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Abstract

Repeat blocks, microsatellites or simple sequence repeats (SSRs) can produce good co-dominant
molecular markers for genetic diversity analysis and the determination of self-pollination rates in
progenies originating from open pollination of selected genotypes. The enrichment of guarana
genomic libraries was underway when it was confirmed that we are working with a complex po-
lyploid species with 210 chromosomes. The probes (CA)12, (CT)12 and (TC)14+ were used to finish
the enrichment of four libraries for repeat blocks and the screening of a databank of expressed
sequence tags (ESTs) from guarana seeded-fruits was accomplished as well. Fifteen clonal culti-
vars were genotyped with three replicas at 10 out of 27 identified loci using the 59 alleles that
passed the reproducibility criterion. A large number of short repeat blocks were identified and
this was considered to be a consequence of the recent polyploidization event. However, blocks
with eight or more repeats ideal for genotyping were scarce. Annealing of most probes to short
blocks by partial complementarity could explain the scarcity of longer blocks in genomic libraries
but cannot explain why they were rare in the ESTs. Due to the complexity of the genotypes, alleles
were treated as dominant traits. ESTs harboring repeat blocks had the functional annotation re-
newed. Locus GRNO7 is inserted in a homologue of the MOTHER OF FLOWERING LOCUS T AND TFL1
(MFT), in which 3’-UTR displays clear post-transcriptional regulatory features. MFT and its va-
riants are probably involved in the determination of seed germination and embryo growth cha-
racteristics. Other accessed loci can be involved in plant architecture and defense reactions. It was
concluded that the alleles described in the present work can be used to distinguish guarana culti-
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vars and possibly to analyze segregation using the progenies of controlled pollinations between
divergent genitors. Also, the fingerprints obtained can be added to the morphological and agro-
nomic descriptors of the cultivars.
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1. Introduction

The guarana plant (Paullinia cupana Kunth sorbilis (Mart.) Ducke) is a liana native to the Amazon rainforest
that acquires the shrub habit when cultivated in open fields. It is included in tribe Paullinieae [1] or Clade X [2]
of the Sapindaceae. The extracts prepared with the powder made from guarana roasted seeds have been used as
stimulant for centuries by traditional Amazonian people such as the Sateré-Mawé [3]. This and the other biolog-
ical properties of guarana, e.g. anti-tumorigenic activity, have been the targets for recent investigation [4]-[6].

Over the past 40 years, Embrapa Western Amazon has conducted a breeding program of selected guarana
plants aimed at improving productivity and disease resistance. Molecular markers can be important tools in plant
breeding programs. They have been used for the identification and distinction (or discrimination) of genotypes
and for the quantification of variability in the DNA, which can subsequently be correlated with the divergence
of phenotypes. The integration of recombination by breeding, selection, and molecular data analyses leads to a
faster gain in results [7]. In perennial species, the assistance of molecular markers (MAS) allows selection to be
carried out before the traits of interest are expressed, representing a major incentive to employ molecular tech-
niques. When molecular markers are located within genes of interest the process can be referred to as gene-as-
sisted selection (GAS) [8].

Dominant markers were used for diversity analysis in guarana plants, but dominant markers usually only
support approximate assertions about identical individuals. The high degree of multi-allelism and the co-domi-
nant Mendelian inheritance of microsatellites (single sequence repeats or repeat blocks) provide a powerful sys-
tem for the unique identification of individuals for fingerprinting purposes and parentage testing, particularly
when the individuals are expected to be related [9]

We had already initiated the search for repeat blocks when it was definitely stated that guarana plants have
210 chromosomes and are allopolyploids [10]. The advent of the polyploidization is thought to be recent [3] and
extremely impacting, taking into account that additional seven species in the genus Paullinia have all 2n = 24
chromosomes [11] and genera on tribe Paullinieae have basal numbers of chromosomes (x) of 7, 10, 11, 12 or
14 [12]. Among complex polyploids, breeding assisted by co-dominant markers has been used, for instance, in
sugarcane and wheat, but experimentation has been greatly improved by the identification of the ancestors
and/or the knowledge about the contributions of different genomic complements for cultivated genotypes, by the
existence of highly saturated linkage maps and, by the access to whole-genome data that were recently made
available [13]-[16].

The objectives of the present work were to identify repeat blocks in the genome of guarana plants, to design
primers, to amplify and choose the loci displaying reliable variability to use as microsatellite markers and, to va-
lidate these loci by genotyping guarana cultivars, which were selected by their valuable agronomic characteris-
tics. We used 10 primer pairs, some of which were located within genes involved in physiological processes
such as seed viability, determination of the plant architecture and defense against pathogens. Although we still
cannot determine which ancestral genomes contributed to the currently cultivated genotypes of the guarana plant
or which are the dosages of the alleles, the fingerprints can be used as descriptive characteristics [9] and to assist
selection in progenies of highly contrasting genitors displaying phenotypes determinated by divergent allele
constitutions in loci controlling interesting agronomical traits.

2. Material and Methods
2.1. Genomic Libraries Enrichment

Four libraries of Sau3Al and Mse | genomic fragments were enriched for repeat blocks using probes (CA)1,,
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(CT)12, (CA), + (CT)y, or (TC)yy, according to the procedures described in [17] and modified as in [18] and
[19].

2.2. Screening of the Guarana Seeded-Fruits ESTs Databank

The guarana (Paullinia cupana Kunth sorbilis (Mart.) Ducke) seeded-fruits EST data bank (GenBank accession
numbers EC763506-EC778393) was screened for sequences harboring repeat blocks using the TROLL routine
from the Staden software package [20]. cDNA library preparation and EST sequencing are described in [21].

2.3. Plant Material and DNA Extraction

DNA was extracted from liquid N,-frozen leaves of 15 of the only guarana cultivars developed to date world-
wide, which are maintained at Embrapa Western Amazon (03°06'07"'S - 60°01'30"W) and recommended for cul-
tivation in the State of Amazonas (Brazil). The codes used for the identification of these cultivars are 189, 372,
388, 505, 608, 610, 611, 612, 624, 626, 648, 861, 871, 882 and 850. Chemicals and instructions for DNA ex-
traction were provided with the YGP100 kit (BMC Technologies). DNA extracts were quantified using a Nano-
Drop and examined following resolution in 0.8% agarose gels.

2.4. Development of Primers and PCR Reactions

Primers were designed for single ESTs when repeat blocks were identified in the CONTIGs (sets of singlets
aligned to construct the most reliable complete sequence) of the databank. The software Primer 3
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) was set to an optimal GC content of 45%, optimal
TM of 54°C and optimal length of 19 nucleotides (nt). Initially, the amplicons produced with 27 primer pairs
were evaluated in 2.5% agarose gels and/or 6% polyacrylamide gels. Nineteen pairs were selected for the addi-
tion of primer tails. Of these 19 pairs, 10 primer pairs that were designed to anneal to the
5-FAM*TGTAAAACGACGGCCAGT-3’ tail were selected due to better integration of the fluorescence and
intensity of the fluorescent amplicon produced. These 10 primer pairs were used for automatic genotyping in an
ABI 3100 machine. The polymerase chain reactions (PCRs) included 2.5 mM dNTP mix, 2.5 mM MgCl,, 0.25
pg/pL bovine serum albumin, 150 nM each primer, 150 nM primer tail*FAM, 15 ng of DNA, 1 U of Tag DNA
polymerase and 1 X Taqg polymerase buffer (Phoneutria) in a total volume of 13 pL. The PCR machine was
programmed to run for 3 min at 95°C, followed by 45 s at 57°C, 30 s at 72°C and 20 s at 95°C for 38 cycles, with
a final synthesis step at 72°C for 30 min. The PCR and automatic genotyping assays were replicated three times
per locus in each cultivar. The peaks/alleles were automatically identified by their lengths using the label peaks
tool of the Genotyper software (Applied Biosystems) and a ladder labeled with ROX. The filter labels tool was
set to eliminate peaks differing from 0.1 to 0.8 nt, which was sufficient to preserve and identify alleles that dif-
fered from each other by one nucleotide while simultaneously eliminating most artifacts.

