17, 18]. These activities have also
been assigned to moss CYP74G1 (AJ316567) [19] and
claimed for Z mays CYP74F2 (AY540745, US patent



Tropical Plant Biol.

.
%r:
)
c c c £ §§
b cS 8 8§ £ =T
86 © ©% . ] Qg
Oo « N e like animal 2 SE
85 clan 86clan S ~_K &~ N CYP4clan 5 &
NOOO _ONM ~ O oY NMON® OMYrr = NhNO=NONOOILNO ™
0 wn NNM-OO OT VO wn
PR RO R e RERN NN RN BN RERR R3S S NN RN NN CRERRRRS
red algae [ ]
reen algae 0000 000000000000
Anthocerophyta g 9
hornworts
Marchantiophyta .
liverworts [ ]
Bryophytes (mosses*) 000 00 [ ] Q
Lycopods [ ]
Philicophyta (ferns) o0
Gymnosperms _— Cycads and Ginkgo o000 o
] L Conifers 000 00 L
] basal angiosperm Amborella (J 000 ©
R Magnoliids CoOO
angiosperms monocots Lilig N 2000 :. ®
lower eudicots - .“.a
Ranunculales L ®
Gunnerales
eudicots Saxifragales o O
Vitales* 9 - 00000 3
> g ® 000000 2
Geraniales z = E
i £
rosids Myrtales & ® 2 [ ] [ 1) 8 &
Zygophyllales ».% E r 8 %
— Crossomatales F 8 S @
. Q b3
o %
Sapindales o g ) 000000 : @
I: Malvales « 3 CO 000000 ] s
. (=2 -
Brassicales* w > 2 000000 %’ ©
Malpighiales* S @ 000000 | - &
. ] o @ 1]
core — Oxalidales 5 £ 2 >
q )
eudicots Celestrales
Cucurbitales 000 00 o
Fagales e O o [T
13
o 3388 083002/ 338 33 8
Fabales 00000 =
Dilleni ]
. . b
Berberidopsidales K]
Santalal &
oar %3
Q
Caryophyllales [ [ ] = | 00000 @ (@
Cornales H
L Ericates ° 3| co00®
Aquifoliales g
©
asterids| Garr{/ales o
Gentianales [ 00000
Lamiales o | (00 00000 @
euasterids Solanales @ 0000 000000 ®
Apiales @ ® o 00
Asterales 000 00000 | 000000
Dipsacales

Fig. 3 (continued)

6444874 [20]), Hordeum vulgare CYP74F3 (AJ318870)
[21] sequences. CYP74F1 is 73% identical to CYP74F2
and 71% identical to CYP74F3. Thus, HPL activities are
encoded by a variety of subfamilies (CYP74B, CYP74E,
CYP74F, CYP74G) existing in each of the six plant
genomes included in our comparison. Less clear is the
evolutionary relationship between these sequences and
those annotated as divinyl ether synthases in a more limited
number of Solanales species and garlic (a monocot).
Comparisons of the tomato CYP74D1 (AF317515), potato
CYP74D2 (AJ309541), tobacco CYP74D3 (AF070976),
bell pepper CYP74D4 (DQ832721) and garlic CYP74H1
(AJ867809) proteins against CYP74A and CYP74B
sequences show that the DES sequences are ~44% identical
to CYP74A and ~36% identical to CYP74B sequences
from Arabidopsis. The spotty distribution of DES in
different CYP74 subfamilies [22] suggests that the monocot

and dicot DES genes could have evolved independently
from other CYP74 sequences, possibly AOS.

Two other plant CYP clans have families conserved in
all land plants: the CYP86 clan that includes the CYPS86,
CYP94 and CYP704 families and the CYP71 clan that
includes the CYP73, CYP78, CYP98, CYP701 and
CYP703 families (Fig. 3). In the CYP86 clan, multiple
CYP86 members mediate fatty acid w-hydroxylations
[23-27] and CYP96A15 mediates mid-chain alkane
hydroxylations [28]. CYP86A8 (LACERATA), one of the
first characterized in Arabidopsis, is a fatty acid w-
hydroxylase with well defined activities against short and
medium-chain unsaturated fatty acids that are important for
the development of epidermal cutin [24]. CYP86 sequences
also contribute to the synthesis of suberins that are
components of the underground plant cuticle [29, 30]. In
contrast to moss that has only two CYP86 genes, the five
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angiosperms compared here each have 5-11 CYP86 genes
with those in dicots designated in the CYP86A, CYP86B
and CYP86C subfamilies and those in rice designated in the
CYP86A and CYP86B subfamilies (Fig. 1, Supplemental
Table 2). In addition, rice has a CYP86E1 gene that may
represent an orthologue of the CYP86C subfamily in dicots;
it is 51% identical to Arabidopsis CYP86C1 and 55%
identical to grape CYP86C8 and CYP86C10. The large
number of genes in this family probably reflects the varying
needs for cuticle on different plant surfaces and at different
times in development. Among other CYP86 clan members,
the CYP94 family that mediates hydroxylations on oxy-
genated fatty acids (Duan, H., Civjan, N. and Schuler, M.A.
unpublished data) varies from two genes in moss, six genes
in papaya up to 18 genes in rice and currently includes
eight subfamilies. The CYP704 family has three to seven
genes in each of the six species. Among its subfamilies, the
CYP704B subfamily is conserved in all six species, while
the other CYP704 subfamilies are not.

The CYP71 clan is the largest CYP clan conserved in the
land plants with a current total of 808 members in these six
species (Fig. 1, Supplemental Table 1 with clan member-
ship given in Fig. 3). One potential explanation for the
amplification of this clan is that emergence of plants onto
land and formation of multicellular structures presented
special challenges in the development of structural compo-
nents including molecules for protection from UV radiation
and desiccation, for production of new signaling pathways
and survival of gametes in dry environments. The pheny-
propanoid pathway, that originates in moss (and possibly
liverworts, see Fig. 3a), provides many of the new
molecules for these roles by functionalizing the aromatic
phenylalanine ring. C4H/CYP73A and coumaryl shikimic
acid 3’-hydroxylase (C3H/CYP98A) represent early
enzymes in the core pathway and its lignin synthetic
branch. While the angiosperms have from one to three
CYP73 genes, moss has four genes indicating that
expansion in this CYP family is not related to the
complexity of these plants. Gene numbers in the CYP98
family are also not consistent with the complexity of these
plants: papaya, grape and moss have single CYP98 genes,
while Arabidopsis, rice and poplar have three to five genes.

In the CYP71 clan, the CYP701 family begins the
pathway for gibberellin synthesis with CYP701A (ent-
kaurene oxidase) mediating the first three reactions in the
pathway and CYP88A (kaurenoic acid oxidase) mediating
three subsequent steps [31, 32], that have appeared only
later in plant evolution (CYP88 is not found in moss).
Whereas moss, grape, poplar and Arabidopsis each have
single CYP701A genes, rice has five genes and papaya has
three genes. The expansions in this subfamily in these last
two species seem to be nearly random. Contrasting with
this, rice has only one gene in the CYP88 family,
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Arabidopsis has two genes and papaya has six genes
(Fig. 1, Supplemental Table 2). The fact that Arabidopsis
and papaya are in the same plant order (Brassicales)
indicates that the trigger for gene expansion in this family
is not taxon-specific.

