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Abstract Guarana (Paullinia cupana var. sorbilis) is a
plant native to the central Amazon basin. Roasted seed
extracts have been used as medicinal beverages since pre-
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testinal tract. Guarana plants are commercially cultivated
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exclusively in Brazil to supply the national carbonated soft-
drink industry and natural product stores around the world.
In this report, we describe and discuss the annotation of
15,387 ESTs from guarana seeded-fruits, highlighting
sequences from the flavonoid and purine alkaloid path-
ways, and those related to biotic stress avoidance. This is
the largest set of sequences registered for the Sapindaceae
family.

Keywords Guarana - Oxidative stress - Caffeine -
Flavonoids - Disease resistance

Introduction

The genus Paullinia is classified as the Sapindaceae
family, which includes maples (Acer spp.), horse chestnuts
(Aesculus spp.), and lychee (Litchi chinensis). There
are approximately 195 species of Paullinia (http://
www.mobot.org/ 2006) distributed in the American tropics
and subtropics. Of these, at least nine species are described
as native to Brazil, including P. cupana (Kunth) var. sorbilis
[(Mart.) Ducke]. This cultivated variety is a liana that
becomes a shrub under cultivation (Erickson et al. 1984),
and was recently demonstrated to possess 210 chromo-
somes, which accounts for 22 pg of DNA per nucleus
(Freitas et al. 2007). Its fruits, called “guarana”, are dehis-
cent capsules that contain one to three dark brown seeds.

Guarana is commercially cultivated only in Brazil where
Embrapa Western Amazon maintains a breeding program.
Annual production is about 4,000 tons of roasted seeds
(IBGE 2006), of which 70% are consumed by soft drink
industries to produce non-alcoholic carbonated beverages.
Drugstores and alternative natural products stores sell the
remainder, mainly in the form of roasted seed powder.

The popular motivations for consuming guarana extracts
as dietary supplements are: weight loss, energy boost,
improvement of fitness and sexual performance, and
increase of cognitive capacity (O’Dea 2003; Oliveira et al.
2005; Ray et al. 2005).

Scientific support is forthcoming for some of these
motivations. Kennedy et al. (2004) reported an improve-
ment in cognitive performance in humans, possibly due to
the combination of caffeine with other components of the
extract. Relaxation of isolated rabbit cavernous tissue was
reported by Antunes et al. (2001) and increases in blood
glucose level with decreases in liver glycogen content were
observed in mice fed guarana water extracts (Miura et al.
1998). In addition, inhibitory effects on induced hepatho-
carcinogenesis were reported in mice (Fukumasu et al.
2006a), gastro-protective properties were demonstrated in
rats (Campos et al. 2003), anti-oxidant effects associated
with a reduction in lipid peroxidation were also observed in

@ Springer

rats (Mattei et al. 1998), and platelet anti-aggregation
action was observed in cells treated with water extracts of
guarana seeds (Bydlowski et al. 1991).

We have screened more than 15,000 ESTs from guarana
seeded-fruits to identify sequences involved in several
metabolic pathways that may contribute to the knowledge
of this plant, beginning to unveil its biological properties
and mechanisms of protection against biotic stress.

Materials and methods
Construction of cDNA library and sequencing

Healthy fruits containing seeds were collected at three
developmental stages (green immature fruit, intermediary,
and mature) from BRS-Amazonas plants maintained at
Embrapa Western Amazon (Manaus, Amazonas State,
Brazil). Total RNA was extracted with Concert Plant RNA
Reagent (Invitrogen) and 123 pg of total RNA from each
developmental stage were used for Poly A+ RNA purifi-
cation with Fast Track Kit (Invitrogen). cDNA synthesis
and cloning were performed using the Super Script Plasmid
System with Gateway Technology (Invitrogen). Fragments
from 600 to 1,000 bp were selected for insertion into
pCMV.SPORT6 vectors. Escherichia coli XL1-Blue cell
transformation resulted in 1.6 x 10° transformants/pg
cDNA. Recombinant plasmids were prepared by the alka-
line lysis method (Birnboim 1983) and EST sequences
(Sanger et al. 1977) were determined by the DYEnamic ET
dye terminator™ cycle sequencing procedure using a
MegaBACE 1000 capillary sequencer (GE-Amersham
Pharmacia Biotechnologies).

