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Abstract

Khat (Catha edulis Forsk.) is a flowering perennial shrub cultivated for its neurostimulant properties resulting mainly
from the occurrence of (S)-cathinone in young leaves. The biosynthesis of (S)-cathinone and the related phenyl-
propylamino alkaloids (1S,2S)-cathine and (1R,2S)-norephedrine is not well characterized in plants. We prepared a
cDNA library from young khat leaves and sequenced 4,896 random clones, generating an expressed sequence tag
(EST) library of 3,293 unigenes. Putative functions were assigned to > 98% of the ESTs, providing a key resource for
gene discovery. Candidates potentially involved at various stages of phenylpropylamino alkaloid biosynthesis from
L-phenylalanine to (1S,2S)-cathine were identified.
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Khat (Catha edulis), a perennial flowering shrub na-
tive to East Africa and the Arabian Peninsula, has long been
cultivated for its neurostimulant properties. Evidence sug-
gests that chewing young khat leaves as a social activity
dates back at least a thousand years (Klein et al., 2009) and
might even predate the use of coffee (Balint et al., 2009). It
was not until 1975 that United Nations laboratories identi-
fied the phenylpropylamino alkaloid (S)-cathinone as the
compound largely responsible for the mild euphoric and
anorexic properties of khat (United Nations, 1975). Studies
involving the short- and long-term dangers of chewing khat
are generally inconclusive, and the physical harm and de-
pendence caused by the plant remain controversial (Mateen
and Cascino, 2010). For example, while some studies have
linked khat consumption with genotoxic effects in humans
(Kassie et al. 2001), others have highlighted khat as a po-

tential source of anti-cancer agents (Bredholt et al. 2009).
Recent evidence has linked khat use with impaired memory
and cognitive flexibility (Colzato et al. 2011). While khat
chewing is a longstanding tradition in parts of East Africa
and in the Middle East, possession of khat is illegal in Can-
ada, the United States and parts of the European Union.
Fresh khat is a scheduled drug under the controlled sub-
stances legislation in Canada and the United States, yet may
be imported with proper licensing in Australia and use of
the plant is unregulated in the United Kingdom, the Nether-
lands (Klein et al., 2009) and in Israel (Krizevski et al.

2008). A sizable portion of the seven metric tons of licit
khat, which is classified as a vegetable in the United King-
dom and therefore not subject to tax, is estimated to travel
through Heathrow Airport each week destined for black-
market distribution in North America (Klein et al., 2009).
Due to controversial and inconsistent domestic policies,
and fast-growing communities of East African immigrants
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(Gebissa, 2010), khat has become a subject of international
concern.

In addition to (S)-cathinone, khat accumulates the
monoamine alkaloids (1S,2S)-norpseudoephedrine (cathi-
ne) and its diastereomer (1R,2S)-norephedrine (Krizevski
et al., 2007, 2008). N-Methylated versions of these com-
pounds such as the sinus decongestants (1S,2S)-pseudo-
ephedrine and (1R,2S)-ephedrine are restricted to Ephedra

spp. and are not found in khat. Together, these phenylal-
kylamino alkaloids comprise a unique class of compounds
derived from L-phenylalanine (Phe) (Figure 1). Early
pulse-labeling studies using Catha edulis (Leete, 1958) and
Ephedra distachya (Yamasaki et al., 1969, 1973) estab-
lished that only the C6-C1 component of ephedrine alka-
loids is derived from Phe, whereas later studies suggested
that the C2-C3 unit derives from pyruvic acid (Grue-Søren-
sen and Spenser, 1988, 1989). A related study suggested
that Phe-derived benzoic acid is an intermediate in the for-
mation of phenylpropylamino alkaloids (Grue-Sørensen
and Spenser, 1994) although the involvement of benzoyl-
CoA (Krizevski et al., 2010) or benzaldehyde cannot be
ruled out. The first step in the pathway is catalyzed by
L-phenylalanine ammonia lyase (PAL), a well-charac-
terized enzyme in many plants including Ephedra sinica