The CYP71 clan also contains a CYP gene associated
with gamete protection. Functionally characterized in
Arabidopsis, this CYP703A2 gene encodes a lauric acid
7-hydroxylase that allows the product to be coupled to
phenylpropanoid units in the formation of sporopollenin, a
tough fluorescent polymer in the pollen wall [33];
cyp703a2 knockout mutants lack this fluorescent layer.
CYP703A subfamily members are widely conserved with
most plants having just one CYP703 gene and, for
unknown reasons, moss having three genes. This species-
specific expansion is similar to the previously mentioned
expansion in the CYP704B subfamily: all five angiosperms
have one CYP704B gene whereas moss has three
CYP704B genes plus additional CYP704D, CYP704E and
CYP704F genes.

In contrast with other families in the CYP71 clan, the
CYP78 family contains 3-10 genes in all six species
analyzed here. Experiments in Arabidopsis have shown that
one of its members (CYP78AS5) controls organ size with
cyp78a5 knockout mutants having smaller organs and
CYP78A5 overexpressing mutants having larger organs
[34]. These phenotypic effects have suggested that
CYP78A5 generates a mobile growth signal that may be
an w-hydroxy fatty acid as Z. mays CYP78A1 has been
shown to mediate lauric acid w-hydroxylations [35].
Experiments in rice have shown that CYP78A11 (PLAS-
TOCHRONI) is a locus that affects the time elapsed
between formation of leaf primordia in the developing
plant [36]. The high degree of identity between rice
CYP78A11 and Arabidopsis CYP78A5 and CYP78A7
suggests that these last two are orthologs of PLASTO-
CHRONI and that depletion of CYP78AS shortens the
plastochron period. Recent analysis has indicated that
double cyp78a5/cyp78a7 knockouts die as embryos without
growth between the leaf primordia [37]. The existence of
the CYP78 family in moss (Fig. 3a) suggests that the genes
involved in this signaling system represent ancient innova-
tions in the evolution of land plants.

In the CYP85 clan, CYP716 is found in two mosses (P,
patens and Selaginella mollendorffii (gemmiferous spike
moss)) and many dicots but not in rice (Fig 3b). Since the
absence from rice was unexpected, a closer look at the rice
sequences has indicated that its CYP728 sequences are
closely related to CYP716 sequences. The fact that several
species (Amborella trichopoda (amborella), poplar, grape
and Nicotiana tabacum (tobacco)) have both CYP728 and
CYP716 genes suggests that rice and probably other grasses
have lost the CYP716 family or diverged it so extensively
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that it is now designated in another CYP family. While no
function is known for CYP716 or CYP728, the number of
CYP716 genes is highly variable with papaya having a
single CYP716 gene and grape having 14 genes (Fig. 1,
Supplemental Table 2). Comparisons among a broader
range of plants indicate that, in addition to the previously
mentioned CYP728/CYP716 overlap, there is some overlap
in the CYP716 and CYP725 families that provides
evidence of the extensive divergence occurring within this
subset of genes in the CYP85 clan. Specifically,
CYP716B1 of Picea sitchensis (Sitka spruce) is 44%
identical to CYP725A4 (taxadiene 5- hydroxylase) in
taxol biosynthesis in Taxus canadensis (Canadian yew) and
some other CYP725A sequences [38, 39]. The CYP716B
sequence, which was obtained after the CYP725 family was
named, now appears to bridge these two families. The 44%
sequence identity may suggest some limited similarity in
substrates between CYP716B sequences of unknown
function and CYP725A sequences that act on taxane
diterpenoids.

Making the Leap to Angiosperms, Emerging CYPs
from Moss to Flowering Plants

The plant genomes available today do not include transi-
tional stages in plant evolution between moss and the
angiosperms. No lycopod, fern or gymnosperm genomes
exist except for that of S. mollendorffii, whose sequence is
not yet published. With a large increase in complexity
occurring in the evolution from moss to flowering plants,
the number of new CYP families is correspondingly great
even though the number of genes within these families may
be low. Not including the eudicot-specific families and
more taxon-limited families described later, there are 31
CYP families found only in angiosperms (and not in moss)
with many of these representing extensions of old pathways
and creations of novel pathways. Among these, the
CYP720 family is the only CYP family that originated in
a common ancestor of gymnosperms and angiosperms and
continued as a recognizable family into the angiosperms. In
phylogenetic trees, the CYP720 family is most like the
CYP90 family and probably derived from it. Pinus taeda
(loblolly pine) CYP720B1 has been shown to function as
an abietadienol and abietadienal oxidase (PtAO) in diter-
pene resin acid biosynthesis [40]. But, given their signif-
icant divergence, it is unlikely that other angiosperm
CYP720A proteins will have the same function.

The CYP736 family may also have had its origin in the
early seed plants. While the original member of this family,
CYP736A1 from pear, was only 41% identical to the
original CYP750A1 from Pinus, the addition of more
sequences to our current databases has revealed closer
matches between the CYP736 and CYP750 families. The

pine CYP750A1 is 46% identical to grape CYP736A25 and
the pear CYP736A1 sequence is 47% identical to pine
CYP750A2. The original separation of these families has
faded and branched in such a way that CYP736 and
CYP750 sequences should probably be treated as members
of one family with representatives in both angiosperms and
gymnosperms. The fact that the CYP750 family has not
been found outside of gymnosperms and that the newest
Sitka spruce sequences (EF085383 and EF086310) are
more like CYP736 sequences than CYP750 sequences
suggest that the CYP750 family may be derived from a
CYP736 precursor. Additional sequences from a March-
antia polmorpha (liverwort) EST (BJ866141) showing 54%
amino acid identity to grape CYP736A25 may push the
origin of the CYP736 family back to the earliest land plants
even though no CYP736 sequence has been found in moss.
The complete sequence of this interesting liverwort CYP
gene will soon be available [41] allowing us to clarify the
relationship between these angiosperm and primordial
sequences.

Building Pathways with CYPs

Approximately 1% of the genes in sequenced plant
genomes encode full-length CYP proteins. In many cases,
these gene products appear frequently in biochemical
pathways with some mediating sequential steps in a single
pathway, as is the case with the six CYPs existing in the
brassinosteroid synthetic grid. In the evolution of pathways
that have multiple CYP proteins organized in a more linear
fashion with sequential steps modifying similar substrates,
duplication followed by divergence of the second copy is
likely to account for the incorporation of additional CYP
functions in these growing pathways. Two examples in
support of this are CYP85A1 and CYP85A2 in the
Arabidopsis brassinosteroid pathway and CYP90BI,
CYP90A1 and CYP90D1 in the same pathway. After these
enzymes sequentially modify their brassinosteroid substrates
and the product is subsequently reduced, the closely related
CYPI0C1 continues the pathway and produces substrates for
the CYP85A proteins. One could suppose that two CYP85
genes and four CYP90 genes would be sufficient for
brassinosteroid synthetic reactions, but recent analysis has
demonstrated that CYP724B2 of tomato mediates the same
C-22 hydroxylation steps in this pathway as the CYP90B
proteins [42]. Two final examples of gene duplication
followed by divergence in function are Arabidopsis
CYP97A3 and CYP97CI that act in sequential steps of this
pathway from o-carotene to zeinoxanthin to lutein [7, 8].
Contrasting with this mode of pathway evolution,
entirely different CYP gene families may be responsible
for generating successive intermediates in a pathway. In
gibberellin synthesis, CYP701A (in the CYP71 clan)
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performs three sequential oxidations on ent-kaurene and
CYP88A (in the CYP8S5 clan) oxidizes the substrate three
additional times. In this instance, CYP88 was recruited into
the pathway as an enzyme that could recognize the
kaurenoic acid product of CYP701 in spite of its obviously
different evolutionary history. Beyond these two sets of
P450 reactions, the gibberellin pathway continues in a
network of reactions that involve more oxidations that
utilize 2-oxoglutarate-dependent dioxygenases [43] rather
than any P450s. Even though logic might suggest CYP
gene duplication as an option for these reactions, another
type of oxidase was apparently recruited and then its gene
was subjected to repeated duplication and divergence for
later steps in the pathway. Interestingly, the fungus
Gibberella fujikuroi synthesizes the same complex end
product (GA|,) by an unrelated series of P450 reactions
[44] and uses this hormone mimic in its attack on rice
plants. In abscisic acid (ABA) synthesis, the grape fungus
Botrytis cinerea generates this compound by a pathway
different from plants using two CYP proteins designated
CYP527D1/bcabal [45] and CYP563A2/bcaba2 [46]. One
of the most striking examples of divergent CYP families
mediating similar reactions is that of morphine synthesis in
opium poppies and human neuroblastoma cells where both
pathways use approximately 19 steps that include several
unrelated P450 families [47]. These examples clearly
indicate that CYP sequences can be recruited into pathways
by gene duplication events as well as usurping unrelated
sequences from different clans. They also provide evidence
that organisms in different kingdoms have evolved the
ability to create the same complex end products by
recruiting divergent CYP proteins into novel pathways.