EST assembly and analysis

Electropherograms were base called using PHRED (Green
1996). Vector sequences were trimmed by Cross-Match.
Accepted sequences had at least 100 bases with a PHRED
quality equal to or better than 20, and these were used to
feed the CAP3 program (Huang and Madan 1999).
Assembled groups and singletons were submitted to an
automatic EST annotation procedure (Brigido et al. 2005).
Each group was compared to three databases using
the Blast X (Altschul et al. 1997) program: GenBank NR
(http://www.ncbi.nih.gov), KOG (http://www.ncbi.nih.gov/
KOG), and Swissprot release 44 (ftp.ebi.ac.uk/pub/
databases/swissprot/release/). The annotation pipeline
automatically captured the gene descriptions and EC
numbers from Swissprot best hits and the product name
and functional category from KOG libraries using 107'? as
the e-value cut off. Annotation was inspected manually by
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comparing Blast results and the automatically annotated
EC numbers and functional classifications.

Due to the caffeine contribution to the stimulant, and
most popular effect of guarana drinks, ESTs for caffeine
synthases (CSs) were reassembled separately and reexam-
ined in search of the best organization and putatively
complete ORFs. The more complete ORFs found in the
reassembled sequences were translated and aligned using
clustal W program (Thompson et al. 1994). A neighbor-
joining phylogenetic tree was developed, grouping these
sequences and methyltransferases from other sources using
PHYLYP with the Jones—Thornton substitution matrix
(Felseinstein 1998).

Results and discussion

The sequencing effort generated 15,387 guarana ESTs
from the seeded-fruit cDNA clones. These sequences were
deposited in GenBank (http://www.ncbi.nih.gov) under the
accession numbers EC763506-EC778393. The CAP3
assembly yielded 8,597 groups, with 5,969 singletons and
2,628 contigs composed of 9,418 ESTs. The average contig
contained two to three sequences (73% of the total). KOG
entries to A. thaliana sequences were found to be the best
hits for 5,685 guarana EST groups (contigs and singletons)
using 10719 as the e-value cut off (overview in Table 1).
The classification of 3,380 sequences into KOG cate-
gories (Fig. 1) indicated that 14% of the classified EST
groups were categorized as involved in posttranslational
modification, protein turnover, and chaperones. The next
category was ribosomal structure, biogenesis and transla-
tion, and signal transduction mechanisms. Carbohydrate
and energetic metabolism were also significantly found.
The contigs assembled from 20 or more ESTs are shown
in Table 2, representing the most abundant transcripts.

Table 1 Summary of guarana seeded-fruit EST project results

Descriptive category No. of ESTs

Total cDNAs sequenced 15,387
Number of clusters (contigs) 2,628
Number of singletons 5,969

Redundancy” 61%

Average EST length 773 bp
EST group matches with e-value <107'°
All organisms 5,956
Arabidopsis thaliana 5,685
No matches 2,641
KOG classified transcriptional units 3,380
G + C content 45.1

* (number of ESTs
ESTs) x 100

assembled in clusters/total number of

Most of them are distributed in either carbon fixation or
carbohydrate related functions and storage protein
metabolism.

Metallothioneins produced two of the most populated
contigs holding 65 ESTs (Table 2). A high frequency of
metallothioneins and other anti-oxidant related sequences
was similarly found in the transcriptomes of other maturing
fruits (Moyle et al. 2005; Davies and Robinson 2000;
Grimplet et al. 2005). These enzymes have been implicated
in reducing hydroxyl radical induced-DNA damage in
watermelons (Akashi et al. 2004). A similar DNA protec-
tive effect was pointed out for guarana extracts (Fukumasu
et al. 2006b).

Orthologues of late embryogenesis abundant (LEA)
proteins were also found among the most abundant
sequences. LEA proteins have been related to drought and
salt resistance (Oraby et al. 2005).

Transcripts related to secondary metabolism and pro-
tection against biotic stress is highlighted in Table 3 and
discussed below. These transcripts are targets for further
investigation into the unique guarana biological properties
and desirable agronomical characteristics.

Secondary metabolism transcripts

Secondary metabolism accounted for 4% of the EST
groups according to KOG classification (Fig. 1). The
P. cupana transcriptome included at least 129 sequences
related to flavonoid metabolism, including all the key
enzymes regulating the central pathway of its biosynthesis
(Table 3), which indicates that this is a very active
pathway in seeded-fruits. This is in agreement with the
phytochemical evidence for this genus (Abourashed et al.
1999).

