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Summary

This review represents the first attempt to define the origins of the major P450-

containing pathways in plants.  Comparative genomics with five complete P450 gene sets

from Chlamydomonas reinhardtii with 39 sequences, Physcomitrella patens (moss) with

71 sequences, rice with 356 sequences, Arabidopsis with 246 sequences and Populus with

312 sequences is used to estimate how old each gene family is and to identify the most

ancient P450s and their pathways.  The pathways included are the phenylpropanoid and

lignin pathways, the gibberellin pathway, the oxylipin/jasmonate pathway, the basic

flavonoid pathway, the brassinosteroid pathway, the abscisic acid pathway and the cutin

synthesis pathway.  An effort is made to identify at least some examples of P450s that

have emerged at many different levels of the evolutionary bush, from the base to the tips.



Introduction

Genome sequencing projects are rapidly expanding outward from the first model

organisms in each Kingdom of life.  From the first bacterial genome in 1995, there are

now more than 360 complete bacterial genomes and more than 25 archaeal genomes (1).

The Joint Genome Institute sequenced 15 bacterial genomes in October 2000 (Microbial

Month) to demonstrate a sequencing rate of one bacterial genome every working day and

a half.  The Venter Institute has announced plans to sequence 100 marine microbial

genomes in one year (2) and this has been increased to 150 bacterial and 5 archaeal

genomes (3). Fungal genomes are also accumulating with the goal of comparative

genomics of highly similar genomes, as in six species of Saccharomyces: S. cerevisiae,

S. mikatae, S. kudriavzevii , S. bayanus, S. castellii, and  S. kluyveri (4,5). Additional

disparate fungal genomes are being sequenced to cover a broader phylogenetic range.

The National Human Genome Research Institute NHGRI is funding three fungal genome

initiatives to sequence 18 species (6), of which 16 are already assembled and released as

of June 2006 (7, 8).  Numerous non-fungal eukaryotic microbes, mostly pathogens like

Giardia (9), Plasmodium (10), Trypanosoma (11) and Toxoplasma (12)  are completed or

well underway.

Animals have larger genomes and are more difficult to assemble due to the

numerous highly repeated sequences that they contain.  There has been emphasis on

mammals, with human leading the way, followed by mouse, rat, chimp, dog, cow and

pig.  Many other mammals will follow.  Already (June 2006), there are 41 million

sequence traces for the laboratory opossum Monodelphis domestica, 29 million for the

duck-billed platypus Ornithorhynchus anatinus, 12 million for purple sea urchin



Strongylocentrotus purpuratus, 10 million for African savanna elephant Loxodonta

africana,  and 9 million for the nine-banded armadillo Dasypus novemcinctus at the

NCBI Trace Archive (13) Rabbit, European common shrew and the Lesser hedgehog or

tenrec have two-fold genome sequence coverage completed.  Two species of pufferfish

are sequenced and zebrafish assembly Zv5 contains 1.63 Gb of about 1.8 Gb in the

genome (90%). Purple sea urchin has been sequenced and is assembled at the UCSC

genome browser (14) and at Baylor College of Medicine (15). Two species of tunicate or

sea squirts are now available as well as 12 species of Drosophila (16), two species of

mosquitos, two species of roundworms, and simpler animals like hydra. The NHGRI

maintains a web list of proposed sequencing projects, their white papers and current

status (7).

Information on plant genomes has been more slowly collected.  Arabidopsis and

two strains of rice have been sequenced, with Arabidopsis and the japonica rice strain

reaching a highly polished “gold standard” of completion and assembly (17,18).  These

genomes are now moving into the post-genomic or functional genomic era focusing on

annotation of the 20-25 thousand genes that exist in these species (19-21).  Recently,

Populus trichocarpa (black cottonwood) became the first tree to have its genome

sequenced (22).  At the other end of the plant spectrum, the moss Physcomitrella patens

is being sequenced with over 7 million traces in the Trace Archive (23).  Sequence data

on Gemmiferous spike moss (Selaginella moellendorffii) is now released to the Trace

Archive with 1.9 million reads or about 10X coverage for this small plant genome (24),

These genomes should make it possible to follow plant evolution by genome comparison

from Chlamydomonas reinhardtii (25) to an angiosperm tree.  Even so, there will be



significant gaps in this evolutionary progression, since some plant genomes are

prohibitively large for complete sequencing.  Ferns have a genome size of about 160 Gb

compared to humans at a paltry 3 Gb.  Even with these large genomes, EST sampling, as

has already been done with pine and spruce (26-28), can provide some measure of the

range of transcripts expressed in vivo. In fact, 20 of the top 50 organisms listed in the

ESTdb at Genbank are plants (29).

Plants adaptation to land, the development of water barriers, vascular systems,

and lignin for structural support, and their production of long range signaling

mechanisms for defense responses, flower color and fragrance for attraction of

pollinators, defense toxins to repel herbivores and pathogens have all required new

biochemistries and novel pathways. Due to the usefulness of oxygen in building complex

molecules, cytochrome P450 enzymes are often found in these pathways.  In fact they are

extremely abundant, comprising about 1% of the genes in some plant genomes such as

Arabidopsis, rice and poplar.  At least a part of plant evolution can be tied to the

appearance of these novel pathways and in turn, to the emergence of P450s that are

essential to these pathways.  This article compares whole genome sets of cytochrome

P450s or CYP genes from the moss to rice, Arabidopsis and poplar to begin the process

of identifying the origins of the P450s and thus the pathways themselves.   The

Cytochrome P450 Homepage (30) has information on the complete gene sets.

Chlamydomonas as a beginning point

The green alga Chlamydomonas has as long an evolutionary history as any living

member of the Viridiplantae or green plants. However, it has retained a single-celled,



aquatic lifestyle and is considered to be a good model of the clade founder.  Analysis of

the CYP genes in Chlamydomonas finds 39 genes (31) .  These 39 genes are distributed

in 21 families according to the CYP nomenclature.  Only four of these families had been

seen previously.  CYP51, which is the sterol 14α-demethylase found in most eukaryotes,

exists in the green alga as expected.  CYP97 is found in Chlamydomonas, pine, rice,

Arabidopsis and poplar with three orthologous subfamilies in each species.   Notably,

each subfamily has only one member suggesting a unique highly conserved function for

each.  Of the individual genes within this family CYP97C1 of Arabidopsis is a carotenoid

ε-hydroxylase involved in the formation of lutein from α-carotene (32).  CYP97A3 is a

carotenoid β-hydroxylase (33). CYP97B also is likely to metabolize carotenoids, a

function that was present in algae before plants came onto the land.  Another subfamily

CYP97E is found in the diatoms Skeletonema costatum and Thalisossira pseudonana.

CYP710 exists in Arabidopsis and rice as multiple genes, and in poplar as a single gene

in the CYP710A subfamily. Chlamydomonas has only one gene CYP710B1.  The

different subfamily designation is due to sequence divergence, but this is the probable

ortholog to the CYP710A sequences.  Comparison to other eukaryotic P450s shows that

CYP710 belongs to the CYP61 clan found in the ergosterol pathway of all fungi.   In fact

some fungi only have two CYPs, CYP51 and CYP61, with CYP61 serving as a C-22

sterol desaturase that acts after CYP51 in ergosterol biosynthesis.  CYP710A1 in

Arabidopsis, is also a C-22 sterol desaturase acting on β-sitosterol (34).  The last

conserved family in Chlamydomonas is CYP55, a fungal P450 family.  CYP55 is nitric

oxide reductase in some fungi (35).  CYP55 is unique among eukaryotic P450s in that it

is a soluble P450 not associated with any membrane or subcellular structures.  Sequence



comparisons to other CYPs show a high similarity to a bacterial family CYP105 from

Streptomyces and this probably represents the origin of this family via lateral gene

transfer to fungi.  Since CYP55 is not seen in land plants, it is likely to have been

acquired in algae from fungi after land plants diverged from their common ancestor.  The

algal CYP55B1 shares one intron-exon boundary with CYP55A6 of Neurospora crassa,

so it had to share a common ancestor with the fungal gene and not the CYP105s of

bacteria.

All plant CYP families except CYP51, CYP97, CYP710 and CYP746 are new in

land plants.

Before the moss genome was sequenced, all known plant P450s fell into 63

families (36).  Annotation of moss adds 16 new families that are not radically different

from other plant CYPs.  All 71 moss CYPs except one belong in the 10 existing plant

CYP clans (Fig. 1). One sequence, which is ambiguous and sorts with the CYP72 clan or

the CYP97 clan, has been given its own clan.  This sequence, CYP746B1, is 51%

identical to the Chlamydomonas sequence CYP746A1.

All plant clans except CYP711 are found in moss.  The fact that several CYP711-

like sequences are seen in Chlamydomonas (CYP743 and CYP744), suggest that these

genes may have been lost in moss. This implies that all the major innovations of sequence

at the CYP clan level were already found in moss but not in algae.  There must have been

a burst of evolution in the interval between emergence on land and arrival at the moss

stage of complexity.  During this period the CYP71, CYP74, CYP86 and CYP727 clans

evolved.  Among present-day angiosperms, the CYP71 clan is by far the largest, with



one-third to one-half of the plant P450s in any one genome.  The CYP71 clan is also the

largest clan in moss with 41 sequences.  This fact suggests that CYP71 was one of the

earliest plant CYP clans, aside from the solo-function CYPs like CYP51, CYP97A,

CYP97B, CYP97C, and CYP710.  Even these genes are showing recent signs of

expansion, though it may only be for expression of the same function in different tissues

as seen with CYP710A1, A2, A3 and A4 in Arabidopsis. These four highly similar

CYP710 genes occur in two clusters of two genes each. According to the P450 tissue

profiling data at the Functional Genomics of Arabidopsis P450s site (37), CYP710A1 is

more highly expressed in root than in other tissues, while CYP710A2 is more evenly

expressed in shoot, root and stem. However, Poplar has only one CYP710 gene, so a

single function may still be the norm for CYP710, with a recent series of duplications in

Arabidopsis . The existence of CYP51G1 (CYP51A2) and CYP51G2 (CYP51A1) in

Arabidopsis suggested two CYP51 genes had evolved in this species, but recently, the

CYP51G2 sequence was shown to be an expressed pseudogene and thus non-functional

(38).    Rice has eight full length CYP51H genes and these presumably have taken on

some new functions. Arabidopsis has only one CYP711 gene, but Poplar has two (due to

a very recent genome duplication) and rice has five.  The single CYP711 gene in

Arabidospsis suggests a single conserved function.  Recently, CYP711 has been

identified as MAX1, a gene making a carotenoid-derived branch-inhibiting hormone (39).

Other than matches to CYP711 members, CYP711 has its best BLAST hits to CYP5,

thromboxane A2 synthase in vertebrates.  CYP5 is a member of the CYP3 clan in animals

that includes CYP3 and CYP5 in vertebrates and CYP6 and CYP9 in insects.  CYP711

may share a common ancestor with the CYP3 clan.



Emergence of ancient P450-containing pathways.

Moss has 71 CYPs (Fig. 1) with more than half in the CYP71 clan, sometimes

referred to as the plant group A P450s (center of Fig. 1).  This expansion of the CYP71

clan sequences is noted in other plant genomes and seems to have begun early in land

plants (40).  However,  most of the plant families in the CYP71 clan are not the same in

moss and angiosperms or pine.  The five CYP71 clan families that are clearly present in

moss and other plants including Arabidopsis, rice and pine are CYP73, CYP78, CYP98,

CYP701 and CYP703.  Two of these CYPs have well defined roles in the

phenylpropanoid pathway: CYP73 is cinnamate 4-hydroxylase (C4H) in the core

pathway (41), and CYP98 is coumaryl shikimic acid 3’-hydroxylase (C3H), in the branch

pathway forming G-lignols (42,43).  Moss which is not a woody plant lacks CYP84

(F5H) for making S-lignol monomers in higher plants (44).  The absence of this gene in

the moss genome suggests that the evolution of the lignin synthetic pathway is only partly

complete in the moss genome, or less likely, that other enzymes fulfill this role in moss.

CYP701 is another interesting case.  Another interesting example of the limited pathway

evolution in moss is CYP701 that is the ent-kaurene oxidase enzyme at the beginning of

the gibberellin biosynthetic pathway (45).   In the complete pathway found in higher

plants, there is a kaurenoic acid oxidase CYP88, that forms GA12 from ent-kaurenoic acid

(46,47) but this enzyme is missing in moss.  Again, moss is showing the first part of a

pathway for molecules critical for higher plants.