Plant Hormone Pathways

As mentioned earlier, CYP701A genes in gibberellin
biosynthesis are present in moss and all angiosperms while
CYP88A genes mediating the next three steps in this
pathway are absent in moss. The presence of CYP88A in
all angiosperms and Ginkgo biloba (maidenhair tree)
(CYP88A12) suggests that this family originated in the
species between bryophytes and the earliest seed plants
whose genomes are not yet sequenced. However, a curious
C-terminal EST (BJ852874) from liverwort M. polymorpha
is 47% identical to Arabidopsis CYP88A4. This sequence
may suggest an earlier origin, with gene loss in moss. The
presence of six CYP88A genes in papaya but only one to
two in other angiosperms suggests that, if the reaction
catalyzed by all six genes (four in a tandem array and two
separated from it) is the same, some spatial or temporal
specificity requirements may have driven this expansion.
An analysis of substitutions in the SRS regions of CYP88
genes suggests that the two solo CYP88 genes in papaya
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have diverged significantly (see “Notable features of the
papaya CYP sequences” below).

The brassinosteroid pathway, which contains the previ-
ously mentioned duplicated CYP85 and CYP90 genes [48—
51] is found in all angiosperms but not in moss (Fig. 3b).
Moss also lacks the CYP724 family that has recently been
identified as a C22-hydroxylase in brassinosteroid synthesis
of tomato [42]. The sequences in moss closest to these are
the CYP763 family members whose function has not yet
been defined. BLAST searches of available EST databases
indicate that CYP85A1, which acts in the terminal parts of
the brassinsoteroid pathway, is present in gymnosperms
(Picea glauca (white spruce), Sitka spruce, loblolly pine
and ginkgo). The assembly of CYP90A18, which acts in
the early part of the pathway, from white spruce ESTs and
existence of CYP90A fragments in Cycas rumphii (cycad,
DRO061491) and Adiantum capillus-veneris (maidenhair
fern, BP916923.1) suggests that the early stages of
brassinosteroid synthesis were already present in these
species. Additional CYP90C- and CYP90D-like sequences
have been found in Cryptomeria japonica (Japanese cedar),
white spruce, Sitka spruce and loblolly pine and a complete
CYPO90E1 sequence has been assembled from trace file
sequences of S. mollendorffii (see [52] for sequences and
accession numbers). Therefore the brassinosteroid pathway
appears functional in gymnosperms with some evidence for
early stages of the pathway in lycopods and ferns. Figure
3b summarizes the phylogenetic distribution of the CYP85
clan members.

Angiosperms synthesize the sesquiterpene hormone
ABA from carotenoid precursors [48, 53]. The rate limiting
enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) is
found in the gymnosperms Taxodium distichum
(AB211838.1) and Cryptomeria japonica (AB211645.1)
as well as Picea and Pinus (many ESTs). ABA is
catabolized by 8’-hydroxylation mediated by members of
the CYP707A subfamily [54, 55]. CYP707A EST sequen-
ces have been assembled from Pinus and a CYP707A20
sequence has been assembled from trace files of Selaginel-
la. Although the CYP707 family is missing in P. patens,
moss has two genes (XM_001784544.1, XM _001765944.1)
that are 56% and 57% identical to Arachis hypogaea
(peanut) NCED1 (AHY574819) suggesting that the first part
of the ABA pathway might be present in moss and that the
whole pathway is present in lycopods. Figure 1 and
Supplemental Table S2 show that 3—7 CYP707 genes exist
in each of these five angiosperm genomes.

P450 proteins are involved in the catabolism of several
other plant hormones. Gibberellin GA4 accumulates to high
levels in the rice euil (ELONGATED UPPERMOST
INTERNODE 1) mutant [56]. The EUIl gene encodes
CYP714D1 that epoxidates GA4 in the process of inactivat-
ing it [57, 58] and represents just one of six genes in three
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CYP714 subfamilies existing in rice. Substrates for these
other rice CYP714 proteins have not been defined, which is
not surprising given that 107 different GA compounds have
already been identified in plants with 12 different GA
derivatives in rice, 18 in corn and 24 in Arabidopsis
[32, 43, 59]. While the diversity of their structures suggests
that multiple inactivating enzymes may be required to
control levels of GA derivatives, CYP714 gene numbers in
our five angiosperms range from one in papaya to two in
Arabidopsis and six each in rice, poplar and grape. In some
of these genomes having limited CYP714 numbers,
breakdown of the various GAs may be mediated by
alternate CYP families, as is the case for the catabolism
of brassinolide, castasterone and other brassinosteroids by
CYP734A1/BAS1 and CYP72C1/SOB7 in Arabidopsis
[60—-63]. Arabidopsis CYP734A1 has clear homologues,
such as tomato CYP734A7 that mediates the same 26-
hydroxylation reaction [64] and four CYP734A proteins
that have not yet been biochemically characterized. Arabi-
dopsis CYP72C1 has only two potential homologues in
papaya (CYP72C2, CYP72C3) and neither of these have
been functionally defined.

As plants became vascularized and developed branches,
a need arose for hormone control of the branching pattern.
A carotenoid-derived branch-inhibiting hormone made by
the P450 CYP711A1/MAXI1 is a part of the MAX pathway
involving at least four genes designated MAX1-4 [65-67].
CYP711 represents another single family plant P450 clan
that is found in angiosperms and conifers but not in P.
patens indicating that it originated after the branching of the
Tracheophyta (vascular plants) from the Bryophyta
(mosses) (Fig 3b). Most vascular plants have a single
CYP711 gene, poplar has two genes resulting from a recent
genome duplication and rice has five genes. The un-
branched phenotype characteristic of rice and other grasses
may be evolutionarily connected to the repeated duplication
of these CYP711A genes that make a branch-inhibiting
hormone. Phylogenetic analysis of the CYP711 genes
shows that the five rice genes appear on three distinct
branches. The existence of three orthologs of these in corn
(CYP711A13, CYP711A18, CYP711A19) suggests that the
evolution of these three subtypes of CYP711A genes may
be conserved in the grasses and they may have specialized
functions (data not shown).

