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Abstract

A QTL analysis was performed to determine the dertssis of 13 horticultural traits
conditioning yield in pepperGapsicum annuum). The mapping population was a large
population of 297 recombinant inbred lines (RILi)gorating from a cross between the
large-fruited bell pepper cultivar ‘Yolo Wonder’ érthe small-fruited chilli pepper
‘Criollo de Morelos 334'. A total of 76 QTLs weretdcted for 13 fruit and plant traits,
grouped in 28 chromosome regions. These QTLs exgaitogether between 7%
(internode growth time) and 91% (fruit diameter)tleé phenotypic variation. The QTL
analysis was also performed on two subsets of Tl 8 RILs sampled using the
MapPop software. The smaller populations allowedHe detection of a reduced set of
QTLs and reduced the overall percentage of traitatian explained by QTLs. The
frequency of false positives as well as the indigideffect of QTLs increased in
reduced population sets as a result of reduced Isamn@he results from the QTL
analysis permitted an overall glance over the gemethitecture of traits considered by
breeders for selection. Colinearities between ehgsof QTLs controlling fruit traits
and/or plant development in distinct pepper speaias in related solanaceous crop
species (tomato and eggplant) suggests that simaeetianisms control the shape and
growth of different organs throughout these species

Key words:Capsicum annuum, QTL analysis, yield, fruit traits, plant growtselective

phenotyping



Introduction

All commercial cultivars result from long and ingg&ve breeding efforts to improve
multiple traits including resistance to diseasesit for grain characteristics and plant
development, which determine adaptation to agmatic as well as market conditions.
The favourable alleles for these traits are pritmatispersed in distinct individuals in
plant germplasm and the selection of elite cul8vgathering these traits requires
multiple crossovers within the genetic backgrouhlis is particularly true in pepper
(Capsicum annuum) where disease resistance and adaptation to aged conditions
have to be introgressed into large and sweet tunidtivars from small-fruited and
pungent accessions, which form the large majoritygenetic resources. Multi-trait
selection is often hampered by unfavourable gergti@ges. However, the genetic
mapping of valuable traits should shed light on gemomic regions of economic
interest and the loci where genetic recombinatiooukl result in more genetic gain.
Two questions related to this stake will be addrdss this article. One generic
question is: can we reduce the efforts developegemetic mapping for multiple traits
that requires repeated experiments of large preg@nirhe second and specific question
is: what is the architecture of genes and QTLstdrest in the pepper chromosomes,
and can the comparison with genomes from otherispeleelp in their genome
localization and characterization?

The power of QTL detection is determined by mamapeeters, including the choice of
the parental lines (the more the parental linesgareetically distant, the easier is the
detection of QTLsS) previously reported by Crepieetxal. Q004), the size of the
segregating population and the magnitude of theexy@ntal error (Hacket2002).
Since large populations do allow for the identifica of QTLs with weak effects
(Tanksley1993; Haley and Anderssoih997), the effort involved in the assessment of
the phenotypes is larg8elective phenotyping has been proposed as adfadgategy
to decrease phenotyping costs, and Brown and Vig&600) developed the MapPop
software which proposes to select a reduced swbské most informative individuals,
chosen from their genotype data. This reduced s$ulssefurther submitted to
phenotyping, reducing the field experiments whitsihg as little information as
possible. Such strategies where evaluated by #lak 005) and Birolleau-Touchard
et al. Q007). They showed that the MapPop sampling method perto select



population samples with balanced allele frequencasl was superior to random
sampling, particularly when QTL analysis has to ferformed from unbalanced
populations (doubled haploid or advanced backcr@sgpulations). However,
performance in QTL detection remained affectedhgygopulation size, particularly for
QTLs with low individual effects which are frequdot horticultural traits like fruit and
plant growth traits in vegetables.

Considering pepper, gene and QTL mapping has bmgely developed for disease
resistance traits (Lefebvr2005; Djian-Caporalino et al2006) and fruit traits, using
both intraspecific (Ben Chaim et &001,2006) and interspecific crosses (Rao et al.
2003; Zygier et al.2005; Ben Chaim et al2006). Little information is available on
QTLs controlling plant development traits: plantigie and flowering time were
investigated by Ben Chaim et a2001) and Rao et al.2003), but primary components
that determine plant growth and fruiting earlindé® the number of internodes on the
primary stem, their length and growth speed, wereimvestigated. Considering fruit
traits, results from Ben Chaim et a20Q1, 2006), Rao et al. Z003) and Zygier et al.
(2005) are strongly coherent and revealed clusters ofQdn pepper chromosomes
with tight linkage or pleiotropy between QTLs fouit size, diameter, length and shape.
Presence of QTL clusters on chromosomes P2, P&8n&#10 between distinct crosses
attested the conservation of QTL effects for fiudtits. Moreover, relationships with
other solanaceous crops were explored, particufarlgenetics of fruit size and shape.
In tomato, numerous QTL mapping studies on hotiical traits were carried out,
mainly in interspecific crosses (De Vicente and K&y 1993; Bernacchi et al1998;
Grandillo et al.1999; Ku et al1999; Frary et al.2004; Barrero and Tanksle2004;
Jiménez-Gomez et aP007). QTL mapping research on horticultural traits vedso
performed to a more limited extent in eggplant gudato (Van Eck et al1994;
Doganlar et al2002; Frary et al2003). The large body of research concerned with trait
inheritance in tomato has opened the way to trebkshment of synteny (conservation
of gene repertoire) and colinearity (conserved gerders) among thé&olanaceae
(Tanksley et al.1992; Livingstone et al.1999; Ben Chaim et al2001, 2003a, b;
Doganlar et al2002; Rao et al2003; Zygier et al.2005; Ben Chaim et aR006; Paran
and Van der Knaap007).

In the current paper, we report the analysis ofid®icultural traits including fruit traits



and plant development traits, in a large intradpgececombinant inbred progeny (RILS)
of pepper that was used by Barchi et 28007) to develop a high-resolution genetic
linkage map. QTL detection was performed in the ilpmpulation including 297 RILs

and compared with informative subsets of 141 anR83% to test the advantage of
selective phenotyping in this progeny. QTL analysis multiple traits informed the

relative position of QTL clusters and genetic ligka between loci determining traits of
interest. It also delivered target QTLs that sugggstenic relationships with known

horticultural QTLs in otheBolanaceae species.



Materials and methods

Plant material and trait evaluation

The plant material was developed from an intragjgecioss between the large-fruited
inbred line “Yolo Wonder’ (YW) and a small-fruitgoungent inbred line ‘Criollo de
Morelos 334’ (CM334) issued from the Mexican lamdraCriollo de Morelos’ The
recombinant inbred line (RIL) population was basad set of kderivatives, produced
by self-pollination of the F5 RILs used to constrtie genetic map (Barchi et aD07).
The horticultural traits of the parental lines,ithg hybrid and the RILs were measured
in a single year experiment arranged in a randaineenplete block design with three
blocks of three individual plants (repeats) peragpe and block. The horticultural
traits measured are included among the standar@hulmgical descriptors for pepper
(IPGRI 1995). The fruit traits were measured from two indivadldruits per plant,
except the fruit weight measured as an average 1 fuits per plant. These fruit traits
were the log-transformed mean of the fruit weidttv, the fruit length (Frl) measured
as the distance (in mm) between the pedicel attanhrand the fruit apex, the fruit
diameter (Frd) measured as the maximum fruit wighthmm), the fruit shape (Frs)
defined as the Frl:Frd ratio, the pericarp thiclen@2et) in mm, the pedicel length (Pel)
in mm, the number of fruit locules (Nlo). The plamits were measured from each
individual plant: the flowering earliness (Flw)ei. the number of days from sowing to
the anthesis of the first flower, the primary aldagth (Axl) defined as the length (in
cm) of the primary axis from the cotyledons to fingt branch, the number of leaves on
the primary axis (Nle), the mean internode lengtl) given by the ratio AxI:Nle in cm,
the axis growth speed (Axs) given by the ratio v - 15 days) in which the 15 days
corresponding to the time of hypocotyl and cotylel@mergence after sowing were
deduced to obtain the growth time of the axis @i, and the mean internode growth

time (Int) given by the ratio (Flw - 15 days):Nle.

Data and QTL analyses

All statistical analyses were performed using Rvgafe (R Development Core Team
2006). Analyses of variance (ANOVA) were applied to imstte
genotypic/environmental effects according to thelely'ij =i +bj +gi +eij, where

i,bj,giandeijrepresent, respectively, the overall mean, blotécefgenotypic effect



and error effect. Broad-sense heritabilitys§ % ) values were calculated ass /(o 6

% is the genetic variance; g  the environmental variance

+ o g 2 /n) whereo ¢
(including block, interaction and error effectsdanthe number of blocks. Correlations
between traits were estimated using Pearson’siceeff. The normal distribution of
traits was assessed by using the Shapiro—Wilks(¢est0.05). Lines where declared
transgressive when their value exceeded the higisgsntal value or were lower than
the lowest parental value by more than the leagtifssant difference (LSD) aP <
0.05.

QTL detection was based on the genetic map dewlbgeBarchi et al. 2007), and
made with QTL Cartographer software (Basten eR@02), employing both interval
(IM) (Lander and Botsteini989) and composite interval (CIM) (Zeri994) mapping.
For each population size, LOD thresholds at thepsébability level were empirically
established by applying 1,000 permutations for egelt and for both methods
(Churchill and Doergel994). The proportion of observed phenotypic variation
attributable to an individual QTL was estimatedthg coefficient of determinatiofivf).
The total phenotypic variation explained was est@aby fitting a linear model
(multiple regression) including all the putative QT for the respective trait
simultaneously. For each QTL, the marker with tihghést LOD was chosen as the
QTL-representative marker variable in the multipbgression. Epistatic interactions
between all the 250 markers of the core map westedeusing a two-way ANOVA
model with interaction effect between all possit®-locus combinations of core map
marker genotypes, as described by Lefebvre andiR#1996). With 250 core markers,
32,125 marker combinations per trait were testédl @25 for 13 traits) and epistasis
was inferred to be significant Bt< 10°°. Individual QTLs were named using the three-
first letters to indicate the trait, followed by @mumber indicating the pepper
chromosome (e.g. 1 for P1) or by the linkage growplved (e.g. LG13), and a second
number defining the position within the chromosdo@/fto which the QTL mapped
(e.g. 1.1). IM or CIM were added when a QTL wasedetd with only one of the two
methods. MapChart software (Moorri@®02) was used to produce visualisations of

chromosomes carrying QTLs.



Choice of informative individuals

26 of the full set of 297 RILs were removed frone fhopulation because of their poor
fertility resulting in a lack of seeds for furthekperimentsFrom the remaining 271

RILs, two subpopulations ['A" (141 RILs) and ‘B’ RILs)] were selected using

MapPop software (Brown and Visi@®00), with the full linkage map as the input file.
The selection criterion applied to identify the masformative individuals was the

expected maximum bin length (eMBL), i.e. the expdcmaximum distance between
two points subjected to recombination. As previgusported by Birolleau-Touchard et
al. (2007), the best sample is the one with the most sireiMBL value compared to the

original population obtained with a defined compiotaal time and a chosen sample
size. As a consequence, several iterations wereuntii no further improvement in

eMBL was achieved (data not shown)



Results

Phenotypic variation and trait correlations

The mean phenotypic values and estimatggl® for each trait are listed in Table 1. The
parental lines displayed significant contrastednoltypes (Table 1) for fruit traits, with
a larger, heavier fruit, a thicker pericarp andighér number of locules for YW
compare to the small and elongated fruit of CM33dciv showed a higher fruit shape
ratio. The pedicel length was similar for the twdtivars. Considering the plant traits,
the two parental lines also displayed contrastezhptypes (Table 1), YW presenting a
later flowering date, a shorter primary axis angkrimode length and a slower growth
speed of the axis than CM334. However, the tworgatdines were very close for the
number of leaves on the axis and internode growvth.tin the full RIL set, all the traits
were normally distributed. The RIL progeny ang Mybrid displayed intermediate
values between the parental lines for all the finaiits, except the pedicel length (Pel)
and the fruit length (Frl) where about 69% and %4.8f the progeny displayed
significant transgressive phenotypes with higheloarer values than the parental lines
(a. = 0.05). Considering plant traits, for almostloéiin (except the flowering earliness) a
large proportion (from 9.7% for Axs to 56% for Nle) RILs displayed transgressive
phenotypes; at the same time also thehybrid displayed higher (Axl, Inl, Axs) or
lower (Flw, Nle) values than the parental lines.

Heritabilities were high for all the traits, rangifrom 0.84 (Nlo) to 0.97 (Frd and Frs)
(Table 1). Highly significant correlations were elgted between fruit traits or between
plant traits (Table 2). As a general feature, fiatight, fruit diameter, locule number
and pericarp thickness were positively correlategether but negatively correlated with
fruit shape. Considering plant traits, the axigtenincreased with the number of leaves
and the internode length. However, the growth spéddde axis (and of internodes) also
increased with the axis length, so that floweriimget (earliness) displayed a significant
but weak correlation with Nle. Correlations betwdant and plant traits were either
non-significant P > 0.05) or weak (<0.3).

Trait means in the two subpopulations are listed@iable 1. In no case, a subpopulation
mean differed significantlyR < 0.05) from the full population mean. The distitibn of
trait values was also very similar in both subpapahs and the full population for all

the traits and the trait variances remained cohstaross subpopulations. Correlations

10



between traits were also comparable with thoseutakd for the full population (data

not shown).

QTL detection in the full and partial RIL populations

Across the 13 traits, 76 QTLs were identified amduged onto 28 genomic intervals
distributed over 11 chromosomes and 14 small ugiasdilinkage groups (Fig. 1; Table
3). No significant epistatic interactions were itliéed between markers, even at higher
P value P < 10°?). Clusters of QTLs governing 4—6 distinct fruiits were mapped on
chromosomes P2, P3, P4, P10, P11, P12 and snkagkngroups LG 17, 24, 25 and 27.
Considering plant developmental traits, only foightly linked QTLs affecting four
different traits were mapped on chromosome P2, sithller clusters on chromosomes
P1, P4 and P9. Depending on the traits, 2—-12 QTére wetected, with individud 2
values ranging from 0.21 to 0.04. The total phepiotyariation explained by QTLs
(global R ) ranged from 0.07 to 0.91. Traits with the highglsbal R ? were the fruit
diameter (12 QTLsR ? = 0.91) followed by the fruit weight (7 QTLR ? = 0.48), the
number of locules (9 QTLRK ? = 0.46), the axis growth speed (4 QTR = 0.44) and
the axis length (4 QTLSR % = 0.42). The traits which variation was poorly kiped by
QTLs were the internode growth time (2 QTI®? = 0.07), the internode length (3
QTLs, R? = 0.10) and the flowering earliness (5 QTRS> = 0.15). For the fruit traits
Lfw, Frd, Pet and Nlo, all the positive alleles wederived from the large-fruited
parental line YW. For the fruit length (Frl) andagle (Frs), both parents contributed
alleles at different QTLs that increased the tvaiue, that was expected since CM334
harbours long-shaped fruits. For the pedicel ler{gtl) and all the plant traits, both
parental alleles contributed to increase the trait.

In the subpopulations A (141 RILs) and B (93 RIL2p, and 15 QTLs were detected
respectively (Table 3). No significant epistatidemractions were identified in either
subpopulation® < 10°). The LOD scores associated to the QTLs were awaych
lower in the reduced subpopulations than in theRUl population, and only the QTLs
with the highest LOD scores remained significamr. €&xamplefFrd11.1 QTL showing

a LOD score greater than 11 was common to all tpegaulations, while other Frd
QTLs, with lower LOD scores were progressively liosthe A and B subpopulations. A

contrario, their individuaR ? values where equal or higher in the subpopulatibas in

11



the full RIL population. For example, tie? value fot.fwLG24.1 increased from 0.08
in the original population to 0.10 and 0.14 in gwbpopulations A and B respectively,
while for Flw1.1, theR ? value increased from 0.10 (297 RILs) to 0.12 (A) 8.17 (B).
The total phenotypic variation explained by QTLsobgllly decreased with the
population size, ranging from 0.91 to 0.07 in tHeole population, from 0.36 to 0.08 in
the A subpopulation and from 0.34 to 0.12 in theuBpopulation. This was spectacular
for complex traits like Frd, which glob& ? decreased from 0.91 (297 RILs) to 0.36
(subpopulation A) and 0.21 (subpopulation B). Hindhe use of subpopulations led to
detect new QTLs for Pel, Nle and Int in A subpogpiolaand two new QTLs for Frd and
Flw in B subpopulation. These QTLs were not detkatethe whole population even as
putative (close to the LOD threshold) QTLs.

12



Discussion

The QTLs involved in the inheritance of 13 horttawal traits analysed provide a
picture of the genetic complexity of these traasd the location of the major loci

should be informative for the genetic analysis angeding of pepper. The mapping
population was derived from an intraspecific crbeveen parental types widely used
by pepper breeders. This choice serves both torms&imapping precision by reducing
the frequency of the skewed segregations commorpereenced in interspecific

crosses, and to generate information with respecTL of relevance for genetic

improvement within advanced germplasm.

General features of the data and QTL detection

Phenotypes were assessed in a single environnhahtmiay affect portability of QTLs
to different agro-climatic conditions. The plantveonment may poorly affect the
relative values for fruit shape and weight withinsegregating progeny, and this is
confirmed by the fact that the main QTLs for frwigight and shape appeared conserved
in these distinct studies. No previous experimgmsnit this comparison as regards
growth and development traits. However, the axigtle, the number of leaves on
primary axis and the flowering date are known byedlers to be affected by
environment x genotype interactions, despite theses are very stable (genetically
determined) in a constant environment (unpublistieh). Thus, the results obtained
here for plant traits may be relevant mainly in mfield conditions in Mediterranean
region. Nevertheless the high level of reproduttibbetween replicates resulted in high
heritabilities of the traits in the tested envir@wh The heritability values were
generally higher than those reported by Rao e(28003), but comparable to those
estimated by Ben Chaim et a2001). The percentage of genetic variation explained by
QTLs was highly trait-specific but not dependentait heritability. Frd was associated
with the highes®® ? value (0.91) and Int with the lowest one (0.07kpie they
displayed similar heritabilities (0.97 and 0.91p@ively). The highest percentage of
variation explained by QTLs occurred when many QWlith minor effects (e.g. Frd)
were detected. Glob& ? depends on the accuracy of the linkage map asaseh the
inter-marker distances (Jansen etl8b5). The genetic structure of the trait, the size of

the mapping population (Melchinger et &l998; Utz et al. 2000), the genetic

13



background, the environment, and interactions betw@TLs can all contribute to a
failure to detect all the QTLs segregating in ayapon. In the present study, the
limited percentage of variation explained for somnaits, may indicate that the
heritabilities were partially overestimated dueatgsingle year and single environment
experiment (the variation between lines would neflect exclusively the genetic
variations), but also suggests that some QTLs memadetected, possibly because of

their low individual effects.

