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AssTRrACT. Inheritance of 10 quantitative traits related to plant and fruit development was studied in an intraspecific cross
between a bell-type ‘Maor’ [Capsicum annuurrL. var. annuum (Grossum Group) ‘Maor’] and a small-fruited pungent
chilli line ‘Perennial’ [ C. annuumvar. annuum (Longum Group) ‘Perennial’]. Estimates of broad- and narrow-sense
heritabilities, coefficients of genetic variance, and genotypic correlations were obtained from the segregation of 120 F
families in 2 years. Three of the traits analyzed, days to first ripened fruit, plant height, and pedicel length, exhibited
heterosis and transgressive segregation. Days to first ripened fruit and total soluble solids had low narrow-sense
heritabilities. The other traits studied had moderate to high narrow-sense heritability estimates. Most of the genetic
variation associated with traits that affect the size of the fruit and its shape was additive. The highest genetic correlation
coefficients among pairs of traits were found between fruit weight and each of the three width characters: fruit diameter,
pericarp thickness, and pedicel diameter. In contrast, fruit weight had a low correlation coefficient with fruit length,
indicating that the size of the pepper fruit in this cross was determined primarily by its width.

Capsicum annuuns a variable pepper species comprisintype inbred ‘Perennialq. annuunvar. annuum (Longum Group)
cultivated and wild accessions that differ in many yield arBlerennial’]. ‘Perennial’ is characterized by small pungent fruit
quality characters such as fruit shape, fruit weight, fruit col@amd resistance to important diseases such as cucumber mosaic
pungency, plant height, and maturity. Exploitation of this variairus (CMV), potato virus Y (PVY), and anthracnose (Singh,
tion for breeding sweet, large-fruited blocky-type peppers hd992). Although ‘Perennial’ is not a wild accession, it was chosen
however, been limited and has ignored the vast variation tf@tthis cross because it is one of the accessions most distantly
exists among wild and chilli accessions. Wild accessions haetated to the sweet blocky-type cultivars witBinannuunvar.
been used primarily to introgress genes that confer diseasauum (Paran et al., 1998). Furthermore, ‘Perennial’ is also
resistance into sweet blocky types (Caranta et al., 1997; Daulieziag used as a source for breeding CMV-tolerant blocky-type
etal., 1995). Recently, the potential of wild species germplasnpagpers (Lapidot et al., 1997) and it has been used as a parent in
a source of valuable yield and quality genes has been dens@: annuunvar. annuum cross to construct a molecular markers
strated in tomatolfycopersiconsp.) and rice @ryza sativa map of pepper (Lefebvre et al., 1995). In the present paper we
through the use of molecular markers (Bernacchi et al., 198&yort on the biometrical analysis of quantitative traits associated
Xiao et al., 1996). These studies presented evidence that wiith plant and fruit development that segregated among the
species, although inferior to modern cultivars, have favoralpiegenies resulting from a cross between ‘Maor’ and ‘Perennial’.
genes that are masked by other deleterious ones, but are capable
of improving yield and quality of elite cultivars after being Materials and Methods
introgressed into them.

Many genetic studies of fruit characters in pepper have beerPLant MATERIAL . An intraspecific & population was con-
reported in the past, however, in most cases only a few traits watracted from a cross of the two inbred pepper lines ‘Maor’ and
included in each study (e.g., Deshpande, 1933; KhambanonBarennial’. Seeds of ‘Maor’ were obtained from C. Shifriss, The
1950; Legg and Lippert, 1966; McArdle and Bouwkamp, 1988plcani Center, Bet Dagan, Israel and those of ‘Perennial’ were
Peterson, 1959; Thakur et al., 1980). Therefore, a comprehensbvi@ined from A. Palloix, Institut National de la Agronomige
understanding of the relationships among the various traits coiiRA), Montfavet, France. Two hundred thirtypants, origi-
not be obtained. nated from a single;Fwere grown in a greenhouse in 1995 and

To study the inheritance of fruit characters and to examine there selfed to obtain;Beeds. A subset of 120 randomly chosen
potential of wild accessions of pepper as donors of valuable gergiamilies underwent the biometrical analysis reported in this
encoding agriculturally important traits, we crossed several smatlidy.
fruited chilli accessions with sweet bell pepper lines. One suchExperRIMENTAL DEsIGN. Fifteen plants from each family, and
cross is between the bell-type ‘Mao€.[annuunvar. annuum 45 plants from each of the two parents and theirdfe grown in
(Grossum Group) ‘Maor’] and the domesticated Indian chillihe field in Qiryat Gat, Israel, during Summers 1996 and 1997.

Individual plants were spaced 30 cm apart in rows spaced 100 cm

- . o apart. The experiment was arranged in a randomized complete
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days from planting; data were taken at eight 3-d intervals durimbere s, is the covariance betweepnfBimilies for the traits x

a period of 4 weeks starting 70 d after planting; 2) plant heigatd y, while g, and s, are the standard deviations for the

measured as the distance in centimeters from the base of the plaiince betweens;Families for traits x and y.

to its top taken 45 d after planting; 3) fresh fruit weight in grams;

4) soluble solids concentration, expressed as percent and mea- Results

sured with a refractometer in a drop of fresh juice extracted with

a garlic crusher; 5) fruit length, measured as the distance irMean, standard error, and variance, estimates of each of the traits

millimeters from the pedicel attachment to its apex; 6) fruit the four generations are presented in Table 1. Broad-sense and

diameter, measured in millimeters at the maximum width; 7) framiarrow-sense heritability and coefficient of genetic variance esti-

shape, calculated as the ratio of fruit length to fruit diameter;r@ates are presented in Table 2. All traits exhibited a signififant (

pedicel length, measured in millimeters as the distance betwedh01) familyx year interaction. Therefore, all estimates for the 2

the points of attachment to the stem and to the fruit; 9) pedigears are presented separately. Data for six traits, i.e., fruit weight,

diameter, measured in millimeters at the maximum width; afrdit length, fruit diameter, pedicel length, pericarp thickness, and

10) pericarp thickness, measured in mm at its maximum widttuit shape were log-transformed because of lack of variance

All fruit and pedicel dimensions were measured with a digitabmogeneity. However, because the relative positions of the gen-

caliper. eration means on the scale and the estimates of the genetic param-
SramisTIcAL  ANALYSIS. All analyses were performed usingeters (heritability, and correlations) did not change, only the

JMP statistical software, version 3.1 for Macintosh (SAS Instientransformed data were used for the analyses in this study.

tute, Inc., 1995). Heritability estimates were calculated accordingDays To FIRST RIPENED FRUIT . ‘Maor’ set fruit significantly earlier

to Cahaner and Hillel (1980). Broad-sense heritabilfyswas than ‘Perennial’, while theirfexhibited heterosis towards earliness

estimated by subtracting the environmental variances of {ttee R mean was higher than the parental means in both years).

nonsegregating generations (‘Perennial’ adrbm the segre- Plants with lower and higher values than the two parents were

gating generation ¢l observed in the JFindicating a transgressive segregation for this
trait. Broad-sense heritability was moderate (0.58 and 0.66 in 1996
(V -V ) and 1997, respectively) compared with low narrow-sense heritabil-
2 _\'R P ity (0.4 and 0.27), indicating a large environmental component of
BS V; the phenotypic variation. Similarly, the very low value of the
° coefficient of genetic variation (3% and 2%), indicated there was
where only a small proportion of additive genetic variation within the total
phenotypic variation.
(V +Ve ) PLanT HEIGHT . ‘Perennial’ was significantly taller than ‘Maor’,
Vp O LY while the Fexhibited heterosis over ‘Perennial’ in both years. Plants
2 taller than ‘Perennial’ were observed in the segregating population,

Narrow-sense heritability ) was obtained by determiningindicating a transgressive segregation for this trait. The low broad-
the components of variancé(s variance between;Families; sense heritability values (0.42 and 0.2) and the low coefficient of
s, = variance within E families) from one-way analysis ofgenetic variation (11% and 12%), indicated a major environmental

variance: effect on the phenotypic variance for this trait.
352 Fruir weiHT . Fruit of the two parents exhibited a very large
’fls = % difference in their weight. The mean weight of théit indicated
20, + 0, dominance of alleles coding for decreased fruit weight. The distri-

bution of fruit weight in the segregating generation was skewed

The expectations for these variances &re ¥, +1/4V, and towards small fruit, with maximum fruit weight of 46 g. Both broad-
Sw= 112V, +1/2Vp + Ve where 4 is the additive variance,Ms  sense heritability (0.97 in both years) and narrow-sense heritability
the dominance variance, and ¥ the environmental variance.estimates (1.0 and 0.79) were high. Similarly, the coefficient of
Because the numerator in the narrow-sense heritability equatienetic variation was very high (50% in both years). These data
contains a portion of dominance variance (3/8this estimate indicate a small environmental and large additive genetic compo-
is biased upwards. nents of the phenotypic variation for this trait.