Analysis of the CYP711A variations within their
substrate recognition sequences (designated SRS by Gotoh
[68]) that contribute to defining the catalytic site cavity
indicates varying degree of divergence. From the available
crystal structures of bacterial and mammalian P450 pro-
teins, SRS1 (in a series of six SRS) corresponds to the loop
between the B- and C-helices positioned over the heme,
SRS2 and SRS3 correspond to the F-and G-helices
comprising part of the substrate access channel, SRS4

corresponds to the catalytically important I-helix extending
through the back of the catalytic site, SRS5 and SRS6
correspond to the N-terminus of (3-strand 14 and the
[3-turn at the end of 3-sheet 4 that both protrude into the
catalytic site. Using the single copy CYP711A1 sequence
in Arabidopsis as the standard for comparison, the single-
copy CYP711A sequences in papaya and grape maintain
extremely high identity to the Arabidopsis CYP711Al in
all six SRS regions (between none and two amino acid
differences) (Supplemental Fig. 2). The duplicated
CYP711A sequences in poplar retain this same high degree
of identity to the Arabidopsis sequence and vary from one
another at only one or two positions in five of six SRS (not
SRS3). The repeatedly duplicated CYP711A sequences in
rice has yielded one gene (CYP711A3) sharing very high
identity to Arabidopsis CYP711A1 in SRS3 (7/8 identities)
and SRS4 (17/18 identities), lower identity in SRS5 (6/9
amino acid identity) and SRS1 (8/15 identities) and much
lower identity in SRS6 (3/9 identities) and SRS2 (3/7
identities). Two of the other four genes in rice share slightly
lower identity to Arabidopsis CYP711A1 in SRS4, SRSI,
SRS2, SRS3 and SRS5 and equal identity in SRSS. Two of
the remaining genes in rice include multiple divergent SRS
making it likely that they mediate activities different from
other CYP711A subfamily members.

Cytokinins represent another class of plant hormones
made from 5’AMP with either an aromatic or an isoprene
unit attached to N® and modified in various ways [48, 69].
Arabidopsis CYP735A1 and CYP735A2 hydroxylate cyto-
kinin on the isoprene sidechain [70]. The five angiosperm
genomes compared here have one or two CYP735A genes
sharing 53-91% amino acid identity and no other CYP735
subfamilies. The limited gene numbers and lack of diversity
in this family suggest that it is dedicated to this one
synthetic function. CYP735A partial sequences have also
been found in loblolly pine and a complete CYP735A9 has
been assembled from ESTs of the cycad C. rumphii but the
CYP735 family is not present in moss.

Phenylpropanoid Pathway Leading to Lignins
and Flavonoids

CYP proteins are also used to make phenylpropanoids,
flavanoid and anthocyanin pigments and plant volatiles. The
phenylpropanoid pathway mentioned earlier in connection
with CYP73 and CYP98 has undergone much elaboration in
gymnosperms and angiosperms. In contrast, CYP84 (F5H) is
present in angiosperms but not in moss or gymnosperms
(Fig. 3a), which is consistent with the fact that they do not
make syringyl lignin monomers. In Selaginella, it appears
that convergent evolution has allowed this species to make
syringyl lignin monomers via a different P450 family
(CYP788A1, EU032589) than that used in angiosperms
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[71]. While this sequence did not cluster in a Bayesian tree
with FSH/CYP84 sequences, evidence supporting this
functional assignment exists in the fact that it complements
the Arabidopsis fahl knockout mutant and has substrate
preferences that match angiosperm F5H.

After coumaryl-CoA the phenylpropanoid pathway
branches, with both branches leading to flavonoids among
other products. The CYP75 family that plays an important
role in this pathway includes CYP75A (F3’5’H) and
CYP75B (F3’H) that participate in the production of
delphinidin (blue) and cyanidin (red-orange) anthocyanin
pigments [72] that are important for wine color in grapes
and flower/fruit color in other plants. The CYP75A genes
so important for the wine industry have repeatedly
duplicated in grape to a total of nine genes where papaya
has only one CYP75A gene (Fig. 1, Supplemental Table
S2). Other industrial applications associated with the
CYP75A subfamily have included genetic engineering of
them into carnations, chrysanthemums and roses in an
attempt to impart blue hues in their flowers [73].

Isoflavonoids and Plant Defense Molecules

Isoflavonoids branch from the phenylpropanoid pathway
after production and isomerization of chalcone to form
flavanones [74, 75]. CYP proteins involved in flavonoid
metabolism include isoflavone 2’-hydroxylase CYPS1E1 in
Glycyrrhiza echinata (licorice) [76], CYP81E3 in Cicer
arietinum (chickpea) [77] and CYP81E7 in barrel medic
[78], isoflavone 3’-hydroxylase CYP81E9 in barrel medic
[78], dihydroxypterocarpan 6x-hydroxylase CYP93A1 in
Glycine max (soybean) [79], the flavone synthase II
CYP93B subfamily [80] and the isoflavone synthase
CYPI3C subfamily in legumes [81-84], the triterpene
hydroxylase CYP93E subfamily in legumes [85] and
flavone 6-hydroxylase CYP71D9 in soybean [86]. Note
that many of these represent highly specialized P450s are
represented only in legumes.

Sesquiterpenes derived from farnesyl pyrophosphate in
the isoprenoid pathway are modified by P450s in the
CYP706 family. Gossypium arboreum (cotton) CYP706B1
is a (+)-delta-cadinene hydroxylase in the pathway to
synthesizing gossypol, a sesquiterpene aldehyde [87].
Related CYP proteins, products of the CYP706B3,
CYP706C5, CYP706C6, CYP706D1 and CYP706D2
genes in poplar may act on poplar-specific sesquiterpenes
but heterologous expression of these is needed to confirm
this. The monoterpene limonene is hydroxylated at various
positions by CYP71D13, CYP71D15 (Mentha x piperita,
peppermint) and CYP71D18 (Mentha spicata, spearmint)
with the regiospecificities of these so tightly controlled
that single amino acid changes in their active sites are
capable of altering 6-hydroxylase functions to 3-hydroxy-
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lase functions [88, 89]. The fact that the related CYP71D9
mentioned earlier was a 6-hydroxylase on flavones high-
lights the substrate differences that can occur even within a
single subfamily.

Other groups of plant defense compounds synthesized
by P450-dependent reactions include the glucosinolates that
are cleaved by myrosinases into bioactive toxins [90]. Two
classes of these S-containing compounds are derived from
TAA via parallel branched pathways that synthesize indole
glucosinolates via CYP79B and CYP83B subfamily mem-
bers [91-95] and aliphatic glucosinolates via CYP79F and
CYP83A subfamily members [93, 95-99]. The papaya
CYP83B1 gene is 67% identical to Arabidopsis CYP83B1
suggesting they are orthologs. Global phylogenetic analysis
of the CYP71 clan members has suggested that the CYPS83
family might be better classified as a subfamily of the
CYP71 family, but it has been kept as an independent
family for historical reasons [4]. Related cyanogenic
glucosides, which are found in a much broader range of
plants, are synthesized via CYP79A and CYP71E subfam-
ily members [100, 101].

The remaining 14 angiosperm-specific families CYP72,
76, 77, 87, 89, 92, 709, 715, 721, 722, 727, 728, 729, 733
that we have not specifically discussed have few functions
assigned to them at present. The large size of some of these
families and subfamilies suggest that their functions will
not be limited to one particular reaction or pathway and
that, as defense toxin pathways duplicated, many of these
evolved new functions for individual angiosperms. Among
the few functions assigned to these families, CYP72A1 (C.
roseus, Madagascar periwinkle) is identified as secologanin
synthase that converts loganin into secologanin in vinca
indole alkaloid biosynthesis [102]. Two additional P450s in
this C. roseus pathway are tabersonine 16-hydroxylase
CYP71D12 [103] and geraniol 10-hydroxylase CYP76B6
[104]. CYP76A4 and CYP76B9 (Petunia hybrida, petunia)
hydroxylate lauric acid at its w- or w-1 positions [105,
106]. CYP71D20 (Nicotiana tabacum, tobacco), the fourth
CYP71D subfamily sequence with a function assigned, acts
to hydroxylate 5-epi-aristolochene and 1-deoxycapsidiol to
form the defense compound capsidiol, a bicyclic, dihy-
droxylated sesquiterpene [107]. CYP709C1 (Triticum aes-
tivum, wheat) hydroxylates fatty acids at the w-1 and w-2
positions and is induced by methyl jasmonate, possibly as a
defense response [108].