Flavonoids are powerful anti-oxidants. The health ben-
efits of tea consumption are imputed to its high
concentrations of flavonol dimers and polymers (Frei
and Higdon 2003). Orthologues to enzymes involved in
catechin and epicatechin biosynthesis, dihydroflavonol
4-reductase and anthocyanidin synthase, respectively, were
found (Table 3). Catechins are believed to contribute to
weight reduction (Murase et al. 2002) and to increase, in
concert with caffeine, energy expenditure, as observed in
men who received encapsulated guarana (Berube-Parent
et al. 2005). Isolated tannins were found to exert anti-
mutagenic and anti-inflammatory effects (Tobi et al. 2002;
Sugisawa et al. 2004).

The stimulant properties of guarana drinks are reputedly
due to the seeds’ richness in caffeine, 2.7-5.8% of the dry
weight compared to 1.0-2.4% reported for coffee seeds
(Escobar et al. 1985; Weckerle et al. 2003). The high
number of orthologues to enzymes of the caffeine
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Fig. 1 Distribution of guarana
ESTs based on the KOG
functional categories
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Table 2 The most populated contigs found in the guarana seeded-fruit transcriptome
ESTs Annotation e-value Organism
83 Chlorophyll a/b-binding protein (cab proteins) 1.0e71%° Nicotiana sylvestris
75 2S albumin precursor 3.0e7"7 Ricinus communis
57 RUBISCO small chain, chloroplast precursor 1.0e7%8 Fagus crenata
49 Oleosin isoform B 9.0e73° Glycine max
43 Metallothionein 2b 1.0e7'6 Populus trichocarpa
42 Mannose/glucose-specific lectin 3.0e7!¢ Parkia platycephala
36 Fructose-bisphosphate aldolase 1.0e7!? Manihot esculenta
34 unspecific monooxygenase 1.0e77 Nicotiana tabacum
28 RUBISCO activase 1 0.0 Larrea tridentate
27 Legumin type B precursor 1.0e™8 Anacardium occidentale
26 Late embryogenesis abundant (LEA) M17 protein 1.0e7'° Arabidopsis thaliana
26 Seed tetraubiquitin 1.0e7'% Helianthus annuus
25 ADP-ribosylation factor 5.0e7° Gossypium hirsutum
24 Plant invertase/pectin methylesterase inhibitor 1.0e™® Nicotiana tabacum
22 Metallothionein-like protein 2.0e”’ Carica papaya
21 Putative deoxycytidine deaminase 1.0e" Oryza sativa
21 Predicted protein 4.0e7"? Magnaporthe grisea
21 Aquaporin 1.0e7!10 Ricinus communis
20 Putative histone H2A 5.0¢78 Oryza sativa

The contigs are represented by the number of reads, the annotation, e-value, and the orthologue source species

biosynthesis pathway (94 ESTs, Table 3) is in accordance
with the abundance of caffeine in guarana seeds. This
pathway is better understood in Coffea arabica (coffee;
Mazzafera et al. 1994; Ogawa et al. 2001; Uefuji et al.
2003) and Camellia sinensis (tea, Kato et al. 1999, 2000),
where it involves three N-methylation steps (xanthine —7-
methylxanthosine —theobromine —caffeine), all of them
performed by S-adenosine-L-methionine (SAM)-dependent
methyltransferases or caffeine synthases (CSs). Guarana
ESTs showed the highest similarity to two C. sinensis
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enzymes named TCS1 and TCS2 (Yoneyama et al. 2006).
TCS1 is a dual-function methylxanthosine/theobromine
methyltransferase (Kato et al. 1996; 1999).

A phylogenetic tree based on the distances among dif-
ferent CSs from C. arabica, C. sinensis, T. cacao, and CS
contigs from guarana is shown in Fig. 2. Caffeine pathway
methyltransferases have been demonstrated to group pref-
erably according to the source plant rather than to their
catalysis (Yoneyama et al. 2006) and this was confirmed in
this work.
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Table 3 Guarana ESTs related to secondary metabolism and biotic stress

Annotated product GI Organism ESTs Identity (%)
Secondary metabolism
Flavonoid pathways
Flavonol synthase 2,465,434 Petunia hybrida 34 47-81
Flavonoid hydroxylase 5,921,647 Petunia hybrida 30 46-72
Chalcone synthase 567,937 Camellia sinensis 17 70-94
Isoflavone reductase 3,243,234 Pyrus communis 17 53-87
Anthocyanidin synthase 296,844 Malus sp 13 47-82
Dihydroflavonol 4-reductase 33,313,474 Malus domestica 8 68-80
UDP-glucose: flavonoid 3-o-glucosyltransferase 13,620,873 Vitis vinifera 6 51-61
UTP-glucose glucosyltransferase 453,251 Manihot esculenta 3 52-56
UDP rhamnose: anthocyanidin-3-glucoside rhamnosyltransferase 397,567 Petunia hybrida 1 55
Purine alkaloid pathways
Caffeine synthase (TCS2) 51,968,288 Camellia sinensis 73 45-62
Caffeine synthase (TCS1) 9,967,143 Camellia sinensis 21 43-60
Carotenoid pathways
Beta-carotene hydroxylase 11,245,486 Citrus unshiu 6 51-79
9-cis-Epoxycarotenoid dioxygenase 38,112,198 Vitis vinifera 5 42-84
Carotenoid cleavage dioxygenase 1 49,659,726 Lycopersicon esculentum 5 65-92
Zeta-carotene desaturase ZDS2 33,313,474 Malus domestica 1 88
Biotic stress
Pathogenesis-related proteins 7,269,429 Arabidopsis thaliana 86 47-61
Endochitinase precursors 168,440 Zea mays 28 53-75
Cystein protease inhibitor 288,188 Vigna unguiculata 19 51-74
WRKY transcription factor 48,686,707 Vitis vinifera 17 34-85
Avr9/Cf-9 rapidly elicited protein 53,857,147 Nicotiana tabacum 9 37-75
Wound-induced protein WIN1 precursor 21,617 Solanum tuberosum 8 69-70
Hevamine A precursor 3,452,146 Hevea brasiliensis 4 55-71
Basic endochitinase precursor 166,665 Arabidopsis thaliana 3 51
Wax synthase 5,020,219 Simmondsia chinensis 3 50-55

Gene index number and source species for the best hit in the NR GenBank are listed as well as total guarana EST counts (including ESTs grouped
in contigs and singletons) and amino acid identity percentages to the GenBank product (the lowest and the highest identities are displayed for
each EST group). A minimum e-value of 107'" was set as the threshold to identify putative orthologous sequences

The metabolic pathway for carotenoid biosynthesis is
also activated in guarana fruits since 17 reads, including
those involved in the synthesis of carotenoids, such as
lycopene and zeta-carotene (Sun et al. 1996), were identi-
fied (Table 3). Class IV small heat shock proteins, which
support carotenoid deposition into the cell membrane
during the chloroplast (green plastids) to chromoplast (red
plastids) transition (Lawrence et al. 1997), were found to
represent 14% of the identified chaperones.

Plant resistance ESTs
At least 177 guarana reads showed significant similarity to

plant resistance proteins. From these, 86 ESTs for patho-
genesis related (PR) proteins which biological functions in

defense reactions could not be clearly defined, followed by
chitinases that are known to degrade N-acetyl-glucose
polymers in the chitin of insect exoskeletons and fungal
cell walls. Biotic stress control is apparently enhanced by a
cysteine-proteinase inhibitor known as cystatin that
exhibits anti-fungal activity (Soares-Costa et al. 2002).
WRKY factors that induce PR protein transcription
(Eulgem et al. 1999) were found. Finally, some ESTs
corresponding to a dual-function chitinase/lysozyme hev-
amine (Potter et al. 1993) were identified.

Final considerations

EST analyses have proven to be a cost-effective method to
reveal targets for future works attempting to access the
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Fig. 2 Phylogenetic
relationships among caffeine
synthase (CS) sequences
annotated from guarana seeded-
fruits, Coffea arabica (coffee),
Camellia sinensis (tea) and
Theobroma cacao (cacao). CS
related ESTs from guarana
transcriptome were grouped and
translated and the predicted
polypeptides were aligned to
various CSs identified in the
GenBank. Maximum likelihood
tree was obtained with Phylip
(Felsenstein 1998) and relevant
neighbor joining bootstraps
(1,000 replicates) were shown.
Numbers above species names
refer to the GI (gene index),
except for Paullinia cupana that
refers to grouped ESTs

87887929
Theobroma cacao

_01_

complete structure and expression patterns of genes that
contribute to the biological properties of guarana extracts
(Henman 1982; Espinola et al. 1997).

Additionally, many ESTs are related to valuable agro-
nomical characteristics, such as the PR related transcripts,
which can be considered a starting point for a large range
of investigations.

A GenBank search using Sapindaceae as the key word
resulted in 548 hits for proteins and 2,087 for nucleotide
sequences. More than 8,000 transcriptional units (Unique
Sequences) were analyzed by the REALGENE consortium,
comprising the largest set of sequences for this botanical
family.
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