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Abstract

The phylogeny of highly divergent multigene families is often difficult to validate but can be substantiated by inclusion of data
outside of the phylogeny, such as signature motifs, intron splice site conservation, unique substitutions of conserved residues,
similar gene functions, and out groups. The Family 1 Glycosyltransferases (UGTs) comprises such a highly divergent, polyphyletic

multigene family. Phylogenetic comparisons of UGTs from plants, animals, fungi, bacteria, and viruses reveal that plant UGTs
represent three distinct clades. The majority of the plant sequences appears to be monophyletic and have diverged after the bifur-
cation of the animal/fungi/plant kingdoms. The two minor clades contain the sterol and lipid glycosyltransferases and each show

more homology to non-plant sequences. The lipid glycosyltransferase clade is homologous to bacterial lipid glycosyltransferases
and reflects the bacterial origin of chloroplasts. The fully sequenced Arabidopsis thaliana genome contains 120 UGTs including 8
apparent pseudogenes. The phylogeny of plant glycosyltransferases is substantiated with complete phylogenetic analysis of the

A. thaliana UGT multigene family, including intron-exon organization and chromosomal localization.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As whole genome sequences of relevant species
become available, genetic analysis is entering the post-
genome era. Data mining within whole genome sequen-
ces is greatly facilitated by phylogenetic and bioinfor-
matic analyses that define and characterize entire
multigene families, and profits from the availability of
the sequences of all genes putatively involved. Multi-
gene families can be researched within specific organ-
isms and across phyla in complete groups to reduce the
amount of bias caused by the availability of a limited
number of gene representatives that may represent spe-
cific subgroups, such as highly transcribed genes.
Glycosyltransferases are a highly divergent, poly-

phyletic, multigene family (Mackenzie et al., 1997).
They are responsible for glycosylation reactions, i.e. the

conjugation of a glycose residue from an activated sugar
donor to a receptor molecule. Glycosylation can result in
the formation of poly-glycosides, di-saccharides, and var-
ious mono-glycosides of non-carbohydrate moieties such
as proteins, lipids, steroids, and other small molecules.
The glycosyltransferase multigene family is categorized
into 54 numbered families according to sequence simi-
larity, signature motifs, stereochemistry of the glucoside
linkage formed, and known target specificity (Campbell
et al., 1997; http://afmb.cnrs-mrs.fr/�cazy/CAZY/
index.html). Of these 54 families, the family 1 contains
the UDPG-glycosyltransferases (UGTs) (Mackenzie et
al., 1997; Li et al., 2001; Ross et al., 2001). UGTs
have been identified in plants, animals, fungi, and
bacteria, and also viruses (Campell et al., 1997, http://
www.unisa.edu.au/pharm_medsci/Gluc_trans/
table21.htm). These glycosyltransferases are character-
ized by utilization of UDP-activated sugar moieties as
the donor molecule, and contain a conserved UGT-
defining sequence motif near the C-terminus (Mack-
enzie et al., 1997). This UGT-defining motif is often the
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only significant region of similarity in sequence align-
ments within and across phyla. Glycosylation reactions
serve to convert reactive and toxic aglycones into more
stable and non-reactive storage forms. In addition,
attachment of the hydrophilic glucose moiety to hydro-
phobic aglycones dictates increased water solubility.
While UDP-glucose and UDP-glucuronic acid are con-
sidered the most typical donor molecules for the family
1 glycosyltransferases, examples of UDP-rhamnose,
UDP-xylose, and UDP-galactose also exist.
Glycosylation by a UGT constitutes a prominent

modification process and is often the last step in the
biosynthesis of natural products in plants (Jones and
Vogt, 2001). The glycosylation reaction is not restricted
to endogenous substrates; it is also a key step in general
detoxification mechanisms for exogenous substrates
(xenobiotics) in higher plants (Sandermann, 1992),
thereby allowing plants to cope with environmental
challenges. The biological function of the glycosylation
step in plants is therefore to facilitate storage, and intra-
and intercellular transport. Glycosylation also serves as a
regulatory step in homeostasis of plant growth reg-
ulators, as seen for auxins, gibberellins and brassinolides.
In this paper we show that the plant UGTs cover

three distinct clades when compared to non-plant UGTs
in bootstrapped Neighbor-Join trees. One of the clades
is vastly expanded and specific to plants, and is mono-
phyletic. The two minor clades representing sterol and
lipid UGTs are more related to non-plant clades than to
other plant-specific clades. The plant lipid glucosyl-
transferases form a distinct clade with the bacterial lipid
glucosyltransferases and reflect the endosymbiotic ori-
gin of the chloroplast. The phylogeny of the plant spe-
cific UGT clade has previously been examined in
Arabidopsis (Ross et al., 2001; Li et al., 2001). However,
with the completion of the A. thaliana genome (TAGI,
2000), it is now possible to examine the Arabidopsis
UGT gene family as a whole including the sterol and
lipid UGT clades. Arabidopsis has a large UDP-glyco-
syltransferase family, containing 112 full-length genes
and 8 apparent pseudogenes. Our analysis is supple-
mented by an extended analysis of intron splice site
position and phase as it relates to the phylogeny of a
bootstrap Neighbor-Join tree and the chromosomal
location of all the Arabidopsis UGT genes.

2. Results

2.1. Optimizing multiple alignment of divergent UGT
sequences

The phylogeny of large multigene families can be dif-
ficult to authenticate, because many of these families
contain divergent members that complicate the vali-
dation of multiple sequence alignments and phyloge-

netic trees. Often, extensive sequence diversity makes
multiple alignments and phylogenetic trees appear less
accurate and ambiguous, due to a large numbers of
gaps, long branches, and low bootstrap or parsimony
values (Brocchieri, 2001). However, these apparent
inaccuracies and weaknesses do not necessarily mean
that the given method or program provides data of poor
significance. It is possible to assess and underscore the
accuracies and inaccuracies of a given phylogenetic tree
by examining data outside of the phylogeny itself, such
as intron splice site conservation, unique substitutions
of conserved residues, and gene function similarities to
validate the results obtained.
The availability of complete or nearly complete gen-

omes for an increasing number of species renders it
possible to carry out thorough and detailed large-scale
analysis of multigene families, and to predict phyloge-
netic origins. Likewise, benefits and drawbacks of the
different analytical procedures used to carry out
sequence alignments and to predict phylogenetic rela-
tionships can now be assessed. Large data sets are
important to overcome the limitations of programs used
to form multiple alignments. With respect to the Arabi-
dopsis P450s, a complete data set resulted in an
improved overall sequence alignment of the family, and
enabled the construction of more accurate phylogenetic
trees (Paquette et al., 2000 vs. Werck-Reichhart et al.,
2002). In order to achieve optimal alignments of the
very divergent data sets we have empirically exhausted
the use of different available protein weight matrix ser-
ies, namely PAM, BLOSUM, and GONNET, as well as
altered the default values of the ClustalW and ClustalX
software (Thompson et al., 1994, 1997) (data not
shown). Accordingly, to align the more inhomogeneous
UGTs for the multi-organism tree (Fig. 1), we have used
the GONNET matrix series instead of the BLOSUM
matrix series that was used with the relatively more
homogenous Arabidopsis sequences (Fig. 4). The GON-
NET matrices are derived using a similar procedure as
the Dayhoff PAM matrices, but are based on a far lar-
ger data set and generally considered to be more sensi-
tive than the PAM matrices (Gonnet et al., 1992;
Benner et al., 1994; Bork and Gibson, 1996). Generally
speaking, the GONNET series are thought to perform
better than other matrices for aligning large data sets of
highly variant sequences that in addition have under-
gone changes at different evolutionary rates (Benner et
al., 1994; Bork and Gibson, 1996). Empirically, we
found the GONNET matrices performed better on the
data set of Fig. 1 than the BLOSUM series (data not
shown). In addition, we have used an increased delay
divergent score of 38% for the multi-organism UGT
alignment as opposed to a score of 35% for the Arabi-
dopsis UGT multiple alignment; an increase in the delay
divergent score assures that the relatively more diver-
gent subclades have a higher chance of aligning, and
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produces better alignments of the gaps and weakly
conserved positions. We have lowered the Gap Exten-
sion Penalty (GEP) in the multiple-alignment setting for
the multi-organism tree to 0.15 to facilitate introduction
of longer gaps, rather than increasing the number of
gaps. For the Arabidopsis UGT tree, a lower GEP value

was used in the pairwise parameters, but a GEP of 0.20
was used in the multiple-alignment settings. For the tree
construction we have chosen the Neighbor Joining
method as opposed to e.g. parsimony method as the
Neighbor Joining method is generally better at resolving
long branches due to the ‘‘long branches attracts’’ bias

Fig. 1. Multi-organism Neighbor-Join tree containing 119 family 1 glycosyltransferases, including the UGT81 family. A single representative for

each subfamily was chosen. Arabidopsis sequences took preference over other available plant UGT sequences. The different phyla are color-coded:

plant:green; animal:red; fungi:blue; bacteria:brown; and virus:purple. The lipid glycosyltransferase clade is marked with a green asterisk (*). A

GONNET protein weight matrix series was used to generate the multiple alignment and the tree was analyzed with 1000 bootstrap trials.
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observed when analyzing a divergent data set with
sequences under different evolutionary rates (Bruno et
al., 2000).

2.2. Family phylogeny

A multi-organism glycosyltransferase family 1 Neigh-
bor-Join tree has been constructed containing UGT
sequences representing bacteria, fungi, animals, plants,
and viruses (Fig. 1). A single member of each UGT
subfamily has been included in the tree. A complete
listing of the species chosen to represent the individual
subfamilies is given in Table 1 together with GenBank
accession numbers. This highly divergent set of sequen-
ces represents membrane anchored as well as soluble
proteins. Nevertheless, all of these sequences contain the
UGT signature motif as outlined by the UGT Nomen-
clature Committee (Mackenzie et al., 1997) (Fig. 2). The
fungal UGT families 51 and 52 differ from all other
families by having a unique �750 amino acid extension
at the N terminus. Despite this vast diversity in
sequence length and composition, it was possible to
align the sequences using ClustalW. To study the effect
of the inclusion of these extended UGT51 and UGT52
sequences in the alignment and the tree construction,
additional analyses were performed in which these
extended N-termini were deleted. This showed that,
given the alignment parameters selected for our analysis
(see Experimentals), the alignment remained essentially
unchanged whether full-length or truncated sequences
were used. A criterion for the optimal alignment of the
UGT sequences is a proper alignment of the PROSITE
UGT consensus sequence. Fig. 2 exemplifies the cap-
ability of ClustalW to align these divergent sequences
using the alignment parameter chosen (see Materials
and methods); for simplicity only the PROSITE con-
sensus is shown representing a single member of each
family. The full alignment behind the multi-organism
tree (Fig. 1) presenting a single member of each sub-
family member is available at our website at: http://
www.biobase.dk/P450/Figure1_alignment.pdf.
The plant UGTs represent three distinct clades: a