Continued Specialization: Eudicot Specific CYP Gene
Families

Nine CYP families appear to have arisen in dicots (CYP80,
82, 83, 702, 708, 705/712, 718, 749) after their split from
monocots. Among these, the CYP80 family was initially
found only in Ranunculales and later in other angiosperms
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like poplar, papaya and grape. CYP80BI is required for the
pathway to benzophenanthridine alkaloids in Eschscholzia
californica (California poppy), CYP80B3 is required in the
pathway to morphinan alkaloids in Papaver somniferum
(opium poppy) [109, 110] and the CYP80A, CYP80OF and
CYPS80G subfamilies are also involved in alkaloid biosyn-
thesis. CYP80OA1 mediates C-O phenol coupling in the
bisbenzylisoquinoline alkaloid synthesis in Berberis stolo-
nifera (barberry) [111]. CYP8OF1 is involved in the
rearrangement of littorine to hyoscyamine in Hyoscyamus
niger (black henbane) [112]. CYP80G2 catalyzes an
intramolecular C-C phenol coupling of (S)-reticuline in
magnoflorine biosynthesis in Coptis japonica (Japanese
goldthread) [113]. Several of these have been used in semi-
synthetic strategies to produce alkaloids using E. coli and
yeast expression systems [114]. The role of additional
CYP80 subfamilies in grape, poplar, papaya and Sesamum
indicum (sesame) are not known. Our phylogenetic com-
parisons suggest that the CYP80 family is probably derived
from the CYP76 family (data not shown).

Other CYP sequences mediating plant-specific alkaloid
pathways are found in the CYP82 family that includes
tobacco CYP82ES, a nicotine demethylase involved in
conversion of nicotine to nornicotine [115, 116] and
Arabidopsis CYP82C2 and CYP82C4, 8-methoxypsoralen
hydroxylases mediating modifications on toxic furanocou-
marins [117]. In comparison with the two full-length
CYP82 genes (CYP82C17, CYP82L1) in the papaya
genome, the grape genome has16 CYP82D sequences, six
CYP82H sequences and 12 CYP82S sequences. In addition
to this 17-fold increase in the number of full-length CYP82
genes in grape, this genome also has 34 CYPS82 pseudo-
genes corresponding to identifiable exon fragments or
prematurely truncated open reading frames. The presence
of this large number of pseudogenes is suggestive of
actively evolving gene clusters as seen in the human
CYP2ABFGST cluster and several rodent clusters [118].

The CYP705/CYP712 families are like the CYP83/
CYP71 families where early classifications placed them in
distinct families and later discoveries challenged this
separation. In the case of CYP705/CYP712 sequences, the
identification of CYP712D subfamily sequences in grape
and soybean that are about 45% identical to both families
indicated that CYP705/CYP712 should be merged to reflect
the closer evolutionary relationships of these two groups;
nevertheless, the CYP705A genes of Arabidopsis and
Brassica have been kept separate for historical reasons.
The CYP705/CYP712 family has been derived from
the CYP93 family as is most apparent from the fact that
the Arabidopsis CYP712B1 gene occurs adjacent to the
CYP93D1 gene in this species. And, in poplar, CYP93A4,
CYPI3A7P and CYP712C1 are adjacent in an 8 kbp region
of LG_XIV, with CYP712A5 165 kbp upstream from this

block. In a second conserved region, CYP712A3vl,
CYP712C2, CYP93A6 and CYP93ASP are adjacent in a
13 kbp block on scaffold 152. Likewise, in papaya,
CYP712A8, CYP712A9, CYP93A10, CYP93AI1l and
CYP93A12P are located within a 27 kbp region on
supercontig_85. We have concluded that synteny between
the CYP93 and CYP712 gene families has been preserved
in three genomes from the eurosids, but not in the grape
genome at the base of the rosids.

With 25 CYP705A subfamily members existing
throughout the Arabidopsis genome, a function has only
been assigned to CYP705A5, the thalian-diol desaturase in
the thalianol pathway [11]. Although the CYP705A gene
subfamily diverged from the CYP712 family, seen in all
four dicots compared here, CYP705A is limited to
Brassicales and is presumably central to certain Brassicales
specific pathways. One key observation of Field and
Osbourn [11] is that CYP705A5 is part of a four gene
metabolite cluster involving CYP708A2 (thalianol hydrox-
ylase) and a triterpene synthase (thalianol synthase). They
suggest that this linkage of P450 genes and a triterpene
synthase gene may be exploited in other Arabidopsis
pathways through duplication and divergence of gene
blocks that preserve a metabolite gene cluster. Consistent
with this, CYP708A3, which is one of three other CYP708
genes in Arabidopsis, is adjacent to the Atlg78480 locus,
which is similar to a pentacyclic triterpene synthase and
resembles the thalianol synthase that occurs upstream of
CYP708A2 in the thalianol synthesis pathway. This
juxtaposition suggests a similar functional relationship
between CYP708A3 and its adjacent pentacyclic triterpene
synthase. The fact that the CYP705 and CYP708 genes are
in different CYP clans indicates that they have not been
brought together by tandem gene duplication but rather by
significant rearrangements within the ancestral Arabidopsis
genome.

The two P450 and triterpene synthase linkages noted
above establish a precedent and suggest that additional
pairings may exist. Further searching for P450s adjacent to
terpene synthases uncovered a large cluster on Arabidopsis
chromosome 4 with eight P450s and two pentacyclic
triterpene synthases. The gene order from At4gl5310 to
At4gl15396 is: CYP702A2, CYP702A3, CYP705A1, pen-
tacyclic triterpene synthase (ATPENI1), CYP702A4P,
CYP705A2, CYP705A3, baruol synthase (BARSI),
CYP705A4, CYP702A5, CYP702A6. The BARS1 gene
has been reported to make baruol and 22 additional
triterpene products [119], some of which may be substrates
for these P450s, but the ATPENI1 product is not known
[120]. Even so, it is noteworthy that the CYP702 and
CYP705 genes are intermingled even though they are in
different CYP clans and do not share a close evolutionary
history. The CYP705A, CYP702 and CYP708 genes are all
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unique to Arabidopsis and its closest relatives, such as
Brassica napus, making these the only known Brassicales-
specific CYP proteins (Fig. 3).

The CYP718 family appears in P450 gene collections of
asterids and rosids but infrequently in EST and cDNA
collections. The CYP718 gene is present in potato
(Solanum tuberosum), tomato (Lycopersicon esculentum),
poplar, papaya, grape, barrel medic and Arabidopsis. One
full-length CYP718 cDNA has been identified in Arabi-
dopsis and seven CYP718 ESTs have been identified in
Viridiplantae (in a collection of 18,215,441 ESTs) but no
ESTs are found in 232,980 ESTs from potato, 259,990
ESTs from tomato, 89,943 ESTs from poplar, 352,984 ESTs
from grapevine, 77,158 ESTs from papaya, 259,969 ESTs
from barrel medic or 1,526,133 ESTs from Arabidopsis.
This suggests that CYP718 transcripts are expressed only
transiently or at extremely low abundance. One of the seven
CYP718 ESTs is from Thellungiella salsuginea, an Arabi-
dopsis-like extremophile tolerant of cold, drought and
salinity. At the amino acid level, CYP718 is most similar
to the older CYP716 family that has one gene in papaya,
two genes in Arabidopsis, 17 genes in poplar (not counting
individual variants or pesudogenes for the different loci)
and 14 genes in grape.

