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ABSTRACT: Lippia alba (Mill.) N.E.Br. is an aromatic and medicinal shrub native to the American continent.
Despite its potential as a source of essential oil for the pharmaceutical and cosmetics industries, few selection and
genetic improvement studies have been carried out. The aim of this study was to provide genetic information on
this species for breeding programs, showing its selection potential, by investigating clonal half-sib progenies. The
following characteristics were evaluated per plant: leaf dry mass (LDM), total dry mass (TDM), leaf yield (LY),
essential oil yield (EOY) and oil production (OP). Estimates were made for the several genetic parameters
including absolute genetic gain at 30% selection intensity, correlations and relative contribution of additive and
environmental effects to phenotypic correlation. Two experimental trials on 30 progenies were conducted: one in
Campinas, state of São Paulo (SP), Brazil, with two harvests of the aerial part, and one in Monte Alegre do Sul,
SP, Brazil, with only one harvest. The trials were conducted in a randomized block design consisting of subplots
with three replications, each plot (progeny) consisting of 8 to 15 clonally-replicated plants with subplot harvesting.
Variations were detected between progenies and harvests, as well as progeny/harvest interactions in the split plot
experiment. High heritability and genetic gains were obtained at both sites for LDM, TDM and OP. The lowest
variations among progenies were obtained for LY and EOY, highlighting selection problems. Negative additive
genetic correlations were obtained for EOY × LDM, EOY × TDM, LY × TDM and LY × LDM. Selection for
LDM resulted in increased oil production per plant (OP), even where there was a negative correlation between
LDM × EOY.
Keywords: genetic gain, breeding, essential oils

Introduction

Lippia alba (Mill.) N.E.Br. (Verbenaceae) is a perennial
shrub native to the tropical and subtropical regions of the
American continent. It is a non-domesticated, outcrossing
species propagated by cuttings. Because of its high essential
oil content, this plant is considered to be aromatic and me-
dicinal. Brazilian exports of plant essential oils are increas-
ing. Citrus, eucalyptus and rosewood (Aniba rosaeodora) are
the major oils exported, amounting to U$$ 2.29 million per
year. Phytotherapeutics account for 6% of the pharmaceuti-
cals market, with sales reaching U$$ 235.29 million per year
(De la Cruz, 2005).

Several applications of L. alba essential oils are reported
in the literature, mainly in the chemical, pharmaceutical and
cosmetics industries (Barata and May, 2004; Ibrahim et al.,
2001; Kishore and Mishra, 1991; Lorenzo et al., 2001; Maia
et al., 2004; Rao et al., 2000; Viana et al., 2000; Zetola et al.,
2002). Production of secondary metabolites is the result of
complex interactions in the biosynthesis, translocation, stor-
age and degradation of chemical compounds (Wink, 1990).
Each of these processes is determined by genes and influ-
enced by genotype, ontogenetics and environment (Harbone,
1977). However, studies carried out to date on this species

rely on few genotypes, and selection or genetic breeding of
L. alba has not yet been trialed.

Estimating genetic parameters for breeding programs is
a way of initiating the selection of superior genotypes based
on the population genetic structure. Determining heritabil-
ity estimates provides a basis for designing selection strate-
gies and predicting genetic gains (Fehr, 1987). The aim of
this study was to evaluate the potential for selecting a base
population of L. alba. This involved estimating parameters
for clonal half-sib progenies.

Materials and Methods

We first obtained a recombinant population (or base
population) from the aggregate fruits of eight L. alba (lina-
lool chemotype) genotypes (IAC-1 to IAC-8) studied by
Yamamoto et al. (2008), who studied 20 clones represen-
tative of five chemotypes: linalool (eight genotypes),
myrcene/camphor (three genotypes), limonene/carvone
(four genotypes), citral (four genotypes) and myrcene (one
genotype). Since the species is outcrossing and self-incom-
patible, these chemotypes randomly recombined. Fruits of
L. alba are schizocarpic, round, dry and indehiscent, mea-
suring about 3.0 mm and composed of two mericarps, each
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containing a seed of around 0.4 mm (Yamamoto et al.,
2008). Since the seeds are very small, delicate and remain
inside the mericarps, obtaining large quantities is not vi-
able. Thus, for practical reasons, the fruits are planted rather
than the seeds (Yamamoto, 2008). A total of 8,000 fruits
were planted. Germination was irregular and slow, produc-
ing 296 seedlings after five months. Seedlings were planted
in 30-L pots and kept in the shade during initial develop-
ment. They were then transferred to their final positions
to form the base population. In this population, 88 plants
segregating to the linalool chemotype were identified by
smell. Sixty-seven of them fruited to form the half-sib
progenies of two recombination cycles. The fruits were
planted and again germination was irregular and slow, so
that few of them produced satisfactory number of seed-
lings (> 30). Subsequent phases of this study were carried
out exclusively on the linalool chemotypes of each half-sib
progeny.

Of the 67 linalool chemotype progenies identified in the
base population, 30 yielded between 8 and 15 plants identi-
fied by smell as linalool chemotypes. Since this number is
insufficient for studying progenies, a cloning approach was
chosen, taking cuttings from each of the plants of the half-
sib progenies to produce a collection of progenies.

After four months, standardized cuttings (length ~ 18
cm, diameter ~ 2.0 cm) with two buds were collected from
each plant in the collection of clonal half-sib progenies. The
cuttings were therefore half-siblings of each other, maintain-
ing the genetic variability of the progenies. Thus, 30 half-sib
progenies, each consisting of 8 to 15 linalool plants, were
used to calculate mean values for estimating genetic param-
eters and to quantify the genetic variability available for selec-
tion.

Two trials were carried out on the 30 progenies. The first
was set up in Campinas, characterized by Clayey Typic
Endoaquent soil and tropical warm climate (22º54’ S;  47º05’
W, elevation 674 m). The second trial was set up in Monte
Alegre do Sul, SP. The site is characterized by Clayey Typic
Hapludox(22º43’ S; 46º37’ W, elevation 820 m).

Plants were spaced at 1.0 m × 0.50 m and irrigated by
tricklers (2.4 L h–1) in Campinas and by sprinklers in Monte
Alegre do Sul. In both trials, plants were supported to pre-
vent stem contact with the soil, which could stimulate un-
wanted root development and create clumps of mixed geno-
types and increasing experimental error. Dead plants were re-
placed while the cuttings were bedding in. A randomized
block experimental design with three replications in a split
plot arrangement was adopted, a separate plot for each prog-
eny, and harvesting subplots. Each plot (progeny) consisted
of 8 to 15 plants. The second harvest was conducted when
the plants in the plot rebudded. In Campinas, the first har-
vesting period for plant aerial parts was 14 to 16 July 2008
and the second, 13 and 15 October 2008. In Monte Alegre
do Sul, aerial parts were harvested only once on 11 Novem-
ber 2008.

After harvesting, leaves were separated from stems and
both dried at room temperature until they reached constant
weight. Data were analyzed to provide mean for plants in
the plot. The total dry mass of leaves and stems for each

progeny was measured. Values were divided by the number
of plants per progeny to obtain leaf dry mass per plant
(LDM), the total (stems + leaves) dry mass per plant (TDM)
and leaf yield (LY) determined as a percentage (LDM / TDM
× 100).

The essential oil from the dry leaves was extracted through
hydrodistillation in a Clevenger-type apparatus for 1.5 h. After
separating the water from the oil, the essential oil yield was
calculated as EOY (%) = (MO / LDMEXT) × 100, where MO
is the mass of extracted oil in grams, and LDMEXT is the
total mass of the leaves used for the oil extraction.

Genetic parameters were estimated based on the expec-
tation of mean squares (EMS) obtained from two Analyses
of Variance (ANOVAs): as the experimental split plot with
two harvests in Campinas and in random blocks for the
single-harvest experiment in Monte Alegre do Sul.

The mathematical model used in Campinas was: Yijk =
m + bi + pj + (bp)ij + hk + (ph)jk + εijk, where m is the
general mean; bi is the effetct of the ith block; pj is the ef-
fect of the jth progeny (plot); (bp)ij is the effect of the ijth

interaction of the block and progeny (error a); hk is the ef-
fect of the kth harvest (sub plot); (ph)jk is the effect of the
jkth interaction of the progeny and harvest (error b); εijk is
the effect of the random error. The data were obtained with
average of progenies in mixed model where blocks and
harvest were fixed and progenies were random (Miranda
Filho, 1978). Once significant, the interaction for harvest-
ing and progeny was extracted from the variance of prog-
eny to obtain more realistic estimates of heritability and
genetic gains.

The mathematical model used in Monte Alegre do Sul
was: Yijk = m + bi + pj + εijk, where m is the general mean;
bi is the effetct of the ith block; pj is the effect of the jth prog-
eny; εijk is the effect of the random error. The data were ob-
tained with average of progenies in mixed model, where
blocks were fixed and progenies were random (Miranda
Filho, 1978). The expectations of mean squares E(MS) ob-
tained from two ANOVAs as the experimental split plot with
two harvests in Campinas and in random blocks for the
single-harvest experiment in Monte Alegre do Sul were in
Table 1.

Data were analyzed using SANEST software (Machado
and Zonta, 1995). Treatments (plot) consisted of the aver-
age for 30 progenies from the base population. The follow-
ing genetic parameters were estimated: progeny genetic vari-
ance (σ2

P), environmental variance (σ2
E), genetic variation co-

efficient (CVG%), environmental variation coefficient (CVE%),
narrow-sense heritability (h2

r%), b-value, absolute genetic gain
(GS) and relative genetic gain (GS%). The equations used in
the ANOVAs and ANCOVAs (Analysis of Covariance) on
progeny mean values, based on the components of the re-
spective expected values of mean square E(MS) and mean
product E(MP), are in accordance with Vencovsky (1978). A
selection intensity of 30% was used to estimate the genetic
gains, and the equation is taken from Cruz (2005) (GSabs =
p.hr.sP.k30%), with selection in both sexes (p = 1). Phenotypic
(rF%), additive genetic (rA%) and environmental (rE%) correla-
tions were calculated, taking average of the three harvests in



Heterogeneity of linalool chemotypes of L. alba 449

Sci. Agric. (Piracicaba, Braz.), v.68, n.4, p.447-453, July/August 2011

a set analysis for greater scope and robustness. Correlation
magnitudes were analyzed based on the criterion proposed
by Shimakura and Ribeiro Júnior (2009).

Since the environmental correlations were high, the rela-
tive contribution made by the additive genetic component
and other non-controlled environmental or residual effects
to the phenotypic correlation was calculated. The equation
was proposed by Siqueira et al. (1993) based on the pheno-
typic correlation (rF%) equation in Falconer (1987):

  2 2 2 2
( ) ( ) ( ) ( ) ( ) ( ) ( ) .  . (1 )(1 )   . F xy x y A xy x y E xy

G E

r h h r h h r= + − −

where: rF(xy) = coefficient of phenotypic correlation between
two characteristics (x and y); rA(xy) = coefficient of genetic aditive
correlation; rE(xy) = coefficient of environmental correlation
between two characteristics (x and y); h2

(x) and h2
(y) = narrow-

sense heritability of x and y characteristics, respectively; G/
rF(xy) .100 = additive genetic component as a percentage con-
tribution to the phenotypic correlation; E/ rF(xy) .100 = envi-
ronmental or residual component as a percentage contribu-
tion to the phenotypic correlation.

Results and Discussion

The harvest in Campinas had the lowest mean values for
all evaluated characteristics (except OP), while the Monte Alegre
do Sul harvest had the highest (Table 2). In Monte Alegre do
Sul, the superiority of the harvest by comparison with the
Campinas site can be explained by the better soil and climate
conditions in the region. Yamamoto et al. (2008) also observed
that clones were superior when grown on this site.

Leaf yield (LY) showed the highest uniformity among
the harvests at both sites, ranging from 36.8% (Monte Alegre
do Sul) to 39.5% (Campinas). TDM yield per day during the
period from experimental set-up to harvesting was 0.65 g

DF: Degrees of freedom; E(MS): Expected values of mean square; p, h, b: number of progeny, harvest and blocks; σb
2 : Variance of the

blocks; σbp
2 : Variance of the interaction blocks × progeny; σp

2 : Variance of the progeny; σph
2 : Variance of the interaction progeny ×

harvest; σh
2 : Variance of the harvest; σe

2: Variance of the error. For the source harvest (effect fixed), the value of the coeficient b* = b .
(p/p - 1) ~b.

Table 1 – Expected values of mean square E(MS) in the analysis of variance for the split plot experiment in Campinas and
randomized blocks in Monte Alegre do Sul.

Source DF E(MS)
Split Plot (Campinas)

Block (b)   b - 1 = 2   σe
2 + phσb

2

Progeny (p)   p - 1 = 29   σe
2 + hσbp

2 + b*hσp
2

Error (a)   (b - 1)(p - 1) = 58   σe
2 + hσbp

2

Harvest (h)   h - 1 = 1   σe
2 + b*σph

2 + b*pσh
2

Progeny × Harvest (pxc)   (p - 1)(h - 1) = 29   σe
2 + b*σph

2

Error (b)   p(b - 1)(h - 1) = 60   σe
2

Randomized blocks (Monte Alegre do Sul)
Block (b)   b - 1 = 2   σe

2 + pσb
2

Progeny (p)   p - 1 = 29   σe
2 + bσp

2

Error   (b - 1)(p - 1) = 58                 σe
2

on average for Campinas (over a period of 144.4 days) and
0.81 g for Monte Alegre do Sul (221 days), based on prog-
eny mean values. Similarly, the mean for the two Campinas
harvests was lower than the Monte Alegre do Sul mean
value. Since the oil is mostly produced in the leaves of L.
alba (Correa, 1992), it is predictable that oil yield will be
higher for plants with greater leaf mass per unit planted area.
Environmental (season, soil and climate) and genetic factors,
together with the way they interact, could explain the phe-
notypic variations observed in the progenies. Oil yield varies
according to plant age, harvesting season and interactions
between these factors (Innecco et al., 2003; Santos and
Innecco, 2004).

With the exception of LY, there were differences among
the progenies in both sites. The results of the ANOVAs for
split plots (Campinas) revealed differences (p ≤ 0.01) among
progenies (plots) and harvests (subplots) and harvest/prog-
eny interaction. These significant interactions observed in the
ANOVAs affected the magnitude of progeny genetic vari-
ance (σ2

P), reducing the estimated parameter values. This sug-
gests that, given the characteristics studied and the experi-
mental conditions for the two harvests, the parameter esti-
mates should take account of interaction effects in determin-
ing progeny variances. Estimated genetic parameters in cross-
fertilizing plant populations based on half-sib progenies are
used as input information for designing breeding programs
and allow the genetic potential for recurrent or intravarietal
selection over several cycles to be evaluated (Paterniani and
Miranda Filho, 1978; Ramalho et al., 2004; Vencovsky, 1978).

Apart from LY and EOY, all characteristics showed high
genetic variation coefficients (Table 2) at both sites (24.4 to
40.4.0%). The potential for LY variation is limited, since it
requires shortening the internodes, resulting in smaller leaves.
Rufino et al. (2010), when studying 62 experimental clones
of L. alba (linalool chemotype), found only two clones with
shortened internodes and no significant reduction in leaf size.
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EOY had the lowest genetic variability at both sites, al-
though variability was higher than for LY. During essential
oil extraction, better experimental control is possible since
Clevenger hydrodistillation procedures are well established,
resulting in less residual variance σ2

E (CVE% between 15.9 and
16.3%). This contributed to a higher expression of the ad-
ditive genetic effects. Due to the greater magnitudes of ad-
ditive genetic variation in relation to environmental or ex-
perimental error-induced magnitudes observed at both sites,
the b-values obtained were higher than 1.0 (except LY and
EOY for Monte Alegre do Sul and EOY for Campinas),
favoring selection even in a small population. This can be
explained by the fact that L. alba is a cross-fertilizing, non-
domesticated, rustic species, maintaining loci in heterozygo-
sis, which is the norm for plant propagation by cuttings. Nev-
ertheless, genetic improvement of this species in Brazil is
still in its early stages (Biasi and Costa, 2003; Corrêa, 1992;
Rufino et al., 2010).

Higher heritabilities were observed, mainly in Monte
Alegre do Sul, except LY and EOY when compared to
Campinas allowing higher genetic gains per cycle. This means
that it is possible to increase essential oil production by se-
lecting individuals with higher leaf mass or total mass. Since
oil production is dependent on two characteristics, essential
oil yield (EOY) and leaf dry mass (LDM), any increment in
one of these characteristics would result in increased OP. The
conclusion is that there is sufficient additive genetic variance
in the progenies and therefore in the base population to al-
low superior individuals to be identified based on their LDM,
TDM and OP characteristics. In Monte Alegre do Sul, the
least favorable selection characteristic was LY (Table 3), which
did not produce any genetic gains. Studies of leaf biomass

production and harvesting periodicity could play an impor-
tant role in verifying the stabilizing point for these character-
istics under different environmental conditions. The variance
of the evaluated characteristics (phenotype) is affected not
only by genetic components, but also by the progeny inter-
action with environmental conditions, which could lead to
overestimation of the variance components (Dudley and
Moll, 1969).

Genetic variation coefficients were high for LDM, TDM
and OP, resulting in b-values close to 1.0, showing that they
are favorable for selection, even though high CVE% values
were observed at this site. No genetic variance was detected
for percentage leaf yield under the experimental conditions
at Monte Alegre do Sul. At the Campinas site, this charac-
teristic exhibited the lowest CVG%, showing how difficult it
is to select for this characteristic.

High heritability values, and therefore genetic gains, were
observed in the experiments at both Campinas and Monte
Alegre do Sul, showing the potential of L. alba for genetic
improvement. Genetic gains of more than 22.5% were ob-
served for LDM, TDM and OP and lower gains (10.0 to
13.2%) for LY and EOY in Campinas. Based on the Monte
Alegre do Sul experiment, estimates for genetic gain were
even higher (39 a 42.1%) for LDM, TDM and OP, suggest-
ing that it would be viable to select half-sib progeny for
increased linalool essential oil production. It also shows
that there is no drop in genetic variability when a small num-
ber of progenies is studied (only 30 progenies in this
study).

Observed high level of genetic variability in this species,
which were also detected by Manica-Cattani et al. (2009) that
studied 27 genotypes of L. alba through molecular markers

Table 2 – Genetic parameter estimates for clonal half-sib progenies based on the average values in a split plot arrangement
(Campinas, SP).

M: Mean; σF
2: Phenotypic variance; QMBxP (error a): Mean squares of block x progeny interaction; rσ2

HxP : Harvest × progeny Interaction;
σP

2: progeny variance; σE
2 : Environmental variance = error b of ANOVA; CVG%: Genetic coeffient variation among half-sib progenies;

CVE%: Environmental variation coefficient; hr
2(%): narrow-sense heritability; b: Relationship CVG% / CVE%; GS: absolute gain under 30%

of selection intensity; GS%: selection gain related to the mean; LDM: dry mass of leaves per plant; TDM: total dry mass per plant; LY: leaves
yield; EOY: oil yield; OP: oil production per plant.

Means and variances LDM TDM LY EOY OP

-------------------- g -------------------- ------------------- % ------------------- g

M  34.2254  92.3421  39.5375  61.5160  22.3420

σF
2  552.5174  5916.3469  93.0855  445.7236  270.6454

QMBxP (Error a)  93.3134  823.9756  9.2193  72.5322  43.2349

rσ2
HxP  41.6417  848.8502  3.0706  9.3892  52.3852

σ2
P  69.5937  707.2535  13.4659  60.6337  29.1709

σ2
E (Error b)  35.0758  304.2276  5.2829  95.1824  29.6437

   Parameters

CVG%  24.3745  28.7997  9.2813  12.6581  24.1742

CVE%  17.3043  18.8886  5.8134  15.8595  24.3694
b  1.4086  1.5247  1.5965  0.7981  0.9920

hr
2
%  75.5745  71.7254  86.7972  81.6206  64.6696

GS  8.4054  26.1040  3.9624  8.1534  5.0339

GS%  24.5588  28.2683  10.0218  13.2542  22.5313
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characterizing these materials according to genetic similarity
and chemical composition of the accessions. Similarly,
Jannuzzi et al. (2010) evaluated 16 accessions of L. alba and
showed the existence of five distinct chemotypes, in addi-
tion to high variability in other traits.

To make correlation estimates more robust, all progenies
for all three harvests were taken into account in the ANOVAs
(Table 4). Since low values (significant for the T-test) are usu-
ally obtained in correlation studies, we used the classification
criteria proposed by Shimakura and Ribeiro Júnior (2009).
Significant but low correlation values were obtained by
Yamamoto et al. (2008) in L. alba.

LDM and TDM characteristics were strongly correlated
(rA% = 98.9%), implying that selection can be based on leaf
biomass or total biomass production. For the purpose of
comparing different studies, essential oil is usually extracted
from dry leaves (without stems, flowers, etc) to obtain yield
figures (EOY), dividing the leaf mass subjected to
hydrodistillation by the mass of oil obtained.

Previous study with L. alba carried out by Yamamoto
et al. (2008) with 20 clones and by Rufino et al. (2010) with
65 clones, revealed a high correlation between wet and dry
mass (96 – 99%) in several environments. Our study was
therefore based on dry mass only. Apart from LDM ×
TDM, other positive or directly proportional additive ge-
netic correlations were LDM × OP (92.7%: very strong),
TDM × OP (91.0%: very strong) and LY × EOY (12.3%:
very weak). Correlation between two characters indicates that
the relationship between them is linear (Cruz, 2005). This
information is important for breeding programs, suggest-
ing the possibility of genetic gains in total oil yield based
on indirect selection of plants with higher wet or dry mass
so that fewer samples need to be analyzed. If we know
how different characteristics are correlated, we can select for
the desired characteristic based on the correlated character-
istic with the highest heritability (less prone to environmen-

tal effects) and which is easier to evaluate (Cruz, 2005;
Vencovsky, 1978).

Genetic correlations can reflect the mechanism of pleio-
tropic gene action, i.e. the degree of correlation reflects the
influence of a given gene on different phenotypic traits (Fal-
coner, 1987). Negative additive correlations were observed for
LDM × LY (- 28.8%: weak), LDM × EOY and TDM ×
EOY (- 17.9%; - 18.1%: very weak), TDM × LY (- 36.4%:
weak). The correlation between LDM × LY shows that se-
lecting for dry leaf biomass causes a drop in leaf yield, im-
plying that an increase in LY would affect biomass produc-

Table 3 – Genetic parameters estimated among clonal half-sib progenies in Monte Alegre do Sul, SP (one harvest).

M - Mean; σ2
P

 – Genotypic variance; σ2
E

 – Environmental variance; CVG% - Genetic variation coefficient for half-sib progenies; CVE% -
Environmental variation coefficient; hr

2(%) – Narrow-sense heritability; b – Relationship CVG% / CVE%; GS – Absolute gain at 30%
selection intensity; GS% - Selection gain related to the mean; LDM: leaf dry mass per plant; TDM: total dry mass per plant; LY: leaf yield;
EOY: essential oil yield; OP: oil production per plant.

Means and variances LDM TDM LY EOY OP
-------------------- g -------------------- ------------------- % ------------------- g

M  34.2254  92.3421  39.5375  61.5160  22.3420

σ2
F  552.5174  5916.3469  93.0855  445.7236  270.6454

σ2
P  93.3134  823.9756  9.2193  72.5322  43.2349

σ2
E  41.6417  848.8502  3.0706  9.3892  52.3852

  Parameters  69.5937  707.2535  13.4659  60.6337  29.1709
CVG%  35.0758  304.2276  5.2829  95.1824  29.6437
CVE%

b  24.3745  28.7997  9.2813  12.6581  24.1742
hr

2%  17.3043  18.8886  5.8134  15.8595  24.3694
GS  1.4086  1.5247  1.5965  0.7981  0.9920
GS%  75.5745  71.7254  86.7972  81.6206  64.6696

Table 4 – Estimates of additive genetic correlation (rA%),
phenotypic correlation (rF%) and environmental
correlation (rE%), based on the average of 30 clonal
half-sib progenies.

LDM: dry mass of leaves per plant; TDM: total dry mