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SUMMARY

Quality and drought stress tolerance are two important targets for Coffea species cultivation.
Currently, efficient genetic improvement of these traits is still hampered by the lack of early
and cheap predictors. In this context, identification of molecular tools linked to these traits
would significantly improve breeding efficiency. Based on the available literature, different
metabolisms involved in the variability of both drought tolerance and coffee quality can be
proposed. Based on this information, a study was initiated in Coffea species, aiming at
estimating nucleotide diversity of four sucrose metabolism enzymes (Sucrose Synthase, Cell
Wall Invertase, acid Vacuolar Invertase and Sucrose Phosphate Synthase). The two mains
objectives of this work were 1) to assess the level of variability of these genes within the
whole area of distribution of Coffea canephora, and within 15 related Coffea species
representing the four groups of diversity of this genus, and ii) to identify polymorphisms
useful for mapping and association genetic studies. Almost 200 polymorphisms (SNP,
INDELS, SSR) were identified through sequencing of Coffea canephora genotypes. In
addition, analysis of the variability of these genes between different Coffea species allowed
the identification of 300 additional polymorphic sites. Parallel in-silico analysis of EST
resources confirmed the interest of this approach towards the identification of polymorphisms
in Coffea sp. Identification of nucleotide polymorphisms will not only provide useful markers
for traditional genetic studies (genetic mapping, population genetics, association studie) but
also provide criteria to infer the evolutionary history of the analysed genes. Such information
will be particularly relevant to select the best candidate genes to test in future association
studies.

INTRODUCTION

Coffee is one of the world’s heavily traded commodities. However, little is known about the
genomic control of cup quality and abiotic stresses tolerance in Coffea sp which are two key
components of the sustainability of the coffee market. Currently, rapid genetic improvement
of these traits is still hampered by the lack of early and cheap predictors, phenotypic ones
being cost and time consuming to use. In this context, identification of molecular tools linked
to these traits would significantly improve breeding efficiency. Among the different
metabolisms involved in fruit quality development and drought tolerance, sucrose metabolism
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is particularly relevant. Several studies underlined the importance of enzymes/genes of this
biosynthesis pathway in drought stress response (Andersen et al., 2002; Hazen et al., 2005;
Pelah et al., 1997). At the coffee quality level, sucrose has been pointed out as an important
precursor because its degradation during roasting leads to allyphatic acids, hydroxymethyl
furfural and furans that contribute to flavours and aromas (Grosch, 2001; Homma, 2001). In
addition, part of the preference for C. arabica compared to C. canephora coffee, has been
frequently attributed to sucrose content differences between these species (Guyot et al., 1996;
Casal et al., 2000; Ky et al., 2001).

Identification of the genomic regions and genes controlling the variability of traits of
agronomic importance is a long and difficult task. Identification of QTLs in mapping
pedigrees, despite its importance, only provides partial information on the genetic control of
these traits, the underlying genes and the responsible polymorphisms remaining unknown.
Such lack of information often hampers the application of marker assisted breeding in
conventional breeding schemes.

In this context the aim of this study was to evaluate the nucleotide diversity of genes encoding
4 enzymes of the sucrose biosynthesis pathway (Cell Wall Invertase (CWI), acid Vacuolar
Invertase (VI), SUcrose Synthase (SUS) and Sucrose Phosphate Synthase (SPS)). This
analysis was performed using two strategies: i) direct sequencing of C canephora and C. spp
genotypes and ii) in-silico analysis of the EST resources available. In addition, analysis of the
landscape of diversity of these genes from an evolutionary point of view provides information
useful to identify the best candidate gene/ sites to use in future mapping and association
experiments.

MATERIAL AND METHODS
Polymorphism discovery by direct sequencing

The primers used to amplify the targeted genes were designed based on the sequences
available in The Brazilian Coffee Genome Project (Vieira et al., 2006; http://www.lIge.
ibi.unicamp.br/cafe/). After a first polymorphism discovery step in C. canephora based on 7
genotypes belonging to the different genetic groups (Congolese SG1, Congolese SG2,
Congolese B, Congolese C, Guineans, Uganda wild and Uganda N’Ganda, (Cubry et al.,
2006)) a larger sample size (35 to 70 genotypes belonging to the different genetic groups) was
analysed for the most interesting genes (SUS1, SUS2 and SPS). C. canephora genotypes
belonging to the Congolese and Guineans groups were provided by the CNRA (Centre
National de Recherche Agronomique) of Ivory Coast Republic whereas the Ugandan
genotypes (Wild and N’Ganda) were obtained from the NARO-CORI of Uganda. All the
genotypes used for the interspecific analyses (14 species) came from the IRD (Institut de
Recherche pour le Développement) collection (Montpellier, France).

In-silico polymorphism discovery

In parallel with the polymorphism discovery based on the direct sequencing strategy, a search
of the polymorphisms available in the EST resources generated by the Brazilian Coffee
Genome Project and the Nestlé¢/ Cornell project (Lin et al., 2005; http://harvest.ucr.edu/) was
performed using exclusively the contigs containing at least four sequences. Only
polymorphisms for which the rare allele was present at least twice were considered.
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RESULTS AND DISCUSSION
Sucrose metabolism genes: Mining of the Brazilian Coffee Genome Project

As a starting point of this project, data from the Brazilian Coffee Genome Project were
analysed with a particular emphasis on the genes encoding the four main enzymes of sucrose
metabolism. Between 6 (for SPS) and 237 ESTs (for SUSY) were identified (Table 1).
Bioinformatic analyses of these sequences allowed the identification of 7 putative genes for
the CWI and two for the other genes (2 SUS, 2 SPS and 2 VI). Based on this information,
primers were defined to amplify 3 CWI genes, 1 VI gene and the 4 putative genes encoding
SUS and SPS proteins.

Table 1. Sucrose biosynthesis pathway: Mining of the Brazilian Coffee Genome Project.

Gene Number | Number | Number | Number of | Deduced
of ESTs of of contigs | contigs > gene

singletons 4 seq number”
Cell Wall Invertase (CWI) 22 3 6 2 712
Vacuolar invertase (VI) 9 1 1 1 2(1)
Sucrose Phosphate 6 0 2 0 2(0)

Synthase (SPS)

Sucrose Synthase (SUS) 237 18 9 9 2(2)

“Number of genes expected based on the BLASTX results obtained using the contigs and
singleton. Between parentheses: the number of genes for which contigs, with at least 4
sequences, are available.

Assessment of Coffea canephora nucleotide diversity by direct sequencing

All the fragments were sequenced in at least one genotype belonging to the different genetic
groups (7 genotypes). The SUS and SPS genes were then analysed using a larger sample size
(35 to 70 genotypes). Sizes (in bp) of the explored regions and polymorphic sites discovered
are indicated in the Table 2.

Table 2. Polymorphism discovery in C. canephora.

Gene Regions explored (bp) Polymorphic sites
5°UTR | Coding | 3’UTR | Introns | Total | Ntot | SNP | INDELS | SSR
CWI 1 0 191 158 0 349 2 2 0 0
CWI 3 0 529 0 0 529 3 3 0 0
CWIL 5§ 0 276 60 195 531 12 11 0 1
VI 1 0 732 0 314 1046 13 13 0 0
SUS 1 542 2183 273 1159 | 4157 36 31 0 5
SUS 2 0 2375 570 1865 4810 97 79 11 7
SPS C1 0 286 377 0 663 17 17 0 0
SPS_C2 0 664 0 535 1199 1 1 0 0
Total 542 7236 1438 4068 | 13284 | 181 157 11 13

A total of 13 kb was explored leading to the identification of 181 polymorphisms including
157 Single Nucleotide Polymorphisms (SNP), 11 INsertions/DELetionS (INDELS) and 13
microsatellites (SSR). On average 1.2 SNP was detected every 100bp. When considering all
the sequenced fragments, most of the SNP were located in untranslated regions (69%) and
one third of the polymorphisms detected in the coding regions led to Non Synonymous
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mutations (33 Synonymous [S] vs 16 Non Synonymous [NS]) (Table 3). In the context of
association studies aiming at identifying the genes/sites controlling the genetic variability of
agronomic traits, this class of polymorphism will be the most interesting to use as they are
likely to induce modification of enzyme’s activity/affinity.

Table 3. Landscape of nucleotide diversity (SNP only) in C. canephora.