The CYP749 family is the last of the dicot-specific
families. This family, which is in the CYP72 clan, is first
observed in Ranunculales (Aquilegia hybrid columbine,
DR921551, Fig. 3a) in the lower eudicots. Full-length
CYP749 sequences are present in the poplar and tobacco
genomes and as EST contigs from Aquilegia and cotton.
The absence of CYP749 in the monocots and magnoliids
and its appearance in Ranunculales suggest that it repre-
sents an early CYP branch in dicot evolution. Nothing is
known about the biochemical function of this family.

At the beginning of this section, nine CYP families were
listed as dicot-specific. We have now reduced that number
to seven by viewing CYP83 as a part of the CYP71 family,
by merging CYP705/CYP712. At this level of phylogenetic
analysis, it appears that innovation in angiosperm P450s
has been concentrated primarily at the subfamily level or
lower with few new families emerging in the angiosperms.

Evolution in Recent Time: Highly Limited CYP Families

Among these many CYP families exist some that are only
found in one or a few closely related species. The CYP726
family is only known from Fuphorbia lagascae and
Euphorbia esula where it mediates synthesis of vernolic
acid (an epoxy fatty acid) [3]. Phylogenetic trees place
CYP726 inside the CYP71 family suggesting that it should
be viewed as a subfamily rather than an independent
family. The previously mentioned CYP702 and CYP708
families are found in Arabidopsis and closely related Brassica
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species, but absent from papaya that is also in the Brassicales.
At least some of these CYP proteins are involved in modifying
triterpenes, including the CYP708A2 thalian-diol-desaturase
[11] that was mentioned in the previous section (Eudicot-
specific gene families).

The CYP99 and CYP723 families exist in grasses and
not in any other sequenced genomes. Once again, CYP99
falls inside the CYP71 family as the boundaries of this
largest plant CYP family continue to expand with more
sequences becoming known. In rice, the CYP99A2 and
CYP99A3 loci are found in a five-gene biosynthetic gene
cluster on chromosome 4 mediating the synthesis of
momilactones [121]; these P450s have been shown to act
on a diterpenoid precursor generated by the diterpene
cyclases OsCycl and OsKS4. Another gene cluster existing
on rice chromosome 2 includes OsCyc2, OSDTCI and
multiple CYP genes and is implicated in the biosynthesis of
phytocassanes (novel phytoalexin cassane-type diterpenes)
[122]. Examination of Japonica strain contig AP008208.1
indicates that a ten-gene cluster includes CYP76MS,
CYP76M8, CYP76M7, OSDTCI1, CYP71Z6, CYP71Z7,
OsCyc2, OsKS5, OsKS6, CYP76M6 (proteins BAF09097
to BAF09106 in Entrez Protein). The four diterpene
cyclases and six P450s in this cluster are reminiscent of
those that exist in the thalianol and triterpenoid pathways in
Arabidopsis. The many ring and sidechain modifications
that occur in terpene biochemistry may account for a
considerable portion of the P450 enzymes in plants and also
for the metabolic gene clusters in fungi [123, 124].

The CYP723 family clusters inside the CYP89 family
and might be considered a CYP89 subfamily (see the top of
Fig. 5 in [4]). The larger CYP89 family itself may be an
offshoot of the closely related CYP77 family. According to
the data in Fig. 3a for the CYP71 clan, the CYP77 family
appears to be more ancient with members in the cycads and
ginkgo, while CYP89 is first observed in magnoliids. In
rice, CYP723A3 is adjacent to CYP723A1 on chromosome
4, and it is 41% identical to CYP89C1 on chromosome 6
that has no known function. While the CYP89 family and
most CYP77 family members contain no introns, the rice
CYP77A9 gene has a single intron.

Comparison of the Slowly Evolving Papaya Genome
to the Rapidly Evolving Grape Genome

Notable Features of the Papaya CYP Sequences: Stasis
in a Conservative CYP Genome

Of the five angiosperm genomes considered here, papaya
has the fewest full-length CYP genes (142) and consider-
ably less than the numbers of CYP genes found in poplar
(310), grapevine (315), rice (332) and Arabidopsis (245)
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(Supplemental Table S1). Even with this small CYP count,
there are only two of the mainstream CYP families (CYP709,
CYP749) (not including the taxon-limited families CYP99,
CYP702, CYP705, CYP708, CYP719, CYP723, CYP725,
CYP726 and CYP750) that appear to be lost in papaya.
Papaya does have all of the other CYP72 clan families of
vascular plants CYP72, CYP714, CYP715, CYP721,
CYP734 and CYP735. The presence of CYP709 and
CYP749 in other rosids and eurosids argues for their loss in
Brassicales (Fig 3a, CYP72 clan), a fairly common event in
the evolution of P450 sequences. Examples of this can be
found in Arabidopsis that has lost a significant number of
mainstream families including CYP80, CYP92, CYP724,
CYP727, CYP728, CYP729, CYP733, CYP736 and
CYP749 as well as grape and rice that have lost CYP749.
Papaya is nearly minimalist in its CYP collection with
no single subfamily having more than seven genes and 42
subfamilies having only one gene. In contrast, Arabidopsis,
that is also in the order Brassicales contains 36 CYP71B
subfamily genes and 25 CYP705A subfamily genes. It
appears that Arabidopsis has nearly doubled its CYP gene
numbers even though it lacks eight CYP families existing
in papaya. Comparisons among these plant genomes
indicate that P450 evolution has repeatedly occurred by
retaining the core CYP genes needed for critical functions
and increasing the number of CYP genes and the diversity
of CYP subfamilies. With its lower number of CYP genes,
papaya provides a snapshot of an angiosperm genome that
has retained much of its early character with only twice the
number of CYP genes found in the moss genome, but
displaying all the complexities of a woody, fruiting plant.
There are additional unusual features of CYP gene
evolution in papaya compared to the other dicots included
in our comparison. The first of these is that the pathway for
gibberellin synthesis has expanded substantially. Grape,
poplar and Arabidopsis each have one CYP701 gene (ent-
kaurene oxidase mediating the first three steps in GA,
synthesis) while papaya has three genes. Grape, poplar and
Arabidopsis each have two CYP88 genes (kaurenoic acid
oxidase mediating the next three steps) while papaya has
six genes. For both sets of loci, this represents a three-fold
increase in the papaya CYP sequences responsible for early
reactions leading to GA;,. In Arabidopsis, gibberellins
derived from GA|, are sorted into three types: early 3-
hydroxylated products, early 13-hydroxylated products and
non-early-3,13-hydroxylated products [32, 43]. The early 3-
hydroxylation pathway depends on gibberellin 3 3-hydrox-
ylase (GA4) that is a 2-oxoglutarate Fe*" dioxygenase and
not a P450. The early 13-hydroxylation pathway depends
on a 13-hydroxylase that has not yet been identified. The
non-early-3,13-hydroxylation pathway depends on gibber-
ellin 20-oxidase (GAS5) that is another 2-oxoglutarate Fe**
dioxygenase. The three-fold reiteration of CYP701 and

CYP88 genes in papaya compared with other dicots
suggests that there may be specialization in papaya to
allow for the production of different gibberellins requiring
unique multi-enzyme complexes or metabolons for the
three different pathways.