large plant-specific clade and two minor clades repre-
sented by UGT80A2 and UGT81A1/81B1. Sequences
within the two minor clades show a higher similarity to
non-plant UGT sequences than to any sequence of the
other plant UGT families (Fig. 1). Despite the low levels
of amino acid sequence similarity observed between
the three clades, structural studies indicate a common
evolutionary origin. Accordingly, the three clades are
discussed as belonging to a single supergene family in
this paper. The plant UGT81 family represented by
UGT81A1 and UGT81B1 from Arabidopsis forms a
strong (976/1000) clade with UGT106A1 from Bacillus
subtilis and UGT106B1 from Staphylococcus aureus.
The node of this clade (Fig. 1, green asterisk) represents

Fig. 2. Multi-organism alignment of UGT C-terminal PROSITE

consensus sequence from 55 family 1 glycosyltransferases. For simpli-

city, a single sequence of each UGT family was chosen and only the

conserved UGT PROSITE consensus sequence is displayed. The

PROSITE UGT consensus sequence is shown and the different phyla

are colored as in Fig. 1. Residues similar in all sequences are marked

with a (.) beneath the alignment. Residues that are identical in at least

half of the sequences are printed with a black background, residues

that are similar in at least half of the sequences are printed with a gray

background, and residues with less than 50% similarity are printed

with a white background.
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Table 1

Non-Arabidopsis UGTs

UGT Organism GenBank Accession No.

UGT1A2 Rattus norvegicus M34007

UGT2A1 R. norvegicus X57565

UGT2B1 R. norvegicus M13506

UGT8 R. norvegicus L21698

UGT9 Caenhorabiditis elegans CAA85328

UGT10 C. elegans AAA83572

UGT13A3 C. elegans AAC48056

UGT13B1 C. elegans CAA99950

UGT14A1 C. elegans AAF99874

UGT14C1 C. elegans AAB42343

UGT14D1 C. elegans AAB42345

UGT14E2 C. elegans AAB42344

UGT14F1 C. elegans AAB42350

UGT15A2 C. elegans CAA94904

UGT15B1 C. elegans AAC48241

UGT15C1 C. elegans AAC48235

UGT15D1 C. elegans AAC48238

UGT15E1 C. elegans AAB71324

UGT16A1 C. elegans CAA92791

UGT16B1 C. elegans CAB01674

UGT16C1 C. elegans CAB62783

UGT16D1 C. elegans AAK29790

UGT17A1 C. elegans CAB02883

UGT17B1 C. elegans CAB02884

UGT18A1 C. elegans CAA99957

UGT18B1 C. elegans CAA99955

UGT18C1 C. elegans CAA99959

UGT18D1 C. elegans CAA94871

UGT18E1 C. elegans CAA99954

UGT18F1 C. elegans AAD14733

UGT19A1 C. elegans CAB01584

UGT19B1 C. elegans CAB01585

UGT20A1 C. elegans CAA94365

UGT21A2 C. elegans AAA81769

UGT21B1 C. elegans AAK52183

UGT22A1 C. elegans CAA94866

UGT23 C. elegans CAA90296

UGT24A1 C. elegans CAA84336

UGT25A1 C. elegans CAA94378

UGT25B1 C. elegans AAG24186

UGT25C1 C. elegans AAB66005

UGT25D1 C. elegans AAC02618

UGT26A1 C. elegans CAB54183

UGT27A1 C. elegans AAB65381

UGT31A1 Spodoptera littoralis nucleopolyhedrovirus X84701

UGT31B1 Mamestra brassicae nucleopolyhedrovirus U41999

UGT31C1 Lymantria dispar nucleopolyhedrovirus U04321

UGT31D1 Choristoneura fumiferana nucleopolyhedrovirus U10441

UGT32A1 Choristoneura fumiferana DEF nucleopolyhedrovirus U10476

UGT35A1 Drosophila melanogaster AF116555

UGT35B1 D. melanogaster AF116554

UGT51A1 Saccharomyces cervisiae AAB67475

UGT51B1 Pichia pastoris AF091397

UGT51C1 Candida albicans AF091398

UGT52A1 Dictyostelium disciodeum AF098916

UGT71A2 Manihot esculentum S41950

UGT72A1 M. esculentum S41951

UGT73A1 Nicotiana tabacum U32644

UGT74A1 Zea mays L34847

UGT75A1 N. tabacum AB000623

UGT77A1 Z. mays X13500

(continued on next page)
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lipid glycosyltransferases. UGT81A1 is the mono-
galactosyldiacylglycerol (MGDG) synthase and cata-
lyzes the transfer of galactose from UDP-galactose to
1,2-diacylglycerol. MGDG is the major glycolipid con-
stituent of the chloroplast (Shimojima et al., 1997).
Bacterial UGT106A1 and 106B1 also glycosylate 1,2-
diacylglycerol, but use UDP-glucose instead of UDP-
galactose as glycosyl. In addition to 1,2-diacylglycerol,
UGT81A1 as well as UGT106B1 utilize other lipids as
sugar acceptors (Jorasch et al., 1998, 2000).
In the multi-organism tree presented in Fig. 1,