Gene Ntot Intron 5°UTR 3’UTR ExsonS ExsonNS
CWI 1 2 — — 2 0 0
CWI 3 3 — — — 2 1
CWI 5 11 6 — 1 2 2

VI 1 13 5 — — 4 4
SUS 1 31 8 10 9 4 0
SUS 2 79 46 — 8 17 8
SPS C1 17 — — 12 4 1
SPS C2 1 1 — — 0 0
Total 157 66 10 32 33 16

In a second step, according to the results obtained through physiological and genomic studies
(Geromel et al., 2006; Marraccini et al., unpubished) it has been chosen to focus our efforts on
the Sucrose Synthase and Sucrose Phosphate Synthase genes, which are the ones that seem to
regulate sucrose accumulation in the coffee bean.

For SUS1 and SUS2, almost the full-length genomic sequences were analysed (4.1 and 4.8 kb
respectively). For both, much more Synonymous (respectively 4 and 17) than Non
Synonymous polymorphisms (respectively 0 and 8) were detected, suggesting that these genes
are under strong evolutionary constraints due to their key role in plant development.

For SUSI1, SUS2 and SPS_Cl1, examination of at least 5 genotypes per genetic group allowed
the analysis of the population genetic structure based on nucleotide polymorphism
information. Genetic differentiations (Fst) ranging from 0.46 (SPS) to 0.54 (SUS1 and SUS2)
were observed. These values correspond to the one’s obtained with SSR (0.380; Cubry et al.,
2006). If this analysis did not reveal, in this particular case, a discrepancy between candidate
genes and neutral markers (SSR), this strategy can be extremely useful to identify genes of
agronomic interest (these genes usually presenting diverging patterns of evolution compared
to neutral genomic regions (Pot et al., 2005)).

Nucleotide diversity of SUS1, SUS2 and SPS in Coffea sp

For SUS1, SUS2 and SPS_Cl1, in addition to C. canephora, 14 species were analysed. These
species belong to the 4 groups of diversity of Coffea and are characterized by different
amounts of sucrose and present variable levels of tolerance to drought stress. For the 3 genes
analysed, 311 polymorphic sites corresponding to 265 SNP, 28 INDELS and 18 SSR were
detected (Table 4).

Table 4. Polymorphism discovery in Coffea species.

Gene Ntot SNP Indels Microsat
SUS 1 142 121 9 12
SUS 2 107 90 11 6

SPS C1 62 54 8 0

Total 311 265 28 18
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Consistently with the results reported at the C. canephora level, most of the SNP were located
in untranslated regions (76 %), and within the coding regions the Synonymous mutations
were predominant (53 S vs 10 NS) (Table 5). These results suggest that at both C. canephora
and C. spp levels these genes are under high selective constraints confirming their key role in

plant development.

Table 5. Landscape of nucleotide diversity (SNP only) in Coffea species.

Gene Ntot Intron 5°UTR 3’UTR ExsonS ExsonNS
SUS 1 121 88 — — 26 7
SUS 2 90 47 — 23 19 1

SPS C1 54 — — 44 8 2

Total 265 135 0 67 53 10

In addition, this study allowed the confirmation of the origin of C. arabica. Lashermes et al.
(1997) and Cros et al. (1998) using respectively ITS from nuclear DNA and chloroplastic
sequences proposed that the two parental species of C. arabica could be C. canephora and C.
eugenioides. The results obtained at the nucleotide level for SUS1, SUS2 and SPS Cl1
confirmed this hypothesis revealing for these three genes close relationships between the
haplotypes of C. arabica and the ones of these two species (Figure 1). It is also interesting to
note that when considering the 26 sites heterozygotes in C. arabica, in 92 % of these cases
(24), the two alleles were present in C. canephora and/or C. eugenioides. And within these 24
sites, 19 present fixed differences between the two species.

(b)

il

Figure 1: Phylogenetic treez of SP5cl
(a), SUS1 (b) and SUS2 (c).

Figure 1. Phylogenetic trees of SPS_C1 (a), SUS 1 (b) and SUS_2(c).

In-silico polymorphism detection

SNP have recently become the marker of choice in genetic analyses due to their abundance
and stability compared to SSR and INDELS. Although the most classical way to identify SNP
is, as presented earlier, direct sequencing of amplicons, an alternative method takes advantage
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of the redundancy of gene sequences generated in EST sequencing programmes. Such
programmes have been developed for coffee, generating a total of 261 964 sequences (47000
from the Cornel/Nestle project and 214 964 from the Brazilian Coffee Genome Project)
offering the opportunity to initiate an in-silico polymorphism discovery for the coffee species.

Table 6. Polymorphic sites detected in the Brazilian Coffee Genome Project.

Gene | Lengh | Number | Number of | Number | Number | Number | Number of
sequences” | polymorphi | of SNP of of SSR Non
¢ sites” Indels Synonymous
mutations®
CWI 1| 1432 4 (0) 0 0 0 0 0
CWI 5| 1748 6 (0) 1 1 0 0 1
VI 1 1723 8 (0) 20 20 0 0 8
SUS 2 | 1804 13 (0) 0 0 0 0 0
SUS 2 | 257 5(0) 0 0 0 0 0
SUS 1 | 2985 200 (8) 50 (10) 43 4 3 4 (0)

“Between parentheses, the number of sequence of Coffea racemosa; ?Between parentheses,
the number of polymorphic sites corresponding to fixed differences between Coffea arabica
and Coffea racemosa; “Between parentheses, the number of synonymous mutations
corresponding to fixed differences between Coffea arabica and Coffea racemosa.

Analysis of Brazilian Coffee Genome Project allowed the identification of 64 polymorphic
sites (Table 6). These polymorphisms were mainly detected in VI 1 (acid Vacuolar Invertase
I) and SUS1 (Sucrose Synthase I). Out of these 64 polymorphic sites, 13 lead to NS
modifications. According to the availability of C. arabica (which is of allotetraploid origin)
and C racemosa sequences in the Brazilian Coffee Genome Project, comparison of the
polymorphisms discovered through the direct sequencing methodology at the interspecific
level and the ones discovered In-Silico was possible. Based on this comparison it appeared
that 50 % (34/66) of the polymorphic sites detected by traditional sequencing and potentially
present in the Brazilian Coffee Genome Project (polymorphisms located in the coding
sequence and in regions available in the Brazilian Coffee Genome Project) were detected.

At the C. canephora level, 34 % (12/35) of the polymorphic sites detected by traditional
sequencing and potentially present in the Brazilian Coffee Genome Project were detected.
This result suggests that a significant part of the variability present in C. canephora is still
present in C. arabica. In addition, this result underlines the interest of the analysis of C.
arabica EST resources not only in the frame of project concerning exclusively C. arabica but
also C. canephora.

Regarding the Nestle/Cornell EST resource, only SUS1 was analysed (70 sequences). Indeed
for the other genes, the minimum number of sequences per contig (i.e 4) was not reached. For
this gene, 25 polymorphisms were detected. Out of these, 10 had been detected by traditional
sequencing (4 of them were initially considered as false positive in the traditional sequencing
strategy according to their localization in low quality sequences). Out of the 10 “validated”
polymorphic sites detected by the traditional sequencing strategy in the same region in C.
canephora, 6 were detected in the Nestle/Cornell EST database (60%). When compared to the
sequencing approach, 15 additional polymorphisms were found in the Nestlé/Cornell dataset.
Several reasons can be proposed to explain the detection of additional polymorphic sites in-
silico: 1) low density of sequencing in the region analysed (1 genotype per group), ii) small
sample size at the within group level...
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The results obtained through the “In-Sillico polymorphism discovery” strategy revealed its
importance and complementarity with the strategy of direct sequencing. This strategy could
easily provide the Coffee community with a large set of polymorphic markers useful for
various purposes: genetic mapping, association studies, analysis of geographic origin,
certification of varieties...

CONCLUSION AND PERSPECTIVES

Analysis of nucleotide diversity of sucrose biosynthesis genes allowed the identification of
several polymorphisms at the intra and interspecific levels. In addition to their interest for
traditional genetic studies like genetic mapping, population genetic analysis, association
studies... their pattern of diversity will also provide criteria to infer the evolutionary history
of the analysed genes. Such information will be particularly relevant to select the best
candidate genes to test in future association studies.

The results obtained through the In-Silico polymorphism discovery strategy confirmed the
importance of this approach towards the identification of markers useful for the coffee
community. A whole genome scan could be rapidly initiated using the EST resources
currently available (Brazilian Coffee Genome Project and Nestlé/Cornell project); such
approach which presents an extremely low cost compared to traditional sequencing efforts
would provide in a short term a large set of polymorphism relevant towards the identification
of molecular markers useful for marker assisted breeding of coffee sp.
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