(Okada et al., 2008). Although benzoic acid biosynthesis in
plants remains unresolved, the propyl side chain of Phe is
known to undergo shortening via either �-oxidative or
non-�-oxidative routes (Boatright et al., 2004) (Figure 1).
Several enzymes involved in benzoic acid biosynthesis in-
cluding 4-coumaroyl-CoA ligase (4CL; Schilmiller et al.,
2009), benzoyl-CoA ligase (BZO1; Kliebenstein et al.,
2007), a 3-ketoacyl-CoA thiolase (KAT1; Van Moerkercke
et al., 2009) and two distinct dehydrogenases from Antir-

rhinum majus (snapdragon) (BALDH; Long et al., 2009)
and Arabidopsis thaliana (AAO4; Ibdah et al., 2009) have
been isolated in plants that produce floral volatiles or glu-
cosinolates. Alternatively, benzaldehyde might be formed
via phenylpyruvate, which is a transamination product of
Phe. This route occurs in lactic acid bacteria (Nierop-Groot
and de Bont, 1999), but has not been confirmed in plants.
Nonetheless, the transamination of Phe to phenylpyruvate
has recently been demonstrated, which might lead to the
formation of benzaldehyde in melon fruit (Gonda et al.,
2010).

An enzyme catalyzing the condensation of benzoic
acid, benzoyl-CoA or benzaldehyde with pyruvate has not
been detected in khat or other phenylpropylamino alka-
loid-producing plants, although the involvement of a ThDP-
dependent pyruvate decarboxylase (PDC; EC 4.1.1.1) or an
acetohydroxyacid synthase (AHAS; EC 2.2.1.6) have been
suggested (Grue-Sørensen and Spenser, 1989). These two
distantly related enzymes (Green, 1989) share the common
step of pyruvate decarboxylation. However, whereas PDCs
generally decompose pyruvate to acetaldehyde and CO2

(Meyer et al., 2011), AHASs catalyze carboligation reac-

tions forming either acetolactate or acetohydroxybutyrate
products as part of branched-chain amino acid biosynthesis
(Jaña et al., 2010). Members of both enzyme classes have
shown carboligase activity toward benzaldehyde, yielding
(R)-phenylacetylcarbinol (Engel et al., 2003; Meyer et al.,
2011) (Figure 2). In fact, this side reaction of microbial
PDCs has gained recent attention as a means of ephedrine
production, as (R)-phenylacetylcarbinol can be chemically
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Figure 1 - Proposed biosynthetic routes leading from L-phenylalanine to
phenylpropylamino alkaloids in khat. A CoA-independent, non-�-oxida-
tive pathway of L-phenylalanine side chain-shortening is shown in blue,
whereas a CoA-dependent, �-oxidative route is shown in purple. Red ar-
rows indicate an alternative CoA-dependent, non-�-oxidative route sug-
gested to occur in some plants (Abd El-Mawla and Beerhues 2002;
Boatright et al. 2004). Either benzoic acid or benzoyl-CoA undergoes con-
densation with pyruvate, a reaction putatively catalyzed by a ThDP-de-
pendent enzyme. 1-Phenylpropane-1,2-dione undergoes transamination to
yield (S)-cathinone, which is reduced to (1S,2S)-cathine and (1R,2S)-
norephedrine. Activity has been detected for enzymes highlighted in yel-
low, and corresponding genes are available for enzymes highlighted in
green. Enzymes highlighted in red have not been isolated, although EST
analysis revealed numerous potential candidates (Table 1). Catha edulis

ESTs putatively involved in this pathway have been identified for many
steps, and candidates are listed in Table 1. Abbreviations: PAL, phenyl-
alanine ammonia lyase; CoA, Coenzyme A; ThDP, thiamine diphosphate;
NAD(H), nicotinamide adenine dinucleotide; NADP(H), nicotinamide
adenine dinucleotide phosphate.