Comparisons of the SRS regions in the CYP701 and
CYP88 genes of papaya and other dicots provide support
for this suggestion (Supplemental Figs. 3 and 4). The
CYP701A genes in grape and poplar are among those most
closely related to Arabidopsis CYP701A3 with two differ-
ences in SRS1, two or four differences in SRS2 and SRSS5,
five or six differences in SRS3, four differences in SRS4
and two or three differences in SRS6 (Supplemental Fig. 3).
The duplicated CYP701A genes in papaya have diverged
further from Arabidopsis CYP701A3 with six to eight
differences in SRS1, two differences in SRS2, four differ-
ences in SRS3, five to seven differences in SRS4, one or
three differences in SRSS5, one or five differences in SRS6.
Three of the five CYP701A genes in rice are more closely
related to Arabidopsis CYP701A3 in SRSI1 than either of
these papaya sequences, equivalently related in SRS2 and
more divergent in SRS3 and SRSS5; for these three rice
genes, differences in SRS4 and SRS6 are intermediate
between the two papaya CYP701A sequences. The remain-
ing two CYP701A3 genes in rice exhibit substantially
further divergence from Arabidopsis CYP701A3 and the
other rice CYP701A sequences.

In comparison, the duplicated CYP88A genes in
Arabidopsis contain one difference in SRS2, SRS3 and
SRS4, three differences in SRS1 and SRS6 and no
differences in SRS5 (Supplemental Fig. 4). The two
CYPS88A sequences in grape are slightly more divergent
from Arabidopsis CYP88A3 with one difference in SRS1
(restricted to CYP88A23), SRS2 and SRS3, two to three
differences in SRS4 and SRS5 and two differences in
SRS6. Similarly, the two poplar CYP88A sequences show
low variation from Arabidopsis CYP88A3 with one
difference in SRS2 and SRS3, one to two differences in
SRS4, SRS5 and SRS6 and three differences in SRS1. Of
the six CYP88A genes in papaya, one (CYP88A17) has
SRS regions more closely related to the Arabidopsis
CYP88A3 sequences than its two closest relatives
(CYP88A18, CYP88A19) and two others that are separated
from the main cluster (CYP88A20, CYP88A21) have SRS
regions that have diverged significantly from the Arabi-
dopsis, grape and poplar sequences. Of these, CYP88A17
contains six differences in SRS1, two differences in SRS4,
four differences in SRSS5 and three differences in SRS6 but
none in SRS2 or SRS3. CYP88A18 and CYP88A19
contain six or seven differences in SRS1, one or two
differences in SRS2 and SRS3, one or three differences in
SRS4, three or five differences in SRS5, two or three
differences in SRS6. CYP88A20 and CYP88A21 contain
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seven differences in SRSI1, three or five differences in
SRS2, one or two differences in SRS3, six differences in
SRS4 and SRSS and two differences in SRS6. In contrast to
these last two papaya CYP88A genes, the single-copy
CYP88A gene in rice maintains substantial identity to
Arabidopsis CYP88A3 with one difference in SRS2, two
differences in SRS3 and SRS6, three differences in SRS4
and six differences in SRS1 and SRSS.

The second unusual feature of CYP gene evolution in
papaya is that the pathway for lignin synthesis has
expanded in papaya compared to Arabidopsis probably
because of the increased need for phenolics in wood
production. Papaya contains two CYP73A genes (cinna-
mate 4-hydroxylase in the core phenylpropanoid pathway)
and four CYP84A genes (ferulate 5-hydroxylase in the
lignin branch pathway) compared to one CYP73A and two
CYP84A genes in Arabidopsis. Among the sinapoylglu-
cose, sinapoylmalate, and sinapoylcholine that are produced
in Arabidopsis as the result of CYP84A1 action [125-127],
sinapoylcholine may serve as a seed reservoir of choline for
phospatidylcholine synthesis and sinapoylmalate protects
leaves against UV-B radiation. Papaya may use its
additional CYP84A genes to further modify these com-
pounds producing the multiply hydroxylated compounds
needed in wood.

With the CYP84A subfamily sharing high overall
identity (48-97%) in these five species, the duplicated
CYP84A sequences in Arabidopsis contain multiple differ-
ences in SRS1 (13/15 identities), SRS3 (6/8 identities) and
SRS6 (6/9 identities) and single differences in the other
three SRS regions (Supplemental Fig. 5). The single-copy
CYP84A31 gene in grape is identical in its SRS regions to
Arabidopsis CYP84A1 involved in lignin production
except for two differences in SRS3 and one difference in
SRS6. Of the three CYP84A genes in poplar, two share
extremely high identity to Arabidopsis CYP84A1 with one
or two differences existing in SRS1 and SRS6, three
differences existing in SRS3 and no differences existing
in the other three SRS regions. The remaining CYP84A12
gene in poplar contains an additional variation in SRS4,
three additional variations in SRS1 and fewer variations in
SRS3 but these SRS sequences remain more related to
Arabidopsis CYP84A1 than the divergent Arabidopsis
CYP84A4. Of the four CYP84A genes in papaya, two
again share extremely high identity to Arabidopsis
CYP84A1 with only two or three differences in SRS3,
one difference in SRS2, one difference in SRS6 (restricted
to CYP84A26) and no differences in the other three SRS
regions. In the remaining two CYP84A28 and CYP84A29
genes, two to five differences from Arabidopsis CYP84A1
exist in SRSI1, three differences exist in SRS3, one
difference exists in SRS4, SRS6 and SRSS5 (restricted to
CYP84A29). Probably because of the universally important
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nature of the CYP84A activities in lignin production,
variations in these SRS regions are limited even in the
evolutionarily distant rice CYP84A sequences. Of the three
CYP84A genes in rice, two again are more closely related
to Arabidopsis CYP84A1 with two differences in SRSI,
SRS3, SRS4 (restricted to CYP84A6) and one difference in
SRS6 and SRS5 (restricted to CYP84A5). The remaining
CYP84A7 gene is significantly more divergent with two to
seven differences in SRS1, SRS2, SRS3 and SRS5 and an
insertion and three differences in SRS4; in surprising
contrast, its SRS6 is identical to that found in Arabidopsis
CYP84A1l. The extensive SRS identity found in the
CYP84A1 subfamily contrast significantly with variations
in the other CYP subfamilies whose SRS sequences are
summarized in this paper.

The third unusual feature of papaya compared to
Arabidopsis is the large size of its fruit. With several
CYP71 family members known to participate in ripening
and production of fruit flavors and aromas in avocados
(CYP71A1), bananas (CYP7INI1) and strawberries
(CYP71AR1) [128-130], papaya contains 12 CYP71 genes
in four subfamilies. Seven of these genes are in the
CYP71B subfamily that has 35 members in Arabidopsis
and the other five genes are in new subfamilies not shared
with Arabidopsis. Three of these five, CYP71BFI,
CYP71BF2 and CYP71BE2 are candidates for fruit-related
hydroxylations with CYP71BF1 being 52% identical to
strawberry CYP71AR1 (10a-pinene hydroxylase) [130]
and CYP71F2 being 54% identical to tomato CYP71AU2
and most similar to the Arabidopsis CYP71A subfamily.
CYP71BE2 has been assembled from papaya ESTs
EX262791 and EX271814 isolated from a mixed tissue
library and CYP71BE1 has been identified in grape,
another fruiting woody plant. The existence of eight
CYP71BE subfamily genes and nine pseudogenes in the
grape genome suggests that active evolution is occurring in
that subfamily, possibly due to intense selection for fruit
characteristics.