UGT80A2 does not group with a significant bootstrap
value to any other sequence group. UGT80A2 is a
sterol-glucosyltransferase involved in the synthesis of
sterolglucosides, characteristic lipids of the eukaryotic
membrane (Warnecke et al., 1999). The fungal UGT51
and UGT52 families are also sterol-glucosyltransferases
(Warnecke et al., 1999) and in the multiorganism tree
they form a very strong cluster of 1000/1000 iterations.
Members of these three UGT families catalyze the very
same reaction, but the plant homolog does not appear
to have a close phylogenetic relation to the fungal sterol
glucosyltransferases, although some sequence simila-
rities are apparent. UGT80A2 does not contain the
large N-terminal extension found in the fungal sequen-
ces, although it is �160 amino acids longer than most
other plant UGTs. Compared to fungal UGT51A1,
UGT80A1 is 557 amino acids shorter. The 722 N-term-
inal amino acids of UGT51A1 are not required for cat-
alytic activity in vitro (Warnecke et al., 1999) and no
specific biological functions has yet been assigned to
these extended N-terminus of the sterol UGTs.

2.3. The plant specific UGT clade

The major part of the plant UGTs form a single
strong clade that is specific to plants (Fig. 1). Of the 21
known UGT families in this clade, only the UGT77 and
UGT93 families are not represented in the Arabidopsis

genome. The members of this plant specific clade are
characterized by a highly conserved consensus sequence
denoted the PSPG (Putative Secondary Plant Glycosyl-
transferase) motif. The PSPG consensus was originally
defined by Hughes and Hughes (1994) as a signature
motif for a plant UGT involved in glycosylation of sec-
ondary metabolites. The PSPG motif is a modification
of the PROSITE glycosyltransferase signature sequence
shown in Fig. 2 and is extended by 15 amino acids
N-terminally to the PROSITE consensus (Fig. 3). The
sequence composition of the UGT80 and 81 families dif-
fers significantly from the PSPGmotif by incorporation of
additional residues within the PSPG motif (Fig. 3).
To further validate the phylogeny of the plant UGTs,

we compared a bootstrap tree based on amino acid
sequences of the entire set of Arabidopsis UGTs with the
intron-exon organization of the genes (Fig. 4). Of the
120 UGTs in the Arabidopsis genome, 112 are full-
length. The remaining eight are either truncated, or
contain in frame stop codons or frame shifts, and are
considered putative pseudogenes. The multiple align-
ment used for intron mapping has a consensus length of
709 amino acids, and only UGTs that could be assem-
bled into full-length sequences were included in the
alignment and tree. Introns were considered conserved
if the position was within 1 codon of the majority of
that intron’s recorded positions and the phase was
identical. Introns positioned between two codons are
phase 0, introns positioned after the first base in the
codon are phase 1, and introns positioned after the sec-
ond base in the codon are phase 2.
Generally, the UGTs containing the PSPG motif are

characterized by having a single or very few introns, if
any, as opposed to the UGT80 and UGT81 gene famil-
ies, which have 13 and 7 or 5 introns, respectively
(Fig. 4). The lack of two introns in the UGT81B2 gene
most likely represents a case of intron loss as these two
introns are found in UGT81B1 and UGT81A1. Over
half of the Arabidopsis UGTs lack introns (58/112). Of

Table 1 (continued)

UGT Organism GenBank Accession No.

UGT78B1 Gentiana triflora D85186

UGT78C1 Solanum melongena X77369

UGT79A1 Petunia hybrida Q43716

UGT85B1 Sorghum bicolor AAF17077

UGT93A1 Phaseolus vulgaris AF116858

UGT93B1 Z. mays AF318075

UGT101A1 Streptomyces antibioticus CAA80301

UGT102A1 Pantoea agglomerans AAA64979

UGT102B1 Pantoea ananatis BAA14125

UGT103A1 Pseudomonas aeruginosa AAA62129

UGT104A3 Mycobacterium avium AAC71702

UGT105A5 Amycolatopsis orientalis AAB49292

UGT106A1 Bacillus subtillus P54166

UGT106B1 Staphylococcus aureus CAA74741
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those that contain introns, the vast majority (44/54)
have only one. We have identified 31 unique intron
positions in the 112 UGTs analyzed, and 21 of these are
derived from the UGT80A and the UGT81 family. Six-
teen are phase 0, nine are phase 1, and six are phase 2.
Of these 31 intron positions only one, denoted A, is
conserved across families (Fig. 4).

The UGT76 family and the UGT78, 82, 83, 85, 86 and
87 families all share a phase 1 intron at approximately
position 279 on the consensus sequence (Fig. 4, marked
A; http://www.biobase.dk/P450/Figure4_alignment.pdf).
Due to sequence dissimilarity, the position of the phase
1 intron of the UGT78 family is difficult to unequi-
vocally confirm. However, based on realignments of the

Fig. 3. PSPG sequence of 44 Arabidopsis UGTs. For simplicity, only a single sequence from each subfamily is shown and only the PSPG consensus

is displayed. The PSPG consensus sequence taken from Hughes and Hughes (1994) as well as the PROSITE UGT consensus are displayed. Residues

conserved in all sequences are marked with a (*), and similar residues in all sequences are marked with a (.) beneath the alignment. Residues that are

identical in at least half of the sequences are printed with a black background, residues that are similar in at least half of the sequences are printed

with a gray background, and residues with less than 50% similarity are printed with a white background.
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Fig. 4. Neighbor-Join bootstrap tree and corresponding intron map of the 112 Arabidopsis UGTs. Subclades supported by strong bootstrap values are assigned a particular color. Phase 0 ( | ), phase