converted to (1R,2S)-ephedrine (Meyer et al., 2011). Al-
though most microbial AHASs and PDCs catalyze the
stereoselective production of (R)-phenylacetylcarbinol from
benzaldehyde, engineered PDCs yield both the R and S enan-
tiomers in addition to other products (Figure 2) (Pohl et al.,
1998). It is possible that phenylacetylcarbinol or a related
compound is an intermediate in the formation of 1-phenyl-
propane-1,2-dione in plants. Subsequently, 1-phenylpropa-
ne-1,2-dione undergoes transamination to yield (S)-cathi-
none, which is converted to (1S,2S)-cathine or
(1R,2S)-norephedrine by NADPH-dependent reduction
(Figure 1). Although the transamination step has not yet been
characterized, (S)-cathinone reductase activity was reported
recently in Ephedra sinica stems (Krizevski et al., 2010) and
khat leaves (Krizevski et al., 2007).

Although this pathway has been partially character-
ized at the biochemical level, no biosynthetic genes in-
volved in the conversion of trans-cinnamic acid to phenyl-
propylamino alkaloids have been isolated. To establish a
functional genomics platform aimed at gene discovery, we
took the approach of building an EST library from bio-
synthetically active khat leaves. It was recently shown that
the pathway intermediates 1-phenylpropane-1,2-dione and
(S)-cathinone, and the end products (1S,2S)-cathine and
(1R,2S)-norephedrine accumulate mainly in young leaves
and flowers of khat with lesser quantities in young stems
(Krizevski et al., 2007, 2008). In contrast, mature leaves
lack (S)-cathinone and accumulate only (1S,2S)-cathine
and (1R,2S)-norephedrine suggesting that phenylpropyl-
amino alkaloid biosynthetic gene expression is highest in

young tissues. For this reason young khat leaves were se-
lected for EST analysis. Khat shrubs (Catha edulis, Forsk.)
were grown in open field conditions using commercial cul-
tivation practices, including drip irrigation and fertilization,
at the Newe Ya’ar Research Center in Northern Israel.
Young khat leaves approximately 1-3 cm in length were
harvested from five-year-old plants during daylight hours
in November 2006. Total RNA was isolated using an
RNeasy Midi kit (Qiagen) and poly(A)+ RNA was selected
using a Dynal Dynabeads kit (Invitrogen). The poly(A)+

RNA was converted to cDNA using the ZAP cDNA syn-
thesis kit (Stratagene) and the resulting clones were unidi-
rectionally inserted into EcoRI and XhoI sites within the
phage vector �Uni-ZAPII XR, and packaged by Gigapack
III Gold packaging extract (Stratagene). Primary libraries
were converted into plasmids by in vivo excision, and Esch-

erichia coli colonies were randomly transferred to 96-well
microtiter plates for automated plasmid preparation using
Templiphi Template Amplification kit (GE Healthcare Life
Sciences). Twenty randomly chosen plasmid clones were
digested using EcoR1 and Xho1 restriction enzymes for
agarose gel electrophoresis analysis to check the insertion
rate and average insert length. Sequencing of cDNA inserts
was performed using an ABI Prism Big Dye terminator se-
quencing kit (Applied Biosystems) and an AB 3730 genetic
analyzer (Applied Biosystems).

A total of 4,896 clones were randomly selected from
the C. edulis library and submitted for unidirectional se-
quencing from the 5’ end using M13 primer. DNA se-
quencer traces were interpreted and vector and low-quality
sequences were eliminated using PHRED (Ewing et al.,
1998) and LUCY (Chou and Holmes, 2001), resulting in
4,723 high-quality expressed sequence tag (EST) se-
quences (96.5%). The ESTs were submitted to GenBank
and assigned accession numbers JG723448 through
JG728170. Cluster analysis and contig assembly were per-
formed using STACKPACK (Miller et al., 1999), resulting
in 3,293 unigenes (Supplemental Table S1). Sequence
comparisons were done using the BLAST algorithm
(Altschul et al., 1990) with the public sequence databases
TAIR Proteins v.8 and UniProt Plants v.14.5. BLAST anal-
ysis yielded matches for the majority of unigenes, with only
21 and 56 ESTs finding “no hit” when compared to TAIR
Proteins (< 1%) and UniProt (1.7%) databases, respectively
(Table S1). These results compare favorably with similar
EST-based gene expression studies. For example, an EST-
based study of gene expression in flax (Linum