Gibberellins have been shown to affect sex determination in some fern

gametophytes in schizaeaceous taxa (Anemia, Lygodium) but not in non-schizaeaceous



taxa (Ceratopteris, Dryopteris, Polypodium) (48).  GA9 methyl ester has been found in

the fern Lygodium japonicum, where it acts as an antheridiogen (49).  The GA9 structure

is similar to the GA12 structure and probably derived from GA12.  That would mean that

CYP701 and CYP88 would be present in Lygodium and probably other schizaeaceous

fern taxa.  Therefore, CYP88 must have been present in the last common ancestor of

ferns and higher plants. The evolution of CYP88 is a prerequisite for gibberellin GA12

biosynthesis in green plants, but not by the independent pathway of Gibberella fujikuroi

(50).  As such CYP88 becomes a clade marker or synapomorphy for this important plant

signaling precursor.

CYP78, also in the CYP71 clan, is not as well characterized except for

CYP78A11 which is the Plastochron1 gene in rice that controls the timing of lateral

organ formation from the apical meristem (51) and CYP78A1 in Zea mays which is a

lauric acid ω-hydroxylase expressed in developing inflorescences (52).  The pathway for

these important developmental roles have not yet been determined, but the existence of

related genes in moss suggests that it is an ancient plant pathway possibly involving fatty

acid hydroxylations.  Another family within this clan, CYP703, is also expressed in

flowers and capable of hydroxylating fatty acids (53). The cellular function of CYP703 is

not known, though it is plainly conserved in moss (Fig. 1).

The CYP72 clan has at least two members CYP734A1 and CYP72C1 that

inactivate brassinolide (54). One might expect parallel evolution of these sequences with

the CYP85 and CYP90 families that are involved in synthesizing brassinolide (55-57).

Although there are no clear CYP72 or CYP734 family sequences in moss, three moss

sequences in the CYP766 family cluster with CYP72A8. These three sequences are



placed in the CYP72 clan.  Recently, a third CYP72 clan member, CYP714D1 has been

identified as EUI1 (elongation of uppermost internode 1) in rice and suggested to have a

role in inactivating GA signalling in the growing rice plant. A mutation in this gene led to

excessive levels of an active form of GA in the uppermost internode (58).  This result has

linked the CYP72 clan to inactivation of both brassinosteroids and gibberellins. Blast

searches in fern ESTs identified a sequence 45% identical to CYP72A18 over 276 amino

acids (CV735871 Ceratopteris) showing that the CYP72 family probably exists in ferns.

The CYP72 clan is diverse, with eight established families and two new families in moss,

CYP765 and CYP766.  Ferns have at least one more EST with 53% identity to

CYP709C9 (BP914549 Adiantum capillus-veneris) indicating the presence of at least two

known CYP72 clan families in ferns with probable precursors in the last common

ancestor of ferns and moss.

The CYP74 family is important in modifying unsaturated fatty acid

hydroperoxides derived from linoleic or α-linolenic acids and includes at least three

classes of enzymes, allene oxide synthases, hydroperoxide lyases and divinyl ether

synthases.  The CYP74A subfamily contains the allene oxide synthases in the oxylipin

pathway to jasmonic acid and methyl jasmonate, that act as signals in plant defense

pathways.  These products have been likened to the arachidonic acid metabolites found in

animals (59).  The CYP74A subfamily first appears in phylogenetic trees in moss and has

related sequences in gymnosperms (Picea glauca), monocots and dicots.  The CYP74B

subfamily includes hydroperoxide lyases.  However, as one moves farther back in

phylogeny to rice and moss, the number of CYP74 subfamilies increases as the sequences

diverge, and it becomes less clear which subfamilies encode hydroperoxide lyases and



which encode divinyl ether synthases.  Of the three members in the CYP74 clan of moss,

one has been identified as allene oxide synthase (CYP74A1 GenBank AJ316566 and

potentially CYP74A8) and one as hydroperoxide lyase CYP74G1 GenBank AJ316567.

The CYP74 genes do not use molecular oxygen in their mechanism, so they have lost

conservation of the I-helix oxygen binding region.  This and other changes gives them a

very long branch on the usual phylogenetic tree of plant P450s (Fig. 1).

The CYP85 clan has several functions, one is the previously mentioned CYP88

kaurenoic acid oxidase (46, 47) that is absent from moss and acts after CYP701 in the

gibberellin pathway in higher plants. Other CYP85 clan members are involved in

brassinosteroid metabolism.  CYP85 and CYP90 members are required to make these

particular growth inducing compounds (55-57).  While these two families are not

recognized as separate families in moss, the CYP763 family is closely related and

probably shares a common ancestral gene with CYP85 and CYP90.  It is not yet clear if

moss produces brassinosteroids.  BLAST searches for CYP genes in the EST database

show a strong CYP90A-related sequence in the fern Adiantum capillus-veneris

(BP916923, 48% to 90A1, 37% to 90B1).  This provides evidence that brassinosteroid

synthesis may exist in ferns with emergence of a clear precursor to the CYP90A

subfamily.

The CYP86 clan has three families, CYP86, CYP94 and CYP704, in moss that

are seen in Arabidopsis, poplar, pine and rice (36).  These are.  The functions of these

families appear to have been established very early in plant evolution with land plants

needing to protect themselves against water loss.  This is accomplished by forming a

waxy water barrier referred to as the cuticle. The monomers of cutins that make up this



barrier are ω-hydroxylated fatty acids with several CYP86 and CYP94 enzymes

mediating hydroxylations on these fatty acids at the ω position (60-62) . It is notable that

CYP96, a fourth well known family in the CYP86 clan, is absent in moss but present in

monocots and dicots.  CYP96 seems to be a younger CYP family.

CYP727 was first identified in rice and has since been sequenced in barley, wheat

and poplar.  No CYP727 family in evident in moss, but there is a related CYP751A1

sequence that is a probable ortholog of this family.  CYP727A1 is represented by a single

gene in rice, two exist in poplar, as the result of a recent genome duplication, while none

are found in Arabidopsis. These are probably solo-function genes as seen with CYP51G.

More recent P450-containing pathways appearing in gymnosperms or angiosperms.

Present evidence concerning P450s in ferns and gymnosperms is incomplete.

EST projects in these organisms do provide some information, but the absence of a

specific CYP gene in these species cannot yet be confirmed because complete gene sets

are not defined.  Rice, Arabidopsis and poplar do provide complete CYP gene sets from

one monocot and two dicots.  The predicted origin of a CYP family in angiosperms may

be pushed farther back as more sequence data accumulates for gymnosperms, ferns and

the gemmiferous spike moss (Selaginella moellendorffii).

Searches of coniferales in the nr and ESTdb sections of GenBank with CYP96

sequences show the best BLAST hits are to CYP86 or CYP94, but not CYP96.

Additional searches in filicales (ferns) found best hits that matched the CYP86 or

CYP704B sequences, but not CYP96. This suggests that CYP96 may be absent from



ferns and conifers because it is an angiosperm-specific family.  This family is quite

abundant in rice, Arabidopsis and poplar.

Abscisic acid is a growth regulator/stress signal in plants that is largely associated

with the prevention of water loss (63). The catabolism of abscisic acid is a P450-

dependent 8’-hydroxylation catalyzed by members of the CYP707A subfamily (64-66).

The CYP707 family is not seen in moss and BLAST searches of the nr or ESTdb sections

at GenBank do not show any strong hits for coniferales.  The best matches in conifers are

in the CYP716 family, but these are seen in Arabidopsis, poplar and soybeans that also

have a CYP707.  Therefore, one is forced to conclude that CYP707 is an angiosperm-

specific P450 family present in both monocots and dicots.  An EST (CV005308.1) having

about 70% identity to rice CYP707A6 is found in Persea americana (avocado) that is in

the Laurales group which predates the divergence of monocots and dicots.

Flavonoids are made in very complex pathways that utilize several P450s.  Over

9000 flavonoid structures are known (67). CYP75A is a flavonoid 3’, 5’-hydroxylase and

CYP75B is a flavonoid 3’-hydroxylase.  Because the flavonoid 3’, 5’-hydroxylase is

missing in Rosacaea roses and their relatives cannot make blue pigments (68). Both of

these P450s use dihydroflavonol as substrate which is made from flavanone by flavanone

3β-hydroxylase.  Flavanone is a substrate for two P450 proteins CYP93B (flavone

synthase II, FSII) and CYP93C (isoflavone synthase, IFS).  CYP93C produces isoflavone

that can be modified by isoflavone-O-methyl transferase to make formononetin.

Isoflavones made by IFS are almost exclusively found in legumes (69).  Formononetin is

then a substrate for CYP81E1 (isoflavone 2’-hydroxylase) (70a) and CYP81E9

(isoflavone 3’-hydroxylase) (70b).  Both CYP81E3 and CYP81E7 act later in this



pathway on the way to maackiain and pisatin (71). None of these CYP75, CYP81 or

CYP93 families are found in moss.  However, CYP75A14 and CYP75B13 are found in

pine.  It is possible that some of these enzymes may have been lost in Physocomitrella

but are still present in other mosses since some mosses do have flavonoids, but “more

than 50% of bryophyte species examined do not contain detectable flavonoids.” (72).

CYP93B and CYP93C are missing in rice, although there are some related

sequences named CYP93F and CYP93G.  It is not clear what their function is.  The fact

that the best BLAST hits in conifers to CYP93B are CYP75A and CYP75B sequences

suggests that The CYP75 family is older and the CYP93 genes arose from CYP75 genes

by duplication and divergence.  It is likely that the CYP93B (FSII) and CYP93C (IFS)

genes are dicot-specific genes since they do not appear to be in rice. In contrast to the

limited distribution of isoflavones and CYP93C to the legumes, the CYP93B sequences

are found in wider distribution in both rosids and asterids.  CYP93B (FSII) appears to be

an older subfamily and CYP93C may have derived from it.

Ah, but the strawberries!

Some plant P450s (and probably the majority) are unique to the specific

requirements and properties of individual plant families or possibly even a species.  I

have written about P450s and the individuality of species before, referring to

polymorphisms in animals (73), but plants have three to five times as many P450s as

animals, with the potential for some acting as taxon-specific enzymes.  There are

certainly P450s such as members of the CYP725 family involved in the taxol

biosynthesis pathway of yew trees that make rare chemicals in a limited taxonomic range.



There are at least 8 monooxygenation steps in the taxol pathway that are all probably

encoded by CYP725 enzymes (74).  A BLAST search in GenBank with CYP725A1

showed 14 hits to Taxus species with expect values of 1e-146 or better.  The next best hit

is to Picea sitchensis AY779542 CYP716B1 at 1e-113.   Another case of a unique

biochemical pathway  involving a P450 is vernolic acid biosynthesis in Euphorbiaceae

species which is catalyzed by the CYP726A1 enzyme.  Vernolic acid has also been found

in Asteraceae species, but in these species it is made by a different Δ(12)-oleic acid

desaturase-like enzyme that is not a P450 (75), so the CYP726 family is apparently

unique to Euphorbia.

Finally, the flavor and aroma of strawberry fruits are dependent on more than 300

compounds, many of which are volatile chemicals.  A recent review on the biochemistry

of plant volatiles states that “more than 1000 low Mr organic compounds have been

reported to be emitted from plants” (76). The major difference between the inedible wild

strawberry (a diploid) and cultivated varieties (octoploid) is the presence of different

terpene compounds.  In the wild strawberry Fragaria vesca, pinene synthase (FvPINS)

produces pinene that is hydroxylated to myrtenol by the CYP71AR1 P450 and acetylated

to make myrtenyl acetate.  In cultivated strawberries (Fragaria x ananassa), the pinene

synthase gene FaPINS is defective, eliminating the P450 substrate pinene and production

of myrtenol and myrtenyl acetate.  Instead, a different terpene synthase (FaNES1)

produces nerolidol and linalool (77). CYP71AR1 represents only one of 303 P450s

presently named in the CYP71 family.  Although it is not known what most of these

enzymes do, it is likely that many of them are like the strawberry CYP71AR1, dedicated

to unique functions in complex processes such as the production of fruit flavors and



aromas.  Interestingly, the very first cloned plant P450 was CYP71A1, a fruit ripening

P450 from avocado (78).