Transgressive lines and contribution of parental alleles at the QTLs

Transgressive segregations in the RIL progeny wabserved for many traits,
particularly when parental values were similar {peldlength, number of leaves). In
every case, alleles from both parental lines wé@ve to contribute to increase (or
decrease) the trait value. Transgressive genotypes already known to result from the
combination of alleles from both parents that haffect on the same direction (De
Vicente and Tanksle$993). The effect of such allele combinations was tkségarding

to the graphical genotypes at the detected QTlitkeothree individuals with the highest
and three individuals with the lowest values foe fedicel length (Fig. 2). The three
transgressive individuals with the highest pedierbth were found to posses all the six
alleles responsible for pedicel elongation (YW lakeat P1, P4 and LG42 and CM334
alleles at P2, P3 and P12), with the exclusion e genotype, lacking one allele at
Pel12.1. On the contrary, the three individuals with thersest pedicel length possessed
all the alleles which decreased the pedicel lengitt, the exclusion of one individual at
Pel2.1. This result indicates that these six QTLs expkimajor part (if not all) of the
observed trait variation, and that the gloBal of 0.37 is an underestimation, probably
resulting from incomplete linkage (recombinatioriejabetween the QTLs and the

markers inferred in the multiple regression model.

Effect of selective sampling and reduced population size on QTL detection

The detection power increases as the population isiznaximized (Charcosset and
Gallais 1996), an effect which is most severe for traits digplg lower levels of
heritability (Gallais and Rived4993). However practical considerations, particularly

with regard to phenotyping, dictate that populatsmres should be minimised as far as
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possible. Thus Charme2d00) has shown that 100 doubled haploid (DH) lineseapp
to be the critical limit for detecting QTLs of ttaiwith a heritability above 0.3, while
about 1,000 individuals are needed to detect QoLsftrait with a heritability of 0.25.
The precision of QTL detection also depends onstirapling method, which can be
either random or based on either selective genogypr selective phenotyping. We
have chosen the latter strategy to generate theilpopulations, one of which is about
half the size of the full set, and the other alume-third.

The use of subpopulations brought to the identificaof fewer QTLs, characterised by
a lower LOD score than those detected in the algiopulation. In most cases, only
QTLs with the highest LOD scores in the full pogigda remained significant in the
subpopulations. The reduction of the number of QUesected when reducing the
number of individuals used was also observed bes/at al. 2005) and Birolleau-
Touchard et al. 2007) who compared different sampling procedures, idiclg the
MapPop approach. As an expected consequence afethestion of the number of
detected QTLs, the use of small subsets of indalglded in our analyses to the
reduction of the globaR ? value for each trait. This result is in contrasthwthat
reported by Vales et al2Q05) who obtained an increasing of glotif values as the
population size decreased. This probably resultedh fthe decrease of the whole
phenotypic variance in their reduced subpopulatioinstead of the phenotypic
variances of our subpopulations A and B remainedila to that of the whole
population. On the other side, Vales et @D05) also found that the use of reduced
populations overestimates the individuRl > value of each QTL. The use of
subpopulations also led to the detection of new §Mhich were significant only in
the smallest subpopulation B. The reduction in pefjan size seemed to have
generated unbalanced (skewed) samples which wspensible for detecting spurious
QTLs (Birolleau-Touchard et aR007). We previously showed in this progeny that
selective genotyping was useful for the fast maghadditional markers to enhance a
pre-existing genetic map (Barchi et &007). In contrast, according to the results
obtained, it seems that the selective phenotyptrageg)y performs poorly for traits

governed by multiple genes with weak effects.
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Genetic architecture of the QTLs determining fruit and plant traits

The analyses performed led to detect a total aQTEs distributed over all the pepper
chromosomes (with the exclusion of chromosome P) most unassigned linkage
groups. All the traits are polygenically controlledainly by small effect QTLs as tie

2 values never overpassed 0.21 (Frl4.1). The friaimeter was found to be controlled
by 12 QTLs with individualR ? ranging from 0.05 to 0.12 and distributed in 12
independent genomic regions.

QTLs controlling fruit traits were mainly concerted on P2, P3, P4, P10, P11 and P12,
with main effects on P4 for fruit weight and lengtim P3 for fruit shape and length
(upper arm) and for diameter and pericarp thickiflesger arm). Many fruit trait QTLs
landed near the same chromosomal location, asu#t ddinkage, but also pleiotropy
since alleles that affect fruit length or diametelt also affect fruit shape, and alleles
affecting any fruit dimension (including pericarpiakness) will affect fruit weight.
Clusters of QTLs for fruit traits were previouslgtdcted in colinear positions on P2,
P3, P4, P10 in intra as well as interspecific @egygier et al2005; Ben Chaim et al.
2001, 2003a), thus suggesting a conservation of alleles cdimgothese traits in both
intra and interspecific germplasm. In the presentlys we also detected a cluster on
P11 of QTLs with minor effects for pericarp thicksefruit weight, diameter and shape,
linked to markers e41/m61 _137c and e4l/m6l 270¢ wWes also detected in
interspecific crosses by Rao et #0@3) but never reported in intraspecific crosses.
Similarly, two QTLs for fruit shape were detectedh @4, linked to markers
pl4/m39 417y and p25/m45_109y; fruit shape QTL tehsslinked to these same
markers were previously mapped in two separatesipéeific crosses by Zygier et al.
(2005). In addition, we detected a cluster of QTLs colfitrg the fruit weight, diameter,
the number of locules and the pericarp thicknesstoomosome P12 and linked to
marker e44/m51 263c which was not previously detkcthis probably resulted from
allelic differences specific to the (YW x CM334)oss, displaying new alleles
controlling the fruit parameters which could be gutially exploited in breeding
programs. Co-localizations between fruit traits laxpthe correlations detected in the
progeny, and suggest shared mechanisms betweedn cboiponents, i.e. pericarp
thickness, fruit diameter and length that contetat fruit weight of pepper.

Concerning the QTLs controlling plant growth, ahtigco-localisation of four QTLs

16



affecting flowering earliness, axis length, axiswth speed and internode length was
detected on chromosome P2. Additional clusters brorsosome P4 (flowering
earliness, axis growth speed and internode growie)t on chromosome P9 (axis
length and axis growth speed) and on LG47 (axigtlerinternode length and number
of leaves) were also found. This clustering/co-liaedion of QTLs is in agreement with
the correlations found between these traits. It nmalcate linkage effects but also
pleiotropic effects of genes on the morphologyefinbde length, number of leaves) or
growth speed of vegetative organs. Co-localizalietween plant and fruit trait QTLs
were detected on P2. A special interest shouldrbadght on this chromosome where
QTLs affecting the shape of several organs, i.e.rmtimber of fruit locules, the fruit
shape, the fruit diameter, the axis, internode padicel lengths, were tightly co-
localized with overlapping LOD peaks. Only fine map would bring additional
information on the linkage/pleiotropic determinigrihthese traits which all depend on
cell division, elongation and regulation of thel asicle. Several gene families involved
in the cell cycle regulation were characterizedtfagir functional role in plant growth
and development (Goda et 2004; Inzé2005). They may provide good candidates for
further fine mapping these QTLs and looking forteyry relationships witArabidopsis

and solanaceous crops.

Potential orthologous QTLs with other Solanaceae species

Several studies revealed potential syntenies afideemities among thé&olanaceae
species, in particular for fruit size and shapewken pepper, tomato and eggplant
(Tanksley et al1992; Livingstone et al1999; Ben Chaim et al2001; Doganlar et al.
2002; Rao et al2003; Ben Chaim et alk003a, b; Zygier et al.2005; Ben Chaim et al.
2006; Paran and Van der Kna&p07). However, the lack of common markers used to
map these loci in our progeny prevents further evag of synteny between these
species. The detection of QTL clusters for peppsit fraits on chromosomes P2, P3,
P4 and P10 only consolidates the previous analgse®rmed by the authors cited
above. Some additional information was obtaine@migg the fruit QTL cluster on P2.
In tomato, several QTLs controlling fruit size werapped in the colinear genomic
region of chromosome T2. Ben Chaim et @D0l) and Zygier et al.2005) detected

QTLs for fruit weight, shape and diameter in diffier crosses in pepper that were
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suggested to correspond to the tomato genomicmegficthe QTLfw2.1, due to their
tight linkage with theovate sequence in both pepper and tomato. In our stwey,
detected again fruit diameter and fruit shape QTEsJ2.1, Frs2.1) in this same
genomic region, but also a QTL for the locule numpb#o2.1) that might correspond to
the Icn2.1 which also affects the number of locules in theato fruit (Lippman and
Tanksley2001; Barrero and Tanksle3004). This last QTL in tomato, depending on the
cross, explains 19 or 32% of the phenotypic valitgbwhile in pepper, its effect seems
lower with aR 2 of 5%. In pepper, fruit weight only depends onigap development,
and fruit shape is mostly determined after fewiian, that suggests different
mechanisms from tomato. However, co-localizatioQdils for the number of locules,
the fruit diameter and shape and of theate gene strongly suggests synteny
relationships of genes affecting cell division, rglation and polarity with colinearity
relationships in tomato and eggplant. Additionalndidate QTLs for synteny
relationships include the QPAxI2.1 for height of the primary stem which has putative
orthologues in both tomato chromosome T2 (Paranalet1997) and eggplant
chromosome E2 (Frary et &003.)

Further new QTLs which we identified and showinguative synteny with other
Solanaceae species ametl0.1 (linked to marker e36/m47_145y with a confidence
interval of 21 cM) affecting the pericarp thicknesgich is a possible orthologue to
tomatopcpl0.1 (Frary et al2004) linked to TG52 marker. Finally, several QTLs were
found in unassigned LGs and some of them (NkeLG25.1 andIntLG47.1) explain a
relatively high percentage of variation with indluals R ? values of 0.13 and 0.11
respectively.

Results obtained from our and previous studies ghaivthe main constraint in synteny
analysis is due to the complex rearrangements leetv@apsicum and Solanum
genomes. Fine mapping with shared markers will kquired for identifying
orthologous regions among theSalanaceae species. Moreover, Zygier et aR005)
pointed out that the level of orthology betweenpgespand tomato chromosome T2 and
T4 for QTL controlling fruit shape was limited ascansequence of the divergent
selection that occurred during the domesticationttadse species. The divergent
selection for horticultural traits irsolanaceae species may have conserved only a

limited number of orthologous QTL thus allowing explanation to the limited number
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of shared QTLs found between pepper, tomato anplagg

Conclusions

Our results showed that fruit traits are mostlyeirited independently from plant growth
characteristics, except linkage relationships inogtosomes P2 and P4. This offers
large degrees of freedom in breeding for plant ftod ideotypes. Moreover, allelic
diversity and contribution of alleles from distirggnotypes should increase the range of
potential phenotypes. However, the clusters of Qfblcshorticultural traits detected in
chromosomes P4, P9 and P10 revealed linkage wethqusly mapped QTLs or major
genes for resistance to major pepper diseasesdingllP. capsici, tospoviruses and
potyviruses on chromosomes P4 and P10, nematodebromosome P9 (for review
see Dijian-Caporalino et al2006). Selection of recombination events in these
chromosomes have to be facilitated by a markestsbsstrategy, and markers localized
in the chromosome regions where recombinant indal&l have to be selected need to
be further developed. The linkage between markerd @TLs for horticultural
important traits may therefore represent a valuabé for multi-trait marker-based
breeding strategy in pepper.
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Table 1: Trait means, standard deviation (SD) amatdbilities for the horticultural traits measuredthe parental lines, the F1 hybrid, the RIL
population of pepper (n=297) and the sub-populati(n=141) and B (n=93) issued from selective ggmag.