usitatissimum) seed that used similar homology-search pa-
rameter cutoffs (e.g. E-value of e-6) revealed a match be-
tween only 76.4% of flax unigenes with Arabidopsis

proteins (Venglat et al., 2011). In another example, analy-
sis of 5,023 unigenes derived from Madagascar periwinkle
(Catharanthus roseus) yielded a “no hit” rate of 14.2%
against GenBank entries, although different annotation pa-
rameters were used (Murata et al., 2006).
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Figure 2 - Carboligation products of benzaldehyde and pyruvate formed
by ThDP-dependent AHAS and PDC enzymes in microbes. (R)-Phenyl-
acetylcarbinol is formed by AHAS in Escherichia coli and PDCs in certain
yeast and bacteria. Mutation at a single amino acid in Zymomonas mobilis

PDC enhanced production of (S)-phenylacetylcarbinol and resulted in the
formation of both (R)- and (S)-2-hydroxypropiophenone. Although no ev-
idence is presently available, one or more of these reaction products could
be an intermediate in the formation of 1-phenylpropane-1,2-dione in khat.



Khat unigenes that showed significant homology (E-
value < e-10) to known proteins of UniProt Plants were se-
lected for Gene Ontology (GO) annotation and mapping to
the TAIR database, which is updated on a regular basis
(Berardini et al., 2004). GO Annotation analysis assigned a
functional category to 2,839 (88%) of the unigenes possess-
ing hits against public databases (Supplemental Table S2).
However, to better reflect khat transcripts putatively in-
volved in specialized metabolism, including phenylpropyl-
amino alkaloid biosynthesis, which is a category not
included in GO annotations, the Arabidopsis-based ontol-
ogy results were manually verified and reclassified into 8
categories (Figure 3). Although a large proportion of the
khat library (33%) appears dedicated to primary metabo-
lism, nearly 5% of the ESTs encoded proteins putatively in-
volved in specialized metabolism. This category includes
candidates for enzymes shown in Figure 1, and those puta-
tively involved in flavonoid and terpenoid biosynthesis.

The recent discoveries of biosynthetic genes involved
in benzoic acid metabolism facilitated a tBLASTn-based
search of the khat EST library for homologues, all of which
were detected except for Arabidopsis thaliana aldehyde
oxidase-4 (AtAAO4) catalyzing the dehydrogenation of
benzaldehyde to benzoic acid (Ibdah et al., 2009) (Figure 1,
Table 1). However, an EST with extensive similarity
(E-value = e-129) to Antirrhinum majus benzaldehyde
dehydrogenase (AmBALDH) (Long et al., 2009) was iden-
tified, suggesting that benzoic acid biosynthesis in khat is
more similar to the pathway in snapdragon petals than in
Arabidopsis seed since AmBALDH and AtAAO4 likely
catalyze the same reaction in non-�-oxidative benzoic acid
metabolism. Highly homologous ESTs were also identified
using At4CL1 and PhKAT1 as queries suggesting that a

�-oxidative, CoA-dependent pathway leading to benzoyl-
CoA production might also occur in khat leaves (Table 1).
An alternative pathway operative in lactic acid bacteria cir-
cumvents the PAL-catalyzed production of trans-cinnamic
acid. In this case, phenylpyruvate, a transamination product
of Phe, serves as a precursor to benzaldehyde (Nierop-
Groot and de Bont, 1999). An Arabidopsis transaminase
producing phenylpyruvate from Phe was recently charac-
terized (Prabhu and Hudson, 2010). However, no close
homologues were found among khat ESTs.

Beyond benzoic acid biosynthesis, the reactions lead-
ing from the formation of 1-phenylpropane-1,2-dione to
(1S,2S)-cathine and (1R,2S)-norephedrine are not well un-
derstood. The recruitment of a ThDP-dependent enzyme
for the carboligation of pyruvate with a benzoyl derivative
has been proposed (Grue-Sørensen and Spenser, 1989), al-
though the involvement of such an enzyme in ephedrine
alkaloid biosynthesis has not been demonstrated. Two
ThPD-dependent enzymes isolated from microbes,
acetohydroxyacid synthase (AHAS) and pyruvate decar-
boxylase (PDC), catalyze the conversion of benzaldehyde
to (R)-phenylacetylcarbinol (Figure 2), an intermediate in
the semi-synthetic production of ephedrine alkaloids (En-
gel et al., 2003; Meyer et al., 2011). In addition to (R)-
phenylacetylcarbinol, mutant Zymomonas mobilis PDCs
catalyze the formation of (S)-phenylacetylcarbinol, along
with R and S forms of 2-hydroxypropiophenone (Pohl et

al., 1998) (Figure 2). The possibility that khat possesses a
PDC enzyme with similar catalytic flexibility must also be
considered. Enzymatic and molecular characterization of
this carboligation step will be necessary to unequivocally
establish the biosynthetic precursors of (S)-cathinone.

The potential involvement of benzoyl-CoA as a pre-
cursor to (S)-cathinone has been suggested (Grue-Sørensen
and Spenser, 1988, 1989). A ThPD-dependent enzyme
could catalyze a carboligation reaction between the benzoyl
moiety of benzoyl-CoA and the C2-C3 component of pyru-
vate (Supplemental Figure S1). Similar to reaction schemes
proposed for ThPD-dependent enzymes such as AHAS
(Jaña et al., 2010, Engel et al., 2003) and PDC, the decar-
boxation of pyruvate yields a hydroxyethyl-thiamin di-
phosphate anion/enamine intermediate that would attack
the carbonyl carbon of benzoyl-CoA to initiate condensa-
tion, release of a CoASH leaving group and the formation
of 1-phenylpropane-1,2-dione. A similar, but not identical
reaction mechanism involving benzoic acid in lieu of ben-
zoyl-CoA is also possible whereby acid-catalyzed proto-
nation at the carbonyl oxygen would permit nucleophilic
attack by the anion/enamine intermediate.

Searching the khat EST library revealed three candi-
date sequences with homology to ThPD-dependent en-
zymes putatively involved in the formation of 1-phenyl-
propane-1,2-dione (Table 1). Unigenes 017_C06-044 and
034_C01-011 annotated as AHAS, reflecting their close
homology with characterized plant AHAS enzymes (76%
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Figure 3 - Functional categorization of expressed sequence tags (ESTs)
from Catha edulis leaf-derived cDNA library. Assignments were made
based on homology to proteins of known function, as evidenced by
tBLASTn search results using TAIR Proteins and UniProt Plants data-
bases. ESTs with homology to uncharacterized, putative, or hypothetical
proteins (i.e. unknown function) comprised 4.4% of the total population.



and 48%, respectively, compared with the catalytic subunit
of Arabidopsis thaliana AHAS). The remaining candidate
was most similar to PDC. Following carboligation, 1-
phenylpropane-1,2-dione undergoes transamination to
form the neurostimulant, (S)-cathinone. EST analysis
yielded a number of putative transaminase/amino trans-
ferase candidates (Table 1). Two unigenes (CL166Contig1

and CL12Contig1) were comprised of more than one EST,
suggesting a higher expression level than other transami-
nases. Finally, candidate ESTs possibly involved in the
stereospecific reduction of (S)-cathinone to either (1S,2S)-
cathine or (1R,2S)-norephedrine are listed in Table 1. The
stereospecific reduction of keto groups to alcohols has been
documented in the specialized metabolism of other plants,
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Table 1 - Catha edulis ESTs (CeUniGenes) representing enzymes putatively involved in phenylpropylamino alkaloid biosynthesis. Abbreviations:
AAO4, aldehyde oxidase-4; AAT, alanine aminotransferase; ALS, acetolactate synthase; AONS, 8-amino-7-oxononanoate synthase; BALDH,
benzaldehyde dehydrogenase; BCAT, branched-chain amino acid aminotransferase; BZO1, benzoate-CoA ligase; 4CL, 4-coumaroyl-CoA ligase; CR,
carbonyl reductase; GABA-T, 4-aminobutyrate transaminase; GSA-AT, glutamate-1-semialdehyde aminotransferase; HPA1, histidinol phosphate
aminotransferase; KAT1, 3-ketoacyl-CoA thiolase-1; KAR, 3-ketoacyl-CoA reductase; PAL, phenylalanine ammonia lyase; PDC, pyruvate decarboxyl-
ase; PORA, protochlorophyllide reductase A; PSAT, phosphoserine aminotransferase; SDR, short-chain dehydrogenase/reductase; SGAT,
serine-glyoxylate aminotransferase; TR, tropinone reductase.

CeUniGenes exhibiting sequence similarity to enzymes implicated in plant benzoic acid metabolism

Enzyme GenBank accession number and species Putative activity CeUniGene ID E value

PAL1 P35510 Arabidopsis thaliana PAL 036_E05-039 1.00E-142

4CL1 Q42524 Arabidopsis thaliana CoA ligase CL455Contig1 1.00E-102

028_E04-024 2.00E-98

KAT1 ACV70032 Petunia hybrida Thiolase 011_D07-057 1.00E-116

018_F11-085 3.00E-98

BZO1 NP_176763 Arabidopsis thaliana CoA ligase 047_C08-060 8.00E-71

AAO4 NP_563711 Arabidopsis thaliana Dehydrogenase No hit N/A

BALDH ACM89738 Antirrhinum majus Dehydrogenase 044_C05-043 1.00E-129

034_A10-080 1.00E-86

CeUniGenes annotating as enzymes putatively catalyzing key reactions in alkaloid metabolism