1 ( [ ), and phase 2 ( ] ) introns are indicated in their consensus position on the multiple alignment used to form the phylogenetic tree. Phase 0 introns are positioned between two codons, phase 1

introns are positioned after the first base of the codon, and phase 2 introns are positioned after the second base of the codon. A BLOSUM protein weight matrix series was used to align the sequences

and the tree was analyzed with 1000 bootstrap trials.
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region in question using ClustalX it appears most
probable that the intron in the UGT78 family is the
conserved A intron. In addition to the conserved A
intron, UGT82A1 and UGT83A1 contain a phase 0 and
a phase 2 intron, respectively.
UGT89C1 appears to have a large unique gap of 39

amino acids in the sequence when compared to the two
other UGT89s, UGT89A2 and UGT89B1. This gap
does not appear to be the result of poor annotation i.e.
lack of proper identification of intron exon junctions, as
the UGT89 gene family contains no introns. The gap in
UGT89C1 is confirmed by the EST AV551176, which
spans this region. The UGT89 family contains one
putative pseudogene UGT89A1P that appears to have a
truncated C-terminus that lacks 30 amino acids. Neither
of the full-length genes contains this gap and no EST
corresponds to UGT89A1P. Such anomalous gaps are
difficult to explain and may be the result of improper
sequencing of the genome or that these genes have sig-
nificant different sequences in these regions. However, it
is more likely that they are pseudogenes. The presence
of an EST for UGT89C1 would then argue that in this
case, it is an expressed pseudogene.
The UGT71, 72, and 88 families form a strong (997/

1000) clade (Fig. 4), and all but the single-family mem-
ber UGT88A1 lack introns. UGT88A1 contains a single
unique phase 1 splice site in the C-terminus, and might
represent a case of intron gain in the UGT88 family or
intron loss in the families UGT71 and UGT72 prior to
duplication events.
Another strong clade (1000/1000) consists of the

UGT74, 75, and 84 families. All the members of the
UGT74 family share a phase 0 intron between con-
sensus positions 353 and 354 (Fig. 4). UGT74C1 has
an additional phase 2 splice site further towards the N-
terminus, and it is the only 2-intron member of this
clade. The UGT75 and 84 families both lack introns.
This could indicate the conserved intron in the UGT74
family has been lost prior to proliferation of the UGT75
and UGT84 families. Alternatively, the intron in the
UGT74 family has been gained prior to proliferation of
the UGT74 family.
The UGT90A subfamily contains four members,

three of which are shown in the Neighbor-Join tree. The
fourth, UGT90A3P, is a pseudogene containing a trun-
cated N-terminus and numerous in-frame stop codons.
UGT90A1 and 90A4 both share two phase 0 introns,
but UGT90A2 lacks these introns and instead has a
phase 2 intron at an earlier consensus position.
The UGT73B andUGT73C subfamilies occupy a well-

defined clade (1000/1000). The UGT73C subfamily lacks
introns, and all of the UGT73Bs except UGT 73B3 have
a single phase 0 splice site. UGT73B3 has no introns.
The alignment used to produce this intronmap, com-

plete with intron positions marked, is available at http://
www.biobase.dk/P450/Figure4_alignment.pdf.

2.4. Chromosomal localization

The UGT genes appear to be evenly dispersed
throughout the genome and are generally organized in
clusters with the reading frames facing the same direc-
tion (Fig. 5). A few groups have UGTs with reading
frames that oppose one another, e.g. the UGT71C clus-
ter on chromosome 1. Singular UGTs account for 29 of
the 120 genes in the genome. It is notable, that most of
the putative pseudogenes are located next to a full-
length gene of the same subfamily. This tendency of
subfamilies with multiple members and putative pseu-
dogenes to be closely clustered on the chromosomes is
indicative of recent gene duplication events. The Arabi-
dopsis Genome Initiative has found that the overall
ratio of genes to pseudogenes is 1/0.03 (TAGI, 2000). In
the UGT gene family, the ratio is closer to 1/0.067,
approximately twice as high as for the whole organism.
No pseudogenes of the UGT80 or UGT81 family were
found in the genome, which may indicate that these
gene families are more stable than the UGTs with the
PSPG motif. UGT80 and UGT81 code for enzymes that
catalyze conserved household keeping reactions in con-
trast to the UGTs with the PSPG motif, which are
putatively involved in secondary metabolism and thus
subjected to recruitment for novel functions.

3. Discussion

3.1. Plant family type 1 glycosyltransferases

Based on comparison with UGTs from other phyla,
we have identified three distinct clades that contain
plant UGTs (Fig. 1). The UGT80 and UGT81 families
show more sequence homology to non-plant UGT
families than to other plant sequences, arguing that they
evolved before the radiation of plants from the other
phyla. This is in accordance with sterols and lipids being
biological molecules that have evolved before the
radiation of the plant/animal/fungi kingdoms. The
homology between the plant UGT81s and the prokar-
yotic UGT106 lipid glycosyltransferases reflects the
endosymbiotic origin of the chloroplast (Douglas,
1998). The presence of UGT81 homologs in other plant
species combined with the absence of a homolog in the
eukaryotic world outside the plant kingdom supports
this hypothesis. The present form of UGT81 is nuclear
encoded, and in agreement with a prokaryotic origin
and function in the chloroplast, it contains a chloroplast
targeting pre-sequence (data not shown). Accordingly,
the UGT81 family represents a case of gene-transfer
from an organelle genome to the nucleus.
The apparent lack of a homolog between the plant

sterol glycosyltransferases of the UGT80 family and the
fungal functional homologs UGT51 and UGT52,
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Fig. 5. Chromosome Map of 120 Arabidopsis UGTs. Arrows indicate the direction of the coding sequence (up, antisense; down, sense). Gene

position and orientation were determined using a BLAST alignment against the complete chromosome sequence available from NCBI. Pseudogene

names end with a P and are italicized.
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argues that sterol glycosylation might be a case of con-
vergence in these phyla, despite the fact that generally
sterol biosynthesis is evolutionary related in eukaryotes.
In favor of this argument is the apparent lack of sterol
glycosyltransferase from the other phyla that group
with the UGT51, UGT52, and UGT80 families.
Plants have a large group of UGTs that contain the