Significant mean difference among

Trait code Yolo Wonder Criollo de Morelos 334 parental values (t test) F1 F6 Sub-population A Sub-population B Heritability
Logarithm of fruit weight ~ |Lfw | 5.380.12 1.83+0.08 Yes: p<10"° 3.2740.11 3.3310.37 3.3310.41 3.2740.39 0.96
Fruit length (mm) Frl  [91.47+12.70 58.8315.22 Yes: p<10" 81.88+12.63  77.8£14.70 78.05£14.25 76.53+12.985 0.96
Fruit diameter (mm) Frd |90.438.44 18.54+1.56 Yes: p<10" 37.57+3.36 36.98+6.52 36.98+7.34 36.36+7.18 0.97
Fruit shape Frs | 1.02+0.19 3.1740.27 Yes: p<10 2.20£0.38 2.19+0.57 2.21+0.58 2.55£0.58 0.97
Pericarp thickness (mm)  [Pet | 7.45:0.66 2,48+0.25 Yes: p<10"° 3.6410.63 4.0620.65 4.1240.66 4.0620.65 0.92
Number of locules Nle | 4.02+0.98 2.29+0.46 Yes: p<10"° 2.46£0.51 2.85£0.37 2.83£0.40 2.8240.38 0.84
Pedicel length (mm) Pel | 40.676.41 38.23+4.24 No: p=0.67 49.9445.63 47.638.17 46.75+6.94 46.3746.53 0.95
Flowering (days) Flw | 60.96+3.19 53.07+3.07 Yes: p<10" 52.73+2.51 56.62+2.26 56.61+2.23 56.48+2.21 0.88
Axis length (cm) AXl | 18.01+2.42 22.92+3.67 Yes: p<10 25.142.7 22.06+3.66 21.96%3.75 21.85+3.37 0.94
Number of leaves Nle |12.12+1.56 12.50+1.91 No: p=0.47 11.26+1.42 11.56+1.47 11.59+1.52 11.44+1.57 0.92
Internode length (cm) Inl | 1.49:0.16 1.85£0.24 Yes: p<10” 2.25£0.32 1.93+0.28 1.910.27 1.93+0.26 0.91
Internode growth time (days)|int | 3.86+0.59 3.09+0.42 Yes: p<10" 3.39:0.37 3.68+0.48 3.67+0.44 3.7140.45 0.90
Axis growth speed (mm/day)|Axs | 3.93+0.55 6.01+1.00 Yes: p<10 " 6.66+0.68 5.32+0.84 5.82+0.84 5.27+0.74 0.93




Table 2. Pearson correlations between traits asgesghe F6YC RIL population. The traits analyseste Lfw (logarithm of the mean fruit weight),
Frl (fruit length), Frd (fruit diameter), Frs (fiushape), Pet (pericarp thickness), Nlo (numbéruif locules), Pel (pedicel length), Flw (earlis@sAxI

(axis length), Nle (number of leaves), Inl (meateinode length), Int (mean internode growth time) (axis growth speed). Coloured boxes indicate
significant correlations (p<0.05).

Trait Lfw Frl Frd Frs Pet Nlo Pdl Flw AxI Nle Inl nk
Frl 0.41

Frd 0.87 0.06

Frs -0.31 |0.69 -0.64

Pet 0.73 0.06 |0.68 -0.43

Nlo 0.23 -0.29 |0.36 -0.46 0.17

Pdl 0.14 0.40 -0.02 |0.30 -0.04 -0.22

Flw 0.23 0.03 0.26 -0.14 0.20 0.03 0.25

Ax| -0.09 0.03 -0.11 0.08 -0.03 0.02 0.08 0.26

Nle -0.16 -0.11 -0.13 0.01 -0.10 0.06 -0.13/0.34 0.50

Inl 0.05 0.14 0.00 0.09 0.06 -0.05 0.21 0.01|0.66 -0.30

Int 0.28 0.12 0.27 -0.09 0.20 -0.05 0.26 0.12(-0.39 -0.88 0.34

Axs -0.17 0.03 -0.20 0.14 -0.10 0.01 -0.01 -0.0§ 0.94 0.40 0.68 -0.45




Table 3: QTLs detected in the whole F5YC RIL pogiala the sub-populations A and B obtained
by selective genotyping. For each trait the LODn#igance threshold at p=0.05 determined after
1000 permutations is indicated. The closest matix¢éhe QTL and the direction of the QTL (i.e.,

which parent contributes positively to the trar® andicated, along with the LOD value of the QTL,

the determination coefficient of the individual QHEnd for the whole trait. IM, CIM: QTLs

detected only with Interval mapping or Compositeinal mapping.