Conclusions

Plant cytochrome P450s can be divided into ancient genes that predate the

emergence of land plants (CYP51, CYP97, CYP710, CYP746), and moderately old genes

that were early innovations in evolution (CYP73, CYP78, CYP98, CYP701 and

CYP703). Genes in all of these families are easily recognized in moss.  There are also

clade-specific genes for each level of plant evolution.  Some are found only in

gymnosperms and angiosperms (CYP75), or in the older Laurales (CYP707), a distant

angiosperm group, but not further back.  Some are limited to dicots and are missing in

rice (CYP93B), while others are in more limited phylogenetic clades like yews

(CYP725), legumes (CYP93C) and strawberries (CYP71AR).  Following the

phylogenetic distribution of these enzymes, it is possible to determine P450 families that

mediate the primary core biochemistry of plants.  The recent identification of functions

for CYP97A3 (33) , CYP97C1 (32), CYP710A1 (34)  and CYP711A1 (39)  continues the

process of defining P450 roles in plants.  Only the CYP727 and CYP746 clans remain

without any known function. Considering the nature of evolution, only a few P450 genes

will be in the conserved central pathways.  The majority can be expected to be in

specialized roles in secondary metabolism such as vinca alkaloid synthesis as in

tabersonine 16-hydroxylase CYP71D12 (79), secologanin synthase CYP72A1 (80), and

geraniol 10-hydroxylase CYP76B6 (81).  The majority of members in the CYP71 family

are probably engaged in secondary metabolism.



By definition, the eleven plant P450 clans have ancient beginnings because they

are recognized as the deepest branching gene clades in plants.  Each of these eleven must

harbor at least one pathway that is ancient and conserved in plant biology.  Some of these

clans contain highly conserved solo-function genes  like CYP51, the three subfamilies of

CYP97, CYP710, CYP711, and probably  CYP727 and CYP746, even if we do not yet

know what those functions are.   The CYP74 clan, like the CYP97 clan, has only one

family, but more than one function, with the production of jasmonate in the oxylipin

pathway being one major CYP74 contribution and production of hexenal and other C-6

volatiles being another.  The CYP86 clan is heavily biased toward fatty acid ω-

hydroxylases and is key to cuticle synthesis.  The CYP85 clan catalyzes the synthesis of

brassinosteroids, while some in the CYP72 clan destroy these important signaling

molecules.  However, the CYP72 clan is present in Chlamydomonas so the original

function cannot be breakdown of brassinosteroids, which came later. The earlier role of

the ancient CYP72 clan is not yet identified.  The CYP71 clan catalyzes many reactions

in the phenylpropanoid pathway.  Because it is so large it is perhaps very old with five

family members seen in moss. With members such as CYP701 in the gibberellin

pathway, it is probable that the CYP71 clan has other basic roles to play.  The goal of

studying P450 evolution in plants will be to reconstruct the “tree of life” for the whole

plant clade and assign approximate or at least relative dates of appearance and functions

to each P450 family branch and subfamily branch down to the tips of the tree.  This has

been just the outline of a much larger program with much left to discover.



Fig. 1

A neighbor-joining tree of 119 plant P450 sequences including all 71 from moss.

CYP102A1 from Bacillus megaterium is included for the PHYLIP neighbor-joining

algorithm to choose as an outgroup. The sequence alignment was created using ClustalW.

Moss P450s are labeled in green. Non-moss sequences have initials after the name. At,

Arabidopsis thaliana; Cs, Cucumis sativa; Cr, Chlamydomonas reinhardtii; Le,

Lycopersicon esculentum; Pg, Panax ginseng; Os, Oryza sativa; Picea glauca, Pt, Pinus

taeda; Vc, Volvox carteri; Vs, Vicia sativa.  Families existing in green algae and land

plants are CYP51, CYP97, CYP710 and CYP746 (blue ovals).  These families and clans

predate land plants.  The additional plant CYP clans found in algae are CYP72, CYP85

and CYP711 (yellow ovals).  These clans existed before land plants, but no CYP families

in them are shared between land plants and algae.  The CYP clans CYP71, CYP74,

CYP86 and CYP727 (green ovals) are only found in land plants.  The 120 sequences and

the alignment used are posted at http://drnelson.utmem.edu/mosstreeseqs.html and

http://drnelson.utmem.edu/mosstreealn.html.
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