PSPG motif (Figs. 1 and 3). These UGTs are thought to
be involved in glycosylation of secondary plant
metabolites or natural products (Vogt and Jones, 2000;
Jones and Vogt, 2001). Sequence alignments, phyloge-
netic analysis (Fig. 1) and the similar simple intron-exon
organization (Fig. 4) suggest that the UGTs with the
PSPG motif are monophyletic, i.e. the result of a single
ancestral UGT in the plant lineage whose descendants
have become numerous. The presence of multiple pseu-
dogenes and the organization of subfamily clusters in
the chromosomes (Fig. 5) in this clade is characteristic
of recent duplication events and indicates that these
genes are in a process of being recruited for new func-
tions (Walsh, 1987, 1995; Lynch and Conery, 2000). The
classification of these UGTs as being involved in sec-
ondary metabolism should be expanded to include other
plant specific pathways, given the recent discovery of
UGTs in this clade that are involved in the glycosyla-
tion of primary plant metabolites. For example,
UGT75B1 has been proposed to be a subunit of the
callose synthase complex by facilitating transfer of
UDP-glucose from sucrose synthase to callose synthase
(Hong et al., 2001). Recombinant UGT84s and
UGT72s have in vitro been identified to glucosylate
hydroxycinnamates and thus putatively be involved in
sinapate and lignin biosynthesis (Milkowski et al., 2000;
Lim et al., 2001) Likewise recombinant UGT84B1 cat-
alyzes glycosylation of the plant growth regulator
indole-3-acetic acid in vitro (Jackson et al., 2001).
Unlike UGT80A2 and UGT81A1 that are mem-

brane-anchored proteins, the PSPG motif containing
UGTs are generally regarded as soluble enzymes. How-
ever, upon cellular fractionation they may partly co-
purify with the microsomal fractions because they are
components of multi-enzyme complexes associated with
membrane anchored enzymes (e.g. Møller and Conn,
1980; Burbulis and Winkel-Shirley, 1999; Hong et al.,
2001; Tattersall et al., 2001). The association of UGTs
with specific multi-enzyme complexes is expected to be
an important factor in the formation of metabolons that
facilitate channeling of reactive or toxic intermediates in
biosynthetic pathways.

3.2. Intron-exon organization and phylogeny of the plant
specific UGTs

Introns may be considered as evolutionary fossils in a
gene family, with intron position, phase, loss, and gain
serving as diagnostic tools to validate phylogenies

(Long et al., 1995; Stoltzfus et al., 1997). We have pre-
viously used intron-exon organization to validate the
phylogeny of the cytochrome P450 genes of Arabi-
dopsis thaliana, which constitute a large multigene
family of 273 members (Werck-Reichhart et al., 2002;
Paquette et al., 2000). This method can be applied to
other gene families whose sequence diversity makes
them challenging to work with, such as the UGT
multigene family.
The plant specific clade has previously been ana-

lyzed for intron position and gain and loss, which
were shown to correlate well with the predicted gene
phylogeny (Li et al., 2001; Ross et al., 2001), but at
the time the entire genome sequence of Arabidopsis
was not available. As has been previously shown (Li
et al., 2001), the intron splice site positions of the
Arabidopsis UGTs follow the phylogeny predicted by
trees constructed from primary amino acid sequence
data. In Arabidopsis an average of 79% of the nuclear
encoded genes contain introns, and the average exon
size is �250 bp (TAGI, 2000). Because an average UGT
is approximately 500 amino acids, the expected average
number of introns would be five. It is evident from Fig. 4
that the number of introns found in the UGT multigene
family is much below average, with the UGT80 and
UGT81 families being the only exceptions. This may be
interpreted to indicate a massive loss of introns in the
PSPG containing UGTs. Alternatively, the plant UGTs
were always exceptionally low in introns, but the
UGT80 and UGT81 families subsequently gained a
large number whereas the PSPG motif containing ones
never did. The UGT subfamilies in Arabidopsis that do
contain introns share them strongly. Only a few excep-
tions to this statement are found in the entire data set
(Fig. 4) as exemplified by UGT73B3, UGT74B1, and
UGT90A2
In the analysis provided by Ross et al. (2001), 14

groups within the PSPG containing UGTs were sug-
gested that have evolved from an equivalent number of
distinct ancestral UGT genes. Our analysis concurs with
these 14 groups with two exceptions. Given the con-
servation of the A intron (Fig. 4) and the high bootstrap
value (909/1000) (Fig. 4) we argue that the families
UGT78, UGT86, UGT87, UGT85 occupy a single
group and not four independent groups. Likewise
families UGT73, UGT90, and UGT89 are grouped with
a bootstrap value of 949/1000 (Fig. 4) and are char-
acterized by not having the conserved A intron but are
either contain no introns or contain scattered introns. In
the phylogeny presented by Ross et al. (2001) these
three families were listed as independent groups. In fact,
our data suggest that the PSPG containing UGTs con-
sist of two major groups; those that group with the
conserved intron A, and those that group with the ones
that primarily contain no introns. The latter group is
particularly supported with a bootstrap value of 909/
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1000 (Fig. 4), suggesting a monophyletic origin of the
families UGT71, 88, 72, 92, 73, 90, 89, 79, and 91. The
A-intron containing UGTs are less confirmed by the
bootstrap analysis (Fig. 4). However, taking the more
divergent data set used in Fig. 1 for the multi-organism
tree, this group consisting of UGT families 74, 75, 84,
86, 87, 82, 83, 76, 85, 77, and 78, is supported with a
bootstrap value of 829/1000. The overall similarity of
the amino acid sequences and the similar intron exon
organization of the genes, suggest that the PSPG motif
containing UGT’s are monophyletic and that early in
the development of the clade either the A intron has
been lost or gained prior to the massive proliferation of
the clade. The inability to resolve the deep branches and
the corresponding weak bootstrap values observed when
taking only Arabidopsis sequences into account, reflects
the general problems observed with resolving long bran-
ches (Philippe and Laurent, 1998; Bruno et al., 2000),
and has in this study been overcome by the inclusion of
out groups that stabilize the otherwise very long bran-
ches observed in the smaller and less divergent Arabi-
dopsis data set (Fig. 4, Ross et al., 2001; Li et al., 2001).

3.3. UGT function and phylogenetic grouping

The functions of the Arabidopsis UGTs are largely
unknown. The use of microarrays and large-scale het-
erologous expression, in combination with phylogenetic
analysis and the availability of knock-out mutants,
constitute important tools for substrate identification
and determination of biological functions. Expression
of UGTs has already provided candidates for UGTs
involved in glycosylation of a variety of substrates such
as IAA, salicylic acid, sinapate and 4-hydrozybenzoates,
thiohydroxymates, cyanohydrins, betanin, and flavanols
(Lim et al., 2001, 2002; Milkowski et al., 2000, 2001;
Jackson et al., 2001; Jones et al., 1999; Vogt, 2002; Vogt
and Jones, 2000). Based on the data currently available
it appears that in vitro these enzymes exhibit broader
substrate specificity than in planta (e.g. Jones et al.,
1999). This renders pinpointing of the true and key in
vivo substrate ambiguous when solely based on in vitro
experimentation. The work of the York group has pro-
vided evidence for the conservation of substrate specifi-
city within subclades (Lim et al., 2001, 2002; Jackson et
al., 2001), whereas the groups in Halle and Copenhagen
argue for the importance of regiospecificity as a deter-
minant of whether a compound may be glycosylated or
not by a specific UGT (Vogt and Jones, 2000; Vogt,
2002). A clear case of regiospecificity and convergent
evolution is found in the two UGTs from Dorotheanthus
bellidiformis catalyzing either the 5- or 6- hydroxylation
of betanin. These two UGTs are only 19% identical and
belong to two phylogenetically distinct UGT families,
UGT71 (6-GT) and UGT73 (5-GT), yet they have the
same substrate (Vogt, 2002).

3.4. Co-evolution of UGTs and cytochromes P450

Plants synthesize a vast array of more than 200,000
natural products to accommodate biotic and abiotic
stresses and to secure communication with other plants.
The last step in the biosynthesis of many natural pro-
ducts is often a glycosylation reaction catalyzed by a
UGT. Glycosylation facilitates stability, storage, and
also intra- and intercellular transport. Typically, a
hydroxylation reaction precedes the glycosylation reac-
tion to provide a hydroxyl group amenable for glycosy-
lation. The hydroxylation reactions are often catalyzed
by cytochromes P450, another large multigene family
consisting of 246 full-length genes in Arabidopsis
(Werck-Reichhart et al., 2002; http://www.biobase.dk/
P450/p450.shtml). As seen for the plant UGTs, plant
cytochromes P450 contain a large group of plant-spe-
cific genes involved in the biosynthesis of plant natural
products, commonly referred to as the A-type P450s
(Durst and Nelson, 1995; Werck-Reichhart et al., 2002).
In Arabidopsis, the full-length A-type cytochromes P450
comprises of 153 members or 62% of the total number
of cytochromes P450 present. They are thought to be of
a monophyletic origin based on intron position and
phase conservation (Paquette et al., 2000; Werck-
Reichhart et al., 2002). The explosion of the P450 family
is thought to have occurred via gene duplication and
conversion starting 430 million years ago when plants
began to colonize land (Kahn and Durst, 2001). Simi-
larly the plant-specific UGT population is large and
appears to have exploded due to recent duplication
events (Fig. 5). Another common feature between the
A-type cytochrome P4500s and the PSPG motif con-
taining UGTs is the high number of putative pseu-
dogenes. This possibly reflects that these two
multigene families are subject to rather frequent
changes to secure recruitments for novel functions.
Accordingly, it is tempting to suggest that the PSPG
motif containing UGTs have co-evolved with cyto-
chromes P450s to secure stabilization of toxic aglycones
generated by the cytochromes P450s. A complete listing
of putative Arabidopsis cytochrome P450 and UGT
pseudogenes and can be found at our website: The Ara-
bidopsis P450, cytochrome b5, P450 reductase, and Gly-
cosyltransferase Family 1 Site at PlaCe (htpp://
www.biobase.dk/P450). It is intriguing that many of the
natural products are detoxified in herbivores by cyto-
chrome P450-catalyzed hydroxylation reactions, fol-
lowed by UGT-catalyzed glucoronylation to facilitate
secretion. The evolution and explosion in the genome of
the plant specific A-type cytochromes P450 and the
plant specific UGTs with the PSPG motif reflect the
necessity of plants to produce new defense compounds
to be competitive in the constant chemical warfare
between plants and herbivores as well as to cope with
other abiotic and biotic stresses.
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4. Experimentals