QTL Marker Direction LOD Variation explained Hexftility Additive
Locus Trait
Logarithm of fruit Lfw3.1 e40/m49_198y Yolo Wonder 5.14 0.11 0.12
weight Lfw4.1 p17/m32_240c Yolo Wonder 9.63 0.15 0.15
Lod>3.08 Lfwll.1 e41/m61_137c Yolo Wonder 4.6 0.07 0.1
Lfiw12.1 CIM e44/m51_263c Yolo Wonder 4.22 0.05 0.09
LfwLG15.1 e38/m60_224y Yolo Wonder 5.0 0.08 0.1
LfwLG24.1 IM e41/m54_184y Yolo Wonder 4.49 0.08 0.11
LfiwLG45.1 Epms_402 Yolo Wonder 4.0 0.08 0.48 960. 0.1
Fruit length Fri3.1 e36/m52_158y Criollo de Morelo 7.26 0.1 -3.9
Lod>3.12 Fri4.1 €38/m60_109y Yolo Wonder 17.16 10.2 6.5
Fri7.1 e41/m61_140c Yolo Wonder 5.58 0.1 3.43
FriLG22.1 e34/m53_181c Yolo Wonder 5.99 0.1 0.39 0.96 3.95
Fruit diameter Frd2.1 CIM e36/m52_116c Yolo Wonder 4.73 0.12 2.23
Lod>3.15 Frd3.1 p14/m39_221y Yolo Wonder 3.7R 0.11 2.17
Frd4.1 e41/m48_078y Yolo Wonder 4.68 0.05 61.4
Frd8.1 CIM p11/m49_274c Yolo Wonder 3.28 0.06 1.38
Frd10.1 e36/m47_145y Yolo Wonder 3.3 0.07 731.
Frd11.1 e41/m61_137c Yolo Wonder 11.27 0.13 342.
Frd12.1 IM e44/m51_263c Yolo Wonder 3.48 0.06 1.65
FrdLG15.1 e38/m60_224y Yolo Wonder 7.64 0.1 062.
FrdLG17.1 e38/m61_144y Yolo Wonder 4.74 0.06 571
FrdLG24.1 IM e41/m54_184y Yolo Wonder 4.5Y 0.08 1.85
FrdLG25.1 p15/m40_091c Yolo Wonder 6.0p 0.07 1.7
FrdLG37.1 p15/m40_319c Yolo Wonder 3.94 0.06 0.91 0.97 1.56
Fruit shape Frs2.1 CIM e36/m52_116¢ Criollo de Ntuge 3.24 0.04 -0.11
Lod>3.12 Frs3.1 e43/m54_256y Criollo de Morelos 751 0.15 -0.22
Frs4.1 p14/m39_417y Yolo Wonder 4.01 0.05 10.1
Frs4.2CIM p25/m45_109y Yolo Wonder 3.8 0.08 .160
Frs10.1 e38/m60_117c Criollo de Morelos 4.68 60.0 -0.14
Frs11.1 e41/m61_270c Criollo de Morelos 4.41 70.0 -0.13
FrsLG17.1 e40/m47_239%y Criollo de Morelos 5.21 070. -0.14
FrsLG25.1 e41/m54 351c Criollo de Morelos 3.79 060. 0.31 0.97 -0.12
Pericarp thickness Pet3.1 PG101 Yolo Wonder 5.15 14 0 0.24
Lod>3.06 Pet6.1 IM p25/m45_185y Yolo Wonder 3.59 050. 0.15
Pet10.1 e36/m47_145y Yolo Wonder 6.87 0.09 190.
Petll.1 IM e41/m61_270c Yolo Wonder 3.6P 0.06 0.15
Pet12.1CIM e44/m51_263c Yolo Wonder 3.31 0.04 0.13
PetLG15.1 e38/m60_224y Yolo Wonder 7.82 0.1 20
PetLG24.1IM e41/m54_184y Yolo Wonder 4.2y 0.07 0.18
PetLG27.1 e40/m49_305c Yolo Wonder 5.75 0.08 0.31 0.92 0.18
Number of locule Nlo2.1 CIM e36/m47_146¢ Yolo Wonder 3.47 0.05 0.08
Lod>3.00 NI08.1 Hpmsl_214 Yolo Wonder 3.83 0.06 0.09
Nlo12.1 e44/m51_263c Yolo Wonder 4.08 0.05 0.08
Nlo12.2 e36/m47_237c Yolo Wonder 4.88 0.1 0.08
NIoLG17.1 IM e38/m61_144y Yolo Wonder 4.06 0.08 0.1
NIoLG22.1CIM e34/m53_181c Criollo de Morelos 3.1 0.04 -0.07
NIoLG25.1 p15/m40_091c Yolo Wonder 8.12 0.13 0.12
NIoLG30.1 e44/m51_376¢ Yolo Wonder 8.17 0.11 0.12
NIoLG39.1 TntCO7y Yolo Wonder 5.72 0.1 0.46 0.84 0.1
Pedicel length Pell.1 CIM e41/m61_199y Yolo Wonder 3.48 0.04 1.58
Lod>3.03 Pel2.1 e36/m52_116¢c Criollo de Morelog 049. 0.1 -2.61
Pel3.1 IM e34/m53_077c Criollo de Morelos 5.48 120. -2.79
Pel4.1 e41/m48_078y Yolo Wonder 5.68 0.07 2.0%
Pell2.1 p25/m45_087c Criollo de Morelos 7.2 0.12 -2.83
PelLG42.1 p25/m45_335c Yolo Wonder 6.14 0.08 0.31 0.95 2.15
Flowering earliness Flwl.1 e34/M53_233c Yolo Wonder 8.04 0.1 0.72
Lod>3.07 Flw2.1 Epms409 Criollo de Morelos 6.64 10. -0.7
Fiw4.1 CIM e38/m61_168c Yolo Wonder 3.34 0.05 0.49
FlwLG15.1 e38/m60_224y Yolo Wonder 4.88 0.07 0.58
FIwLG17.1 p14/m33_851c Yolo Wonder 4.19 0.07 50.1 0.88 0.59
/Axis length Ax2.1 e36/m47_146¢ Criollo de Morelos| 4.65 0.07 -0.96
Lod>3.02 Ax16.1 IM pl4/m41_060y Yolo Wonder 3.2 09. 0.83
AxI9.1 e37/m54_92c Criollo de Morelos 3.8 0.08 -0.98
AXILG24.1 IM Epms376 Yolo Wonder 3.53 0.06 8.8
AXILG47.1 p14/m33_311c Yolo Wonder 6.15 0.1 0.42 0.94 1.18