Coefficient of genetic variation (cv) was calculated as the Fruit biameTeR . This trait segregated in a manner similar to fruit
genetic standard deviation divided by thegeneration mean weight, i.e., dominance of narrow fruit and high estimates of
( Xe ): heritability and coefficient of genetic variation (0.99, 0.95, and 32%

° for broad-sense heritability, narrow-sense heritability, and coeffi-
3, cient of genetic variation in 1996, respectively; 0.96, 0.92, and 30%
\EO_ b for broad-sense heritability, narrow-sense heritability, and coeffi-
cv=-"%_ x100 cient of genetic variation in 1997, respectively). Therefore, most of
K, the phenotypic variation of this trait is additive.
Fruit LENGTH . ‘Maor’ had significantly longer fruit than ‘Peren-
Genotypic correla’tionsr&f ) were estimated from the datanial’. The value of the Fruit length indicated dominance of alleles

obtained from the fgeneration: coding for increased fruit length. Plants with shorter fruit than those
of ‘Perennial’ and longer ones than those of ‘Maor’ were recovered

- Ob(xy) in the K generation, indicating a transgressive segregation for this

I'e f3 o trait. The broad-sense heritability was high in both years (0.92 and
O b(y) 0.851in 1996 and 1997, respectively). The narrow-sense heritability
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was moderate to high in both years (0.76 and 0.68 in 1996 and 188¢h other in their pericarp thickness. The means of tlaaéF
respectively). The coefficients of genetic variation were modergtenerations indicated dominance of the thin pericarp. The estimates
(23% and 22% in 1996 and 1997, respectively). These data indicétroad-sense and narrow-sense heritability were high in both years
amajor additive and a relatively low environmental and dominar(@84 and 0.83; 0.78 and 0.7 for broad-sense heritability and narrow-
components of the phenotypic variation for this trait. sense heritability, respectively), indicating a low environmental and
Fruit sHAPE. Fruit shape was defined as the ratio of fruit lengthrge additive variance components in the phenotypic variation for
to fruit diameter. ‘Maor’ had large fruit with nearly equal length arttlis trait.
width. ‘Perennial’ had an elongated fruit while the fruit shape of the TotaL soLuslLE soLips. ‘Perennial’ had a significantly higher
F, closely resembled that of ‘Perennial’ indicating dominance of teeluble solids concentration than ‘Maor’. The mean of the F
high shape index (elongated fruit). Narrow-sense heritability fiodicated dominance of the high total soluble solids v&tead-
fruit shape was high (1.0 and 0.87 in 1996 and 1997, respectivedghse and narrow-sense heritability estimates were moderate in
Variances of the parents angdgénerations, and, therefore, broadt996 (0.77 and 0.54, respectively), and were low in 1997 (0.43 and
sense heritability for this trait could not be determined becaws24 ). The coefficient of genetic variance was low in both years (7%
length and width in these generations were based on the generation8% in 1996 and 1997, respectively). These values indicate a
mean and not on means of individual plants. The coefficientlafge environmental and nonadditive components in the phenotypic

genetic variation was high (41% and 39% in 1996 and 199@riation for this trait.
respectively). The high estimates of heritability and coefficient of PebiceL piameTeR . The two parents differed significantly from
genetic variation, indicated that most of the phenotypic variation &ach other in pedicel diameter. Means of therid i generations

this trait is additive.

indicated dominance of the narrow pedicel. Heritability and coeffi-
Pericarp THICKNESS . The two parents differed significantly fromcient of genetic variance estimates were moderate inyiecits

Table 1. Means, standard errasss), and variances of quantitative traits in an intraspecific craSaggicum annuurh. var. annuum (Grossum

Group) ‘Maor’ withC. annuunvar. annuum (Longum Group) ‘Perennial’.

Days Soluble
to first Plant Fruit Fruit Fruit Pericarp solids Pedical Pedical
ripened ht wit diam length Fruit thickness concn diam length