2.5. Transferability of Primers for Litchi chinensis

The primers reported for lychee [22] were tested on guarana plants with slight modifications in an attempt to
determine the best annealing temperature.

2.6. Data Analyses and Statistics

Due to the complex polyploid nature of the species under study, the alleles that were reproduced twice within
three replicas were tabled as dominant characters and given a value of “1” for presence and “0” for absence. The
power of each allele to distinguish guarana cultivars was evaluated with the software pars designating the value
“1” for a specific allele per turn and “0” for all the others and applying sufficient turns to assure that the value “1”
has been given to each allele at least once. The 59 phylograms produced were compared using the software
treedist and through visual examination. For the analysis of divergence, 2000 bootstrap permutations were gen-
erated using segboot. Peaks that were reproduced twice within three replicas but displayed characteristically
very low intensities and/or very irregular areas were maintained in the analysis with the half of the weights giv-
en to the other peaks (weight = “1” in half the permutations and weight = “0” in the other half). Matrices of
paired distances were produced with restdist set to use the neighbor-joining method and site length = 20. Trees
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(phylip files) were produced for each of the 2,000 permutations using the software neighbor. These phylip files
were submitted to consense and to drawtree to obtain the cladogram for the 15 cultivars. Pars, treedist, segboot,
restdist, neighbor, consense and drawtree are part of the PHYLIP package, version 3.6 [23]. The BLAST routines
and the sequences available in the GenBank (http://www.ncbi.nlm.nih.gov/) and the TAIR
(www.arabidopsis.org/servlets/Tair) databanks were used to identify and compare orthologues. BIOEDIT ver-
sion 7.0.9 [24] was used for alignments. Splice Machine
(http://bioinformatics.psb.ugent.be/webtools/splicemachine) and ESEfinder 3.0
(http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi) were used online to attribute probability values for the
functionality of splicing sites on MFT. The Softberry package (http://linuxl.softberry.com/cgi-bin/programs)
trained with data from A. thaliana was used to predict the position of regulatory sequences as well as micro
RNAs (miRNAs) in the MFT 3’-UTR (untranslated region) harboring the microsatellite locus GRNO7. The da-
tabanks of the Arabidopsis Small RNA Project (ASRP, http://asrp.danforthcenter.org/) were used to identify
small RNAs (SmRNAs) predicted for the same untranslated region. RNAsoft (www.rnasoft.ca) was used to mod-
el the secondary structure for the miRNA predicted for the 3’-UTR of the same coding sequence [25]. Z tests of
proportions to compare frequencies of repeat blocks in different sources were performed using SigmaPlot ver-
sion 2.0 (P <0.5).

3. Results and Discussion

Among the 688 sequences obtained from the enrichment of the genomic libraries, 28% had perfect blocks with
at least four dinucleotide repeats (Figure 1(a)). This result indicated an average enrichment of 13.8%. No sig-
nificant differences in enrichment were verified when the four libraries where compared. Blocks with perfect
arrays of four repeats were significantly more frequent than were those with five (13%) or six, seven and eight
repeats together.

The data described above differ from those obtained for most plant species using (TC)1,.14 and (AC), probes,
such as Caryocar brasiliense [26], Ophrys araneola [27] and oak trees [28]. For Eucalyptus, the most highly
represented classes of frequency were those with 16 to 20 and 21 to 25 repeats per block, which together ac-
counted for 60% of the blocks most of which (80%) were perfect [29]. Blocks harboring a minimum of 15, 8,
and 13 dinucleotide repeats and maxima always above 20 repeats, in perfect and complex compositions, were
used for diversity analyses in kiwi [30], coconut [31] and olive tree [32], respectively. In fact, there are indica-
tions that loci with higher numbers of repeats per block are more variable than those blocks with few repeats
[33]. Therefore, once the screening of the four genomic libraries was completed, we finally assumed that micro-
satellite loci theoretically ideal to evaluate genetic diversity would be rare in the genome of guarana plants.