Notable Features of the Grape CYPs: Evolution Via Human
Selection

In phylogenetic analysis, grape has been very difficult to
place in evolutionary history and was only recently
assigned on the basis of complete chloroplast genome
sequences to the base of the rosids [131]. Arabidopsis and
papaya are both in Brassicales making them evolutionarily
closer to each other than they are to grape. However,
BLAST searches with grape CYP sequences have found the
best hits to be with many papaya CYP sequences. This
closer degree of identity between papaya and grape
suggests that papaya has evolved more slowly than
Arabidopsis after the two diverged and is in accord with
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the smaller numbers of CYP sequences in papaya.
Sequencing of the grape genome has revealed hexaploid-
ization of this genome prior to the last common ancestor of
Arabidopsis and grape and before the radiation of the
eurosids. Two additional whole genome duplications took
place in the lineage leading to Arabidopsis such that, as noted
by Jaillon et al. [5] and Lyons et al. [132], most regions in the
grape genome are reiterated four times in the Arabidopsis
genome. Sequencing of the papaya genome found that 30 of
121 co-linear segments matched four Arabidopsis segments
implying that papaya diverged from Arabidopsis before these
two duplication events took place. Since comparison
between papaya and grape CYP sequences does not involve
any large-scale genome duplications since their last common
ancestor, the increase in grape CYP genes must be attributed
to small-scale duplication events, such as tandem duplica-
tions, but not to whole genome duplication events.

Analysis of the CYP differences between grape and papaya
has potential to reveal P450 functions critical to the evolution
of fruit characteristics in grape, a process that has been heavily
influenced by human selection. Large expansions in some
families such as the CYP75 family are likely to be important
in this regard. Within this family, the CYP75A subfamily has
expanded from one gene in papaya to nine genes in grape with
CYP75A28 (DQ298201-DQ298203) and CYP75A36
(DQ298204-DQ298205) being flavonoid 3°5’-hydroxylase
genes important for production of berry color [72]. While this
2006 paper did not yet know the full extent of CYP75A
genes in the grape genome, special attention was given to
these genes in [60] after sequencing of the Pinot Noir strain
ENTAV 115 genome. Other interesting gene expansions
occur in the CYP76 family where papaya has three genes
and grape has 24 full-length CYP76 genes and 31
pseudogenes (Fig. 1, Supplemental Table 2).

The largest expansion between grape and papaya is in
the CYPS82 family with two genes in papaya and 34 genes
in grape. Of these, papaya CYP82C17 is adjacent to a
transducin-like gene just as grape CYP82D19 is adjacent to
a transducin-like gene suggesting that these are probable
orthologs. Grape CYP82D19 also represents a solo P450
that is not part of a long set of tandem duplications seen in
the main block of CYP82D sequences occurring from
9,581 kb to 9,745 kb on chromosome 18. The fact that
grape CYP74A1 is located 45 kb downstream from this
cluster just as papaya CYP74A12 is located 38 kb
downstream of CYP82C17 suggests that the CYP82D loci
share either left or right side synteny with the papaya
CYP82C17 locus. It also suggests that the CYP82D19 gene
and the transducin-like neighbor were split off from the left
edge (next to CYP82D14) of the main grape CYP82D gene
cluster. We have concluded from this data that grape
expanded a single CYP82 gene ancestor shared with
papaya to a 16 gene plus 5 pseudogene cluster and that

this cluster then split at one end to generate a new
CYP82D19 locus.

In contrast to this pattern of duplication and rearrange-
ment, the papaya CYP72 family has all except two of its
nine genes and five pseudogenes in one large cluster of
about 100 kb (supercontig 77:897282-995688). The two
additional genes are on small supercontigs that may join at
the ends of the cluster on supercontig 77. The grape
CYP72 family has all of its 22 genes and 20 pseudogenes
in seven different clusters and at four solo gene locations.
This scattered and expanded state of the CYP72 family in
grape demonstrates that some species tend to reposition
CYP genes to new locations and then expand gene copy
numbers at these sites by tandem duplication. A second
example of this evolutionary pattern occurs in the CYP81B
subfamily with the grape CYP81B genes occurring in two
clusters on chromosomes 9 and 18 and the papaya
CYPS1BI19 to CYP81B22 and CYP81K3 occurring in
one 36 kb cluster. This location of the CYP81K3 gene
suggests that it is derived from one of the CYP81B genes.
Three additional examples of these repeated duplications
occur in the CYP89A subfamily with 1 gene in papaya and
14 genes in grape, in the CYP71 family with 12 genes in
papaya and 25 genes in grape and in the CYP79 family
with three genes in papaya and nine genes in grape. The
expanded gene families and subfamilies in grape may track
evolutionary changes occurring in our historical time frame
rather than more prolonged geological time frames. Where
visible human-selected changes are apparent in many
animal-breeding programs, the CYP duplications and
subsequent amino acid variations may open a special
window on molecular evolution in domesticated plants.
Proof of the effects of domestication on evolution may
come from the future sequencing of an uncultivated grape
genome such as Vitis vinifera subsp. Silvestris, if this truly
represents one not tainted by human selection [133].

In contrast to these examples of families and subfamilies that
have expanded, 21 subfamilies (CYP71A, 74B, 76G, 77A,
77B, 86B, 90A, 90B, 90C, 90D, 97A, 97B, 97C, 98A, 703A,
704B, 710A, 711A, 720A, 727A, 735A) exist in 1:1 copy
numbers in papaya and grape and three subfamilies (CYP85A,
94B, 724A) exist in 2:2 copy numbers. The CYP94C subfamily
exists in a 3:3 ratio, the CYP93 A subfamily exists in a 4:4 ratio
and the CY707A subfamily exists in a 5:5 ratio (Fig. 1,
Supplemental Table 2). Many of these have been discussed
and are presumed to perform fundamental processes not
associated with evolutionary novelty in the rosids.

Conclusions

The sequences of six plant genomes offer many unique
opportunities for comparative genomic analysis. Among the
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many gene families that might be evaluated, the P450
superfamily presents a special case in that it has been used
extensively by plants in their adaptation to the land
environment and their subsequent evolution of complex
tissues and organs. The existence of CYP proteins
mediating many aspects of plant biochemistry and physiol-
ogy including the formation of lignified structures, signal-
ing compounds, flower and fruit colors, odors and defense
compounds provides for many different levels of diver-
gence depending on the extent to which each group of
molecules is essential for growth and development.

Four of the six genomes whose P450s have been
compared here are in the rosids. Differences between
Arabidopsis and papaya highlight the rather broad changes
that have taken place in cruciferous plants with two whole
genome duplications and biochemical specializations re-
quiring 100 extra CYP sequences in Arabidopsis compared
to papaya. The evidence from genome comparisons of
grape, papaya and Arabidopsis supports the idea that the
142 CYP genes of papaya have retained many of the
ancestral characteristics of rosids that can act as a baseline
for evaluation of the grape genome. The expansion of the
CYP sequences in grape is particularly clear for those
subfamilies that have many tandem duplications evolving
from a single gene or a few.

A careful synteny analysis between the CYP subfamilies in
grape and papaya has the potential to uncover how time’s
arrow has expanded the CYPs in grape. Synteny can
unambiguously determine the history of gene expansion if
flanking genes can be found in both species as in the case of
CYP76A11 and CYP76G7 or the CYP82C17 genes in
papaya. The story is complicated by duplication to other sites
in the genome with loss of synteny as is apparent in the
CYP72 family. Comparison of papaya and grape can uncover
many of the molecular changes in the grape genome, but to
read the true impact of human selection it will be necessary to
find and sequence a wild grape genome. Such a project would
move molecular evolution of the grape from a geological time
scale to a historical time scale.
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