Generation fruit (cm) (9) (mm) (mm) shéape (mm) (%) (mm) (mm)
‘Maor’ 96

Mean 136 b 325d 155.6 a 77.1a 77 a 1.0 48a 8.1b 9a 30b

SE 0.8 1.1 8.1 1.56 1.8 0.09 0.49 0.38 0.9

Variance 12.6 17.9 196.3 51.4 6.8 0.18 0.72 3 1.8
‘Maor’ 97

Mean 133 b 29.2d 130 a 77.1a 73 a 0.95 4.7 a 7.8c 9.4 a 27 ¢

SE 0.6 0.6 3.1 15 1.3 0.04 0.25 0.15 0.6

Variance 5.9 23 695 51.4 12,5 0.18 1.6 1.8 23
‘Perennial’ 96

Mean 143 a 434c 0.74d 6.8d 32d 47 0.8d 109 a 12c 26 c

SE 14 1 0.17 0.1 0.1 0.02 0.26 0.02 0.4

Variance 295 19.9 0.11 0.67 0.6 0.02 0.28 0.03 1
‘Perennial’ 97

Mean 146 a 38.0c 16d 6.8d 31d 45 09d 11.3a 13c 27c¢c

SE 0.9 1.1 0.05 0.11 0.5 0.02 0.37 0.03 0.5

Variance 14.7 47 0.04 0.68 14 0.04 1.36 0.2 17
F, 96

Mean 127 ¢ 64.1a 9.1c 17.7c 67 b 3.7 19c 10.1a 27b 30b

SE 0 1.4 0.58 0.23 0.8 0.03 0.17 0.08 0.5

Variance 0 38 14 2.9 34 0.05 0.12 0.4 14
F, 97

Mean 128 ¢ 55.9 a 102 ¢ 17c 65b 4.1 21c 10b 3b 36a

SE 0.5 0.9 0.28 0.23 0.9 0.02 0.28 0.01 0.54

Variance 4.1 46 21 2.9 6 0.04 14 0.2 1.7
F, 96

Mean 135b 485b 11.4b 20.5b 61c 3.2 21b 9.8 ab 25b 32a

SE 0.12 0.14 0.26 0.08 0.2 0.05 0.01 0.03 0.01 0.1

Variance 32.3 50 32.8 47.4 27 14 0.24 0.9 0.62 5.2
F, 97

Mean 136 b 426 b 11.4b 21b 59 ¢ 3 22b 9.6b 3b 35b

SE 0.1 0.2 0.15 0.16 0.4 0.03 0.04 0.04 0.02 0.2

Variance 26.6 58.6 40.2 454 25 1.2 0.2 2.6 0.6 5

“Ratio of fruit length to fruit diameter.
YMean separation within columns bsp, P < 0.01.
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(0.66,0.66, and 24%in 1996; 0.77,0.63, and 20% in 1997 for broad- Discussion
sense heritability, narrow-sense heritability and coefficient of ge-
netic variance, respectively). These estimates suggest a large envill the traits examined in this study exhibited continuous varia-
ronmental variance component and that most of the genetic vdits and therefore were inherited quantitatively. One trait, fruit
tion for this trait is additive. shape had a bimodal distribution in thegEneration, suggesting
PepiceL LENGTH. The two parents had fruit with similar pedicelinvolvement of a major partly dominant gene in the genetic control
lengths while the means of the &nd k generations were signifi- of the trait. This observation is in agreement with previous studies
cantly higher, indicating heterosis towards long pedicels. Plantgoivhich fruit shape (measured as a length to width ratio) inGoth
Fsgenerations with longer pedicels than the parents were recovdrsitgscens L(tabasco pepper) ad annuunwas determined to be
indicating a transgressive segregation for this trait. Broad-sense @rolled by a single gene (Kaiser, 1935; Khambanonda, 1950;
narrow-sense heritabilities and the coefficient of genetic variargterson, 1959). Other studies, however, indicated a quantitative
were moderate (0.77, 0.5, and 16% in 1996, respectively; 0.66, 0p@#/genic inheritance for this trait (McArdle and Bouwkamp,
and 16% in 1997, respectively). These estimates suggest a coA§ig3).
erable proportion of the phenotypic variation is environmental, Three traits (days to first ripened fruit, plant height, and
while most of the genetic variation is additive. pedicel length) exhibited transgressive segregation as well as
The genetic correlations for all traits in both years are preserfieterosis. Earlier genetic studies in which these traits were
in Table 3. The two correlation estimates for each pair of traits werk&mined also indicated heterosis for plant height (Thakur et al.,
of similar magnitudes. However, for traits such as fruit weight ah@80), fruit maturity (Lippert, 1975), plant height, and days to
total soluble solids, the 1996 estimates were lower than thos#@fer (Meshram and Mukewar, 1986). To our knowledge, only
1997. a single study has reported the inheritance of pedicel length in
The most notable correlation estimates were the high positpgpper (Setiamihardja and Knavel, 1990). In the latter study
correlations of fruit weight with the fruit width traits, i.e., fruitheterosis was not observed in the th@eannuumcrosses
diameter, pedicel diameter, and pericarp thickness (0.89, 0.85, aimalyzed.
0.85in 1997, respectively). In contrast, fruit weight had much lower Two traits had low broad-sense heritability estimates in the
positive correlations with the fruit length traits, i.e., fruit length angfesent study (plant height and total soluble solids in 1997). There-
pedicel length in both years. Fruit weight had moderate negafiete, environmental factors have a profound effect on these traits,
correlations with plant height, total soluble solids, and elongat&tiich may hinder progress in selection for progeny containing
fruit shape in both years. While the fruit width traits were highfvorable genes originated from ‘Perennial’. Three traits (days to
correlated with each other, the fruit length traits had low correlatiist ripened fruit, plant height, and total soluble solids) had a major
between themselves. Similarly, correlations between plant heigbminance variance component, as revealed by the large difference
and fruit length and between plant height and pedicel length wegeéwveen estimates of broad-sense and narrow-sense heritabilities in
low. Days to first ripened fruit was negatively correlated with plah®97 and by heterosis of the F contrast, characters that deter-
height as well as with fruit length and with elongated fruit shapsined size and shape of the mature fruit were highly heritable and
Total soluble solids content was negatively correlated with pericéingir genetic variance was mostly additive. Therefore, using ‘Peren-
thickness, fruit weight, and fruit diameter. nial’ as a source for favorable genes, such as for tolerance to CMV