4.1. Obtaining sequences

All of the UGT sequences used in this analysis are
available through GenBank as complete cDNA
sequence, complete protein sequence, annotated BAC
sequence, or complete chromosomal sequence. A com-
plete list of all non-Arabidopsis sequences and their
GenBank accession numbers is presented in Table 1.
The Arabidopsis UGT sequences are publicly available
at The Arabidopsis P450, cytochrome b5, P450 reduc-
tase, and Glycosyltransferase Family 1 Site at PlaCe
(http://www.biobase.dk/P450/UGT.shtml). Putative
Arabidopsis UGTs were identified by BLAST (Altschul
et al., 1990) comparison against the TAIR Arabidopsis
and NCBI databases using the following UGT signature
motif as outlined by the UGT Nomenclature Committee
(Mackenzie et al., 1997):
[F/V/A]-[L/I/V/M/F]-[T/S]-[H/Q]-[S/G/A/C]-GXX-[S/

T/G]-XX-[D/E]-XXXXXXP-[L/I/V/M/F/A]-XX-P-[L/
M/V/F/I/Q]-XX-[D/E]-Q
Amino acids enclosed in brackets ([]) and separated

by slashes are variations at a single position. Arabi-
dopsis sequences with this motif, as well as sequences
having sequence identity greater than 50% to known
UGTs from other organisms, were annotated using a
combination of PUBLISH from the GCG Wisconsin
Package version 10.2 and the NetGene2 intron predic-
tion server (Hebsgaard et al., 1996; http://
www.cbs.dtu.dk/services/NetGene2/). Conservation of
sequences within a family was given precedence over
predicted intron splice sites. The resulting amino acid
sequences were aligned with known members of the
gene family and checked for any variances. GenBank
BAC annotations and published cDNA sequences were
taken into account when available.
The UGT nomenclature used in this paper follows

that previously defined by the UGT Nomenclature
Committee (Mackenzie et al., 1997) and used by Ross et
al. (2001) and Li et al. (2001). Accordingly, sequences
more than 40% identical on the amino acid level are
placed in the same family and sequences more than 60%
identical in the same subfamily.

4.2. Alignments and phylogenetic trees

Multiple sequence alignments and Neighbor-Join
bootstrap trees were initially constructed using Clus-
talW for GCG 10.2 (Thompson et al., 1994) and refined
using ClustalX version 1.81 to realign selected regions
within the multiple alignment (Thompson et al. 1997),
and visualized using Treeview 1.6.6 (Page, 1996). Clus-
talW settings for the multi-organism UGT alignment
underlying Fig. 1 were as follows: For the initial pair-
wise alignment used to generate the guided tree file, a

Gap Opening Penalty (GOP) and a Gap Extension
Penalty (GEP) of 10.00 and 0.10 were selected, and the
GONNET protein weight matrix series were used. To
generate the subsequent multiple alignment, the GOP
was kept at 10.00 while the GEP was increased to 0.15
and the delay divergent sequence score was set to 38%
and the GONNET protein weight matrix series were
used. For the Arabidopsis UGT alignment, the following
pairwise parameters were used: GOP 10.00, GEP 0.08
and the BLOSUM protein weight matrixes series. For
the subsequent multiple alignment, a GOP of 10.00,
GEP of 0.20, a delay divergent sequences of 35%, and
the BLOSUM protein weight matrix series were used.
To facilitate a better alignment of the multi-organism
UGTs, the extensive N-terminals of the UGT51 and
UGT52 family members were deleted. The alignments
used to construct the trees presented in this paper are
available at http://www.biobase.dk/P450/Figur-
e1_alignment.pdf and http://www.biobase.dk/P450/Fig-
ure4_alignment.pdf. The Neighbor-Join trees were
analyzed with 1000 bootstrap trials. Exclude positions
with gaps and correct for multiple substitutions were
both set to off.
Non-Arabidopsis family 1 glycosyltransferase sequen-

ces were chosen using the sequence list available at the
UDP-glucuronosyltransferase homepage (http://www.u-
nisa.edu.au/pharm_medsci/Gluc_trans/table21.htm) or
identified via BLAST searches. When available, one
sequence from each subfamily was used. In cases
where more than one species was represented in a
subfamily, Arabidopsis sequences were preferred. All
other species were chosen at random and are tabu-
larized in Table 1.

4.3. Intron maps

Arabidopsis UGT intron maps were constructed by
determining the intron splice site phase and position
using a combination of the NetGene2 prediction server,
PUBLISH from GCG Wisconsin package version 10.2,
and family sequence similarity as done previously with
the Arabidopsis P450s (Paquette et al., 2000; Werck-
Reichhart et al., 2002). These splice site positions are
numbered relative to their position on the consensus
sequence produced by the multiple alignment of the
Arabidopsis UGTs.

4.4. Chromosome maps

Chromosome maps were constructed by BLAST
comparison of each UGT sequence against whole chro-
mosome sequence. UGTs were grouped when the dis-
tance between them was less than 300kbp. Direction of
the reading frame is compared to the chromosome
sequence available from GenBank (ftp://ftp.ncbi.nlm.-
nih.gov/genbank/genomes/A_thaliana/).
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