The results from the seeded-fruits ESTs followed the same trend. Repeat blocks of dinucleotides were present
in 3814 of the 4999 ESTSs harboring microsatellites. AG/TC repeats were the most frequent, followed by AC/TG,
AT and CG repeats (Figure 1(b)). However, the frequency of perfect blocks with eight or more repeats was
0.43% (66 blocks in 15,387 ESTSs). This result was not significantly different from 0.29% (2/688) calculated for
the genomic libraries. Arabidopsis, soybean, wheat, maize and rice exhibit around nine or ten dinucleotide re-
peats per block as average in transcribed regions [34].

A low frequency of perfect dinucleotide blocks can be related to large genome sizes, which are generally as-
sociated with the accumulation of “junk DNA”. The wheat haploid genome consists of 5600 Mbp, with 43.4 di-
nucleotide blocks per Mbp in nontranscribed (genomic sequences in general) regions and 61.0 dinucleotide
blocks per Mbp in transcribed regions (ESTs). These numbers are lower than those reported for the 125 Mbp
genome of A. thaliana, which displays 77.7 and 137.0 dinucleotide blocks per Mbp in nontranscribed and tran-
scribed regions, respectively. A generalized increase in genome sizes and the accumulation of “junk DNA” were
most likely simultaneous consequences of transposon amplification occurring in the evolutionary eras subsequent
to the Tertiary, after the ancient genomic polyploidizations that apparently affected most plant species. Trans-
posons are more efficiently eliminated from transcriptionally active hypomethylated regions of chromatin, where
most repeat blocks occur. Therefore, the frequency of repeat blocks would be negatively correlated with that of
“junk DNA”, which is abundant in large genomes, but would be positively correlated with that of singlecopy
and low-copy-number genes, which are better represented in ESTs than in other regions of the genome [34]. The
diploid nuclei of guarana leaves contain 22.8 pg of DNA [10], what lead to an estimate of 22 Gbps and to a ex-
pectative to find relatively few repeat blocks. Nevertheless, for the analysis of the seeded-fruits transcriptome,
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Figure 1. Number of repeat blocks identified in the genomic libraries
(@) and in the databank of ESTs from seeded-fruits (b) of Paullinia
cupana var. sorbilis, the guarana plant. Each genomic library in (a) is
identified according to the probe used for the enrichment. The per-
centage of repeat blocks is relative to the number of cloned and se-
quenced fragments that were complementary to the probes. Repeat
blocks identified in ESTs (b) are represented according to their com-
position. A logarithmic scale was used to facilitate visualization.
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15,387 ESTs with average length of 773 nt were accessed [21], and a rough calculation for the presence of 320
blocks with at least four dinucleotide repeats per Mbp is admissible. This number of blocks is 2.3-folds higher
than that in Arabidopsis and is even more intriguing when one considers that: 1) three-repeats blocks were
counted for Arabidopsis, while we only counted blocks with four repeats or more for guarana plants, and 2)
Arabidopsis presents a genome that is 6000-fold smaller than that of guarana. Indeed, our results sounded com-
pletely detached from the hypothesis in [34]. However, it must be considered that a recent, possibly 1000 to
2000 years ago, polyploidization event is part of the origin of cultivated guarana plants [3]. Repeat blocks al-
ready present in transcribed regions of the genomes of guarana ancestors, which became suddenly replicated on
the polyploidization process that followed a very probable interspecific hybridization occurrence [10], must
have been equally replicated and came out to the relatively high frequencies we detected in the allopolyploid
genome cultivated nowadays.

The accumulation of short repeat blocks in guarana is evident (Figure 1) and it can be inferred that genomic
fragments harboring short repeats hybridized so frequently with the probes used for enrichment of the libraries
that fragments harboring eight or more repeats had severely reduced chances of isolation. For such a large ge-
nome, it can be assumed that re-enrichment trials would not be a solution. However, this is not the reason for the
low frequency of blocks harboring eight or more repeats in ESTs, which are accessed using completely different
techniques. Theoretically, blocks with very high numbers of repeats are more likely to influence the conserva-
tive replication of transcribed regions by unequal crossing or slippage, and this condition can lead to some
counter-selection of very long blocks in these regions. Nevertheless, upon examining Figure 1(b) it can be con-
cluded that a considerable number of longer blocks would be necessary to approximate the mean number of re-
peats per block in guarana ESTs from those nine or ten reported as average for the other species cited above.
Whether these results can be related to the recent polyploidization of guarana plants is not clear and we could
not yet construct a reasonable hypothesis to explain it.
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Genotyping of 10 loci (Table 1) for 15 elite clones selected and recommended for cultivation in the State of
Amazonas (Brazil) was performed in triplicate as an attempt to increase the reliability of the alleles while elimi-
nating most of the experimental artifacts. Data were arranged according to the guarana cultivar, and peaks that
did not contribute to a reproducibility score of “2 in 3” were inventoried as missing data. GRNO5 and GRN12
were the loci with the lowest reproducibility scores, as many peaks were present in only one out of three repli-
cas.

Fifty nine alleles were included in the diversity analyses. Reproducible peaks with very low intensities or very
irregular areas were given half the weight given to more intense peaks displaying classical approximately trian-
gular areas. Whether these peaks are unique characteristics valuable for the identification of certain cultivars
will be verified in future experiments. No two cultivars were identical among the 15 that were analyzed. Boot-
strap values above the partitions in the cladogram (Figure 2) are related to the efficiency of the alleles to discri-
minate the different cultivars. Higher bootstrap values indicate that many divergent alleles will be necessary to
fractionate the correspondent clade and to identify its members individually. Alleles L12259, L12265, L14208,
L17190, L17198, L20235 and L20238 were worthy distinctive characters, as defined by the use of the softwares
pars and treedist.

Due to the allopolyploidy, even more than five reproducible alleles per guarana plant were present at some
loci (Figure 3). Alleles differing by one or three nucleotides from each other were preserved for diversity analy-
sis, even when observed on loci harboring blocks of dinucleotides (Figure 3(b), allele 217), especially consi-
dering the high level of polyploidy of the studied plant species. It has been done before for kiwi [30] and olive

Table 1. Characteristics of the primer pairs used to access ten microsatellite loci and genotype guarana (Paullinia cupana var.
sorhilis) cultivars.

LOCUS REPEAT BLOCK PRIMERS F AND R AL EXPSIZE
GRNO1 (CA)s(CA)s AGAACTGGTCCAACCGTCTC and CGTGAAAGGTCTGAGTGAAGC 4 110
GRNO4 CA(CCA),CA(CCA) CATCCATTGTCACCTCTTGG and TGGCATGAGACAATTTGTGG 1 209
GRNO5 (TA)s(AT)s GATCAGGTGCCACTCCAAGT and TTGTGTGAGTCCTCAGCCTCT 5 233
GRNO7 (TA)16 GGTTCTTTTCAGCGCAGTTG and GGCATAGAGCACCGAGAGAC 8 249
GRNO09 (AT)sC(TA)12 CTGAATGCTGTCCAAGCA and GCAGCCTTCCCATTTTACC 5 256
GRN12 (TG)s(TA); TGTCAAACCCCTTTATGTTC and CAATGGTGCCAGTAAATACA 5 244
GRN13 (CT)s(TA), TCGAAATATATGTGGCATGA and TGCATAAAATCACCAAATCA 1 252
GTN14 (TC)u ATGATCATCAGCATCATGG and TATCCAACTCAATTCCCAGA 13 191
GRN17 (CT)e TGCGACTGTGAGTGAGCTA and TTGAGATGAACTCAGCCAAC 10 180
GRN20 (CGC)s(CGC)s TGGGAGGAGAGAACCGTACA and GCCTTCCCTTCCTATCAAGC 7 222

OBS.: annealing temperature was 57°C for all the primer pairs. EXP SIZE = expected size of the amplicons. AL = alleles passing the reproducibility
criterion.
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Figure 3. Chromatograms produced by genotyping guarana (Paullinia cupana var. sorbilis)
plants with primers for the microsatellite loci GRNO1 (a), GRN14 (b), GRN17 (c) and
GRN20 (d).

tree [35]. Besides, different numbers of repeats but also indels in the flanking regions of the blocks were found
while transferring primers from Brassica rapa to other species of the same genus [36]. So, it is possible that dif-
ferences of one or three nucleotides in a dinucleotide repeat block can occur, e.g., among homeologous chro-
mosomes. Two exclusive alleles were identified, L14215 and L20230, for cultivars 626 and 608, respectively.

It was not possible to conclude about the number of copies (the dosage) of the alleles. Some work using the
areas below the peaks can be useful to accomplish this type of analysis, which depends on information about the
ancestors as demonstrated for hemisexual and polyploid Rosa L. Sect. Caninae D.C. [37] or on the assessment of
information about the different dosages of the same alleles in genitors and the resultant hybrid progenies by oth-
er means [16]. Two tendencies were observed regarding the number of alleles in each locus: two alleles and
multiples of two (Figure 3(a)) or three alleles and multiples of three (Figure 3(b)) per plant. Loci displaying
five alleles were also present (Figure 3(c)). To organize the karyogram of the cultivated variety, a set of homo-
logous/homeologous chromosomes was arranged in groups of two pairs (metacentrics and submetacentrics),
while another set was arranged in groups of three pairs (acrocentrics) [10]. It is possible that these two tenden-
cies for the occurrence of alleles at different loci are related to the amplification of loci present in each of these
two sets of chromosomes and/or in both of them simultaneously.

Seven of the 10 loci used in the present work were identified in the sequences of ESTs included in the guara-
na seeded-fruits databank [21]. Their orthologues in the GenBank or the conserved domain identified in the or-
thologues are listed below (Table 2).

Locus GRNO7 was identified in a CONTIG of ESTs that is homologous to the MOTHER OF FLOWERING
LOCUS T AND TFL1 (MFT) coding sequence from Fragaria vesca (Table 2). MFT encodes a transcription
factor that is expressed in seeds and is responsive to abscisic acid and gibberellins, which are plant growth regu-
lators controlling the time necessary for germination in Arabidopsis [38]. The long MFT 3’-UTR, consisting of
365 nucleotides (Figure 4(a)), displays at least three characteristics of post-transcriptional regulatory regions: it
harbors a repeat block (the TA block in the box); it is the target for small RNAs (SmRNA shown in red); and it
contains 27 tetranucleotides from eight out of nine types of sequences identified as consensus of putative recog-
nition elements (PREs shown in green) for RNA-binding proteins involved in post-transcriptional regulation.
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Table 2. Orthologues of the ESTs in the seeded-fruits databank accessed to develop microsatellite markers used for geno-
typing guarana (Paullinia cupana var. sorbilis) plants.

ORTHOLOGUES IN THE GenBank

LOCUS CODING SEQUENCE SPECIES ID EVALUE
GRNO7 mother of flowering locus T and TFL1 Fragaria vesca XP4299541.1 2xeg®
GRNO09 endo-xyloglucan transferase Gossypium hirsutum BAA21107.1 1xe™®
GRN12 cyclase (tryptophan catabolism) Arabidopsis thaliana EFH43390.1 2xe®
GRN13 gibberellin oxidase Pisum sativum ABI64150.1 4xe*
GRN14 unnamed protein (TCP transcription factor) Vitis vinifera CA048409.1 gxeg?
GRN17 anfipatic channel (membrane) Jatropha curcas ADU56185.1 6xe?
GRN20 zinc finger protein C2H2 Ricinus communis EEF34900.1 9xe®

AAA TAT ATC TTC TCT CTT GTG TTT TAG CCT CTT TGC TCT CTG TTT GTG TTT GTA ATG 57
GGA TCA ATG GGA ACA CCG GTG GAT CCA TTA GTG GTG GGA AGA ATA ATC GAC GAA GTA 114
M G T P \'’4 D P L \'4 v G R F I D E \'’4 17
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s ¢ x P D E L Y T L I M T D P D A P § 74 f
CCT AGC GAG CCC AGC ATG AGA GAA TGG ATC CAT TGG ATC GTG GTT GAC ATA CCA GGG 342 ) .
PSEPSMREWIHT:IIVVDIP693707“." .e"
GGA GCT AGT CCT TCT CAA GGT ATT GAA ATT CTG CCG TAC ATG GCT CCC AAA CCC CCA 399 oot
G A 8 P &8 9 & W I » P ¥ M A P K P P 112 ¢ 648
ATT GGC ATC CAC CGG TTT ATT CTG ATA CTG TTC AAA CAG AAG TCG AGG CTG GGG ATG 456 e::“
¥ €@ ¥ @ R ¥ T & © K F X @ X & ® © & M 131 Y \
ATG GAA CCC CCG ATG AAC CGC GCG AAT TTC AAC ACA CGG TTC TTT TCA GCG CAG TTG 513 . <
M E P P M N R A N F N T R F F S A @ I 150 .'qe;fn—
GAC CTG GGC CTT CCA GCG GCA TTA GTG TAT TTC AAC GCA CAT AAA GAG CCA GCA AAC 570 $47658
p L 6 L P A A L V Y F N A H K E P A N 169 T3
AGG CAG TCA CAG GCT AGG AGG ACA TAG TCC CAA AAA TTG AAA GCA CCT GAT CAG CTT 627 b &<
R @ S @ A R R T * 177 ce
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[aTa TAr T ATA ATG TAT ACT CAT GGA GAG GGG CGG TAT TCT CTC GGT GCT CTA TAC 741 ::
CAT TGA GTT CIC CTG ATC GGG TCG GGT TAT TTG TCC TTA TTT GTG TTT TGG TCT TGT 798 .e
GTT GTC TGT TCG GAT CGT GTT GTC TCT TCG GGT CGA GTC GTG TCA Gac CAA GaT GtA 855 22
ATC TTT TCT TTG AGT ATG GTG TGT CCT TTG TA TGA ACT TCT AGC TTA TTA AGT TGT 912 P2 -
ATG TAG GTG AAA CTA GTT TGG TTT CTT TTA TGT ATC TGG TGG TTT CCT CTa aaa aa 968 ce
(@) (b)

Figure 4. (a)—Sequence from the guarana (Paullinia cupana var. sorbilis) seeded-fruit databank that harbors the TA repeat
block (in the box) in microsatellite locus GRNO7. The amino acids below the codons constitute the deduced peptide homo-
logous to the mother of flowering locus T and TFL1 transcription factor. Three predicted splicing sites are indicated by black
arrow heads. A stop codon is represented by an asterisk. The first six adenines in the poly(A) tail are represented by itali-
cized bold letters. The predicted regulatory motifs in the long 3’-UTR are identified by different colors: a consensus se-
quence for interaction with the EIN3 transcription factor activated by ethylene is shown in blue; the homologous of a
smRNA from A. thaliana that also targets the CYTOSOLIC MALATE DEHYDROGENASE coding sequence (ASRP and
[39]) is displayed in red; 4-mer motives significantly enriched among Putative Recognition Elements (PRES) involved in
post-transcriptional “regulons” directed by RNA-binding proteins [40] are displayed in green. Putative polyadenylation sig-
nals [41] are presented in bold italicized underlined capital letters and often coincide with other potential regulatory signals.
(b)—Secondary structure for the pre-miRNA predicted to be transcribed from nucleotide 614 to 733. The bracket indicates
the predicted mature miRNA.

These characteristics were identified through the analysis of untranslated regions in six dicotyledonous fami-
lies and have presumably been preserved for the last 70 million years, despite they are not protein coding se-
quences. Corroborating the hypothesis of regulatory power, these elements are preferentially observed in associ-
ation with major open reading frames that code for transcription factors [40], which is the MFT in this study.
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Variations in the number of TA repeats of the block inside the microsatellite locus GRNO7 could influence
transcript maturation or processing and be related to differences in the time necessary for seed germination.
Changes in the 3’ portion of the TA block could result in the emergence or disruption of proximal/distal polya-
denylation signals, which are relatively free variations on the themes UUUGUA and AAUGAA. The efficiency
of polyadenylation, the length and the age of poly(A) tails are directly related to the stability and translatability
of mMRNAs [41] [42]. On the other hand, the same TA repeat block displays a predicted potential to function as a
TATA box (Softberry-TSSP) and to promote the transcription of SmMRNAs located downstream. By their turn,
interactions with sSmRNAs could repress the expression of MFT in the nucleus, impairing polyadenylation, or in
the cytosol, attaching to the mRNA and inhibiting translation, as reported for the SPL3 gene in A. thaliana [43].
The coordinated repression of MFT and CYTOSOLIC MALATE DEHYDROGENASE by a single small RNA
(SmRNA in red in Figure 4(a)) in the nucleus or the cytosol could lead to the prevalence of sucrose synthesis
and accumulation over glycolysis while the fruit is functioning as a photosynthate sink and the embryo is dor-
mant. MFT regulation by ethylene (regulatory element in blue in Figure 4(a)) could also be part of the sequen-
tial programs of gene expression concurring for fruit maturation and dehiscence, embryo dormancy and seed
germination [44]. Hypothetically, annealed smRNAs could open the chromatin facilitating transcription by RNA
polymerase 11 and keep it open, even when the major ORF has been methylated and entered the heterochromatin.
Finally, there is at least one predicted pre-miRNA (Softberry-findmirna) in the MFT 3’-UTR, which could generate
21 or 24 nucleotides long mature miRNAs with the sequence 5’-UGCCAGGCGUAAUAUAUAUAU(AUA)-3’
(Figure 4(b)). These elements are frequently related to disease defense or transposon silencing.

Locus GRN13 is inserted in a homologue of GIBBERELLIN OXIDASE from Pisum sativum (Table 2) and
was found to be monomorphic, with a single allele—L13236—identified for all guarana cultivars. Because this
same single allele was observed in the 15 cultivars selected for productivity from different backgrounds it is
possibly the OXIDASE allelic variant that better contributes to the maintenance of a proper concentration of
gibberellins in dormant embryos [44], avoiding viviparity. Locus GRN14 includes the repeat block located in
the 3’-UTR of the homologue of a Vitis vinifera transcription factor harboring the TCP domain, which can be
related to the architecture of the branches and leaves, flowering time, defense reactions and seed viability [45]-
[48]. Locus GRN20 lays in a homologue of a zinc finger transcription factor, which is member of a very large
C2H2 protein family whose members are also related to the onset and development of the fruit
(www.arabidopsis.org/servlets/Tair). In barley, nine-repeats blocks are in loci related to flowering time. The se-
gregation pattern of two of these blocks combined explained 15% of the variability of this phenotypic characte-
ristic when the plants were evaluated under short days. One of the loci—HVM40—is a complex repeat block
consisting of (GA)e(GT)4(GA);, while the other is composed of ATs [49] [50], such as GRNO7 and part of
GRN13 from the guarana plants. Combinations among other of those loci in barley explained more than 30% of
the variability in the time necessary for flowering [49] [50].

The primers developed for Litchi chinensis [22], another Sapindaceae from tribe Nephelieae, were tested for
transferability. Only LMLYS5, LMLY7 and LMLY8 produced amplicons from guarana plant DNA, although the
results (not shown) were not reliably reproducible. This was interpreted as a consequence of the evolutionary
distance between Nephelieae and Paullinieae. Accordingly, just four out of the 12 primer pairs have previously
been successfully applied for longan (Euphoria longan) [22], which is included in the tribe Nephelieae as well.

4. Conclusion

In conclusion, dinucleotide blocks harboring eight or more repeats are less frequent in the genome of guarana
plants compared with most plant species. The primer set reported in the present work can provide descriptive
characteristics and can be used to distinguish between the genotypes of the 15 guarana (Paullinia cupana var.
sorbilis) analyzed cultivars. Some of the primer pairs described here, such as GRNO7 and GRN14, can also be
useful in future research on seed viability, fruit setting time, the uniformity of fruit maturation and/or plant/in-
florescence architecture and defense against pathogens using progenies arising from controlled pollination be-
tween phenotyped divergent genitors.
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