Table 2. Broad-sense heritability, narrow-sense heritability, and coefficient of genetic variation for quantitative traisasecific cross of
Capsicum annuuri. var. annuum (Grossum Group) ‘Maor’ with annuunvar. annuum (Longum Group) ‘Perennial’.

Broad-sense Narrow-sense Coefficient of
Trait Year heritability heritability genetic variation
Days to first ripened fruit 1996 0.58 0.40 3
1997 0.66 0.27 2
Plant height (cm) 1996 0.42 0.60 11
1997 0.20 0.43 12
Fruit weight (g) 1996 0.97 1.00 50
1997 0.97 0.79 50
Fruit diameter (mm) 1996 0.99 0.95 32
1997 0.96 0.92 30
Fruit length (mm) 1996 0.92 0.76 23
1997 0.85 0.68 22
Fruit shapé 1996 1.00 41
1997 0.87 39
Pericarp thickness (mm) 1996 0.84 0.78 20
1997 0.83 0.70 18
Soluble solids concentration (%) 1996 0.77 0.54 7
1997 0.46 0.24 8
Pedicel diameter (mm) 1996 0.66 0.66 24
1997 0.77 0.63 20
Pedicel length (mm) 1996 0.77 0.50 16
1997 0.66 0.68 16

“Ratio of fruit length to fruit diameter.
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Table 3. Genotypic correlations among quantitative traits in an intraspecific ck@apstum annuurh. var. annuum (Grossum Group) ‘Maor’
with C. annuumvar. annuum (Longum Group) ‘Perennial’ in 1996 (above diagonal) and in 1997 (below diagonal).

Days Soluble

to first Plant Fruit Fruit Fruit Pericarp solids Pedical  Pedical

ripened ht wit diam length Fruit  thickness  concn diam length
Trait fruit (cm) (9) (mm) (mm) shape  (mm) (%) (mm) (mm)
Days to first ripened fruit —-0.48 0.16 0.31 -0.27 -0.34 0.24 -0.07 0.14 0.19
Plant height (cm) —-0.45 -0.32 —-0.45 —-0.03 0.32 -0.41 0.06 —-0.46 -0.16
Fruit weight (g) 0.07 —-0.45 0.67 0.24 -0.32 0.63 —-0.08 0.68 0.26
Fruit diameter (mm) 0.18 —-0.48 0.89 -0.11 -0.78 0.86 -0.03 0.79 0.09
Fruit length (mm) —-0.30 -0.01 0.23 -0.12 0.65 -0.12 —-0.06 0.25 0.28
Fruit shapé -0.29 0.34 -0.50 -0.70 0.65 -0.70 0.00 —-0.43 0.06
Pericarp thickness (mm) 0.16 -0.44 0.85 0.85 -0.04 —-0.65 -0.14 0.75 0.18
Soluble solids concn. (%) 0.07 0.14 —-0.43 -0.37 —-0.03 0.26 —0.46 —-0.08 0.09
Pedicel diameter (mm) 0.05 -0.50 0.85 0.79 0.24 -0.42 0.76 —-0.45 0.10
Pedicel length (mm) 0.13 -0.15 0.06 -0.01 0.22 0.10 0.09 0.09 0.10

ZRatio of fruit length to fruit diameter.
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