ALS Q42768 Gossypium hirsutum carboligation 017_C06-044 1.00E-121

ALS Q5VB44 Helianthus annuus carboligation 034_C01-011 2.00E-64

PDC Q9FVF0 Fragaria ananassa carboligation 049_G05-035 1.00E-114

AAT AT1G70580 Arabidopsis thaliana transamination CL166Contig1 0

AONS AT5G04620 Arabidopsis thaliana transamination CL12Contig1 1.00E-112

GSA-AT Q84TK5 Brassica napus transamination 021_A12-096 9.00E-94

SGAT O49124 Fritillaria agrestis transamination 004_F01-005 1.00E-60

PSAT AT4G35630 Arabidopsis thaliana transamination 045_G09-067 8.00E-73

HPA1 AT5G10330 Arabidopsis thaliana transamination 003_C07-059 9.00E-53

BCAT Q9SNY8 Solanum tuberosum transamination 029_B03-029 1.00E-81

GABA-T Q6ZCF0 Oryza sativa transamination 032_C06-044 1.00E-101

PORA Q41249 Cucumis sativus reduction CL62Contig1 0

TR-like AT5G06060 Arabidopsis thaliana reduction CL440Contig1 1.00E-111

TR-like AT5G06060 Arabidopsis thaliana reduction 012_H02-002 2.00E-47

SDR AT3G50560 Arabidopsis thaliana reduction 041_B01-013 3.00E-99

TR-like ABG22472 Oryza sativa reduction 030_B02-014 7.00E-96

KAR Q0VH86 Gossypium hirsutum reduction 015_A03-031 6.00E-74

SDR AT3G26770 Arabidopsis thaliana reduction 046_G06-036 2.00E-53

SDR Q6DLW2 Solanum tuberosum reduction 014_B06-046 7.00E-83

SDR AT3G06060 Arabidopsis thaliana reduction 017_D07-057 1.00E-100

CR-like Q9FI45 Arabidopsis thaliana reduction 039_C07-059 5.00E-25

SDR Q6DLW2 Solanum tuberosum reduction 020_F10-070 2.00E-54

SDR AT1G10310 Arabidopsis thaliana reduction 038_H11-081 1.00E-104



such as peppermint (Mentha x piperita) (Davis et al.,
2005), opium poppy (Papaver somniferum) and black hen-
bane (Hyoscyamus niger) (Ziegler and Facchini, 2008). In
each case, reduction to a specific stereoisomer occurs via an
enzyme belonging to the short chain dehydrogena-
se/reductase (SDR) protein family. Interestingly, a bacte-
rial SDR protein was found to reduce N-methylated (S)-
cathinone to (1S,2S)-pseudoephedrine, but not to (1R,2S)-
ephedrine (Kataoka et al., 2006, 2008), which supports the
hypothesis that two distinct SDR enzymes are involved in
the formation of (1S,2S)-cathine and (1R,2S)-norephedrine,
respectively (Krizevski et al., 2010).

Despite its long history, khat has recently become a
controversial plant and is regulated, along with its phenyl-
propylamino alkaloid constituents, as a controlled sub-
stance in many Western countries. In contrast, several
phenylpropylamino alkaloids are widely available and have
a variety of health applications. The biosynthesis of phenyl-
propylamino alkaloids in khat begins with L-phenylalanine
and requires 8-10 steps to yield (1S,2S)-cathine and its
diastereomer (1R,2S)-norephedrine. Although some steps
in benzoic acid metabolism have been recently resolved in
Arabidopsis and other plants, the biochemistry of phenyl-
propylamino alkaloid metabolism in khat remains largely
uncharacterized. The annotated EST library provides a
snapshot of the khat young leaf transcriptome and estab-
lishes a valuable resource for phenylpropylamino alkaloids
biosynthetic gene discovery. Candidate cDNAs encoding
enzymes that putatively catalyze each step of the pathway
were identified, which provides a genomics platform essen-
tial for their future characterization.
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Supplemental Table S1 - Expressed sequence tag analysis summary for the Catha edulis leaf 
library. 
 
 

Standard EST library Cluster analysis BLAST results for unigenes 

Total sequences 4723 Total unigenes 3293 Hits against TAIR 
database 3272 

Average length 
(bp) 710 Contigs 633 Hits against UniProt 

database 3237 

Average GC 
(%) 44.5 Singletons 2660 Unigenes receiving GO 

annotation 2839 
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Supplemental Table S2 - Proportion of Catha edulis ESTs assigned to various functional 
categories as defined by the GO Consortium (http://www.geneontology.org/). The proportion of 
ESTs in each category is expressed as a % of the total ESTs receiving a GO annotation. 
 

 

Biological processes 
GO annotation category 

Total 
(%) 

Cellular component 
GO annotation 

category 

Total 
(%) 

Molecular function 
GO annotation 

category 

Total 
(%) 

Metabolic process 34.9 Cell and parts 64.9 Catalytic activity 45.6 

Cellular process 30.9 Organelle and parts 15.5 Binding 34.4 

Response to stimulus 8.5 Macromolecular 
complex 14.7 Structural molecule 

activity 7.0 

Biological regulation 5.1 Envelope 2.3 Transcription 
regulator activity 5.8 

Localization 4.6 Membrane-enclosed 
lumen 2.1 Transporter activity 5.6 

Establishment of 
localization 4.6 Extracellular region 0.5 Enzyme regulator 

activity 1.4 

Developmental process 3.3 Extracellular matrix 0.1 Translation regulator 
activity 1.4 

Multicellular organismal 
process 2.6   Molecule transducer 

activity 0.7 

Reproduction 1.6   Antioxidant activity 0.7 

Reproductive process 1.5   Motor activity 0.4 

Multi-organism process 1.2   Nutrient reservoir 
activitly 0.2 

Immune system process 0.7   Metallochaperone 
activity 0.04 

Growth 0.2     

Rhythmic process 0.1     

Biological adhesion 0.1     

Pigmentation 0.05     

Total 100 Total 100 Total 100 

 
 
 
 
 
 
 
 

 