Number of leave Nle3.1 IM e40/m49_198y Criollo de Morelos 3.29 0.06 -0.34
Lod>3.17 NleLG38.1 CIV p17/m32_344c Criollo de Morelos 3.3 0.04 -0.3]
NleLG45.1 IV Epms_402 Criollo de Morelos 3.08 0.05 -0.33
NleLG47.1 p14/m33_31lc Yolo Wonder 6.31 0.11 0.25 0.92 0.4
Internode length Inl1.1 e36/m52_190y Yolo Wonder 224 0.06 0.07
Lod>3.13 Inl2.1 e36/m47_146¢ Criollo de Morelos 2%. 0.11 -0.08
InILG28.1 IM e41/m54 221c Yolo Wonder 5.1 0.08 10. 0.91 0.08
Internode growth time| Int4.1IM e42/M48_116y YoloWder 3.47 0.05 0.1
Lod>3.00 IntLG47.1 pl4/m33_31ilc Criollo de Morelos| 4.86 0.11 0.07 0.9 -0.14
/Axis growth speed Axs2.1 CIM e36/m47_146¢ Crial®Morelos 6.27 0.1 -0.26
Lod>3.05 Axs2.2 CIM p25/m42_268c Yolo Wonder 3.6P .03 0.18
Axs4.1 e38/m61_168c Criollo de Morelos 4.48 0.07 -0.2
Axs9.1 CT145 Criollo de Morelos 4.46 0.09 0.44 .90 -0.24
Subpopulation A
QTL Marker Direction LODVariation explained Additive
Locus Trait
Logarithm of fruit Lfw3.1 P14/m39_221y Yolo Wonder 5.14 0.13 0.12
weight Liw4.1 p17/m32_240c Yolo Wonder 4.56 0.15 0.16
Lod>3.03 LfwLG24.1 CIM EPMS_376 Yolo Wonder 3.57 10. 0.31 0.13
Fruit length Fri4.1 e38/m60_109y Yolo Wonder 3.86 0.12 5.7
Lod>3.06 FriLG22.1 P17/m32_155¢ Yolo Wonder 3.86 1 0. 0.24 5.07
Fruit diameter Frd11.1 e41/m61_137c Yolo Wonder 65. 0.14 2.89
Lod>3.21 FrdLG15.1 e38/m60_224y Yolo Wonder 4.95 120. 2.60
FrdLG17.1 P14/m33_851c Yolo Wonder 4.5p 0.12 2.57
FrdLG24.1 IM P11/m49_197y Yolo Wonder 3.8 0.12 0.36 2.66
Fruit shape Frs3.1 E34/m53_077c Criollo de Morelos 4.1 0.13 -0.21
Lod>3.18 Frs11.1 CIM e41/m61_270c Criollo de Mogelo 3.3 0.06 -0.15
FrsLG17.1 e40/m47_239y Criollo de Morelos 3.37 110. 0.36 -0.19
Pericarp thickness Pet3.1 IM PG101 Yolo Wonder 3.83 0.14 0.25
Lod>3.10 Pet10.1 e36/m47_145y Yolo Wonder 5.42 50.1 0.24
PetLG15.1 €38/m60_224y Yolo Wonder 3.44 0.11 0.16 0.21
Number of loge NIoLG17.1 IM e38/m61_144y Yolo Wonder 3.86 0.15 0.15
Lod>3.21 NIoLG25.1 15/m40_091c Yolo Wonder 8.42 0.21 0.22 0.21
Pedicel length Pel2.1 CIM e36/m52_116¢c Criollo derdos 4.40 0.1 -2.29
Lod>3.18 Pel4.1 IM P17/m32_240c Yolo Wonder 3.18 10. 2.31
Pel4.2 CIM E42/m48_116hy Yolo Wonder 3.32 0.07 0.19 1.94
Flowering earliness Flwl.1 e34/M53_233c Yolo Wonder 5.42 0.12 0.79
Lod>3.16 FIwLG15.1 €38/m60_224y Yolo Wonder 5.61 .130 0.29 0.85
/Axis length Ax19.1 e37/m54_92c Criollo de Morelos 43 0.12 -1.3
Lod>3.09 0.12
Number of leave Nle11.1 CIV EPMS_410 Yolo Wonder 3.20 0.08 -0.44
Lod>3.00 0.08
Internode growth time| Int9.1CIM E44/m61_515¢ Jdale Morelos 4.06 0.09 0.09 -0.14
Lod>3.18
/Axis growth speed Axs9.1 CIM ICT145 Criollo de Morelos 3.66 0.13 0.13 -0.31
Lod>3.12
Subpopulation B
QTL Marker Direction LODVariation explained Additive
Locus Trait
Logarithm of fruit Lfw4.1 P14/m41_648c Yolo Wonder 4.74 0.17 0.18
weight LiwLG24.1 CIM EPMS_376 Yolo Wonder 3.27| 0.14 0.15
Lod>3.24 0.13
Fruit length Fri4.1 P17/m32_240c Yolo Wonder 7.16 0.2 0.2 6.7
Lod>3.16
Fruit diameter Frd1.1 CIM E38/m60_221y Yolo Wonder 4.13 0.1 243
Lod>3.36 Frd4.1 CIM E38/m60_109y Yolo Wonder 5.74 .18 3.03
Frd11.1 e41/m61_137c Yolo Wonder 6.7R 0.17 0.21 2.96
Pericarp thickness Pet10.1 E38/m60_117c Yolo Wonde 3.3 0.16 0.16 0.27
Lod>3.29
Pedicel length Pel12.1 IM E36/m47_237c Criollo derblos 3.51 0.18 0.18 -2.83
Lod>3.28
Flowering earliness Flwl.1CIM TntCO9y Yolo Wonder .31 0.17 0.93
Lod>3.26 FIwLG15.1IM e38/m60_224y Yolo Wonder 3.6D 0.17 0.93
FIwLG24.1IM E41/m54_184y Yolo Wonder 3.89 0.19 0.34 0.97
Internode length Inl1.1 C33/m54_327y Yolo Wonder 9A. 0.12 0.11
Lod>3.27 Inl2.1IM Ee44/m51_258c Criollo de Morelos| 3.28 0.17 0.12 -0.11
/Axis growth speed Axs2.1 EPMS_497 Criollo de Morelos 3.22 0.12 -0.25
Lod>3.19 Axs2.2CIM P15/m43_153 Yolo Wonder 3.9p 40.1 0.32 0.29




Legend for figures :

Figure 1. Map positions of the significant QTLseach chromosome or LG.

The length of the vertical bars represents the idente interval of the QTL (LODmax — 1
interval). Lfw (logarithm of the mean fruit weigh#rl (fruit length), Frd (fruit diameter), Frs (it
shape), Pet (pericarp thickness), Nlo (numberwt focules), Pel (pedicel length), Flw (earlingss)
Axl| (axis length), Nle (number of leaves), Inl (meaternode length), Int (mean internode growth
time), Axs (axis growth speed).
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Figure 2: Allelic combination of the RIL individualwith extreme phenotypes for the pedicel

length.

On the left, chromosomes location of QTLs contngjlpedicel length are presented. A, B and C
indicate the three individuals with the highestipeldvalue, while D, E and F refer to individuals

having the shortest pedicel. On the right, the etallhows the allele constitution of the six

individuals analyzed. The “plus” refers to the Eleesponsible for increasing the pedicel length at
that QTL, and vice versa the “minus” refers to Hikele responsible for decreasing the pedicel
length at that QTL for each individual. The bargriz below the chromosomes represents the
phenotypic value of the six extreme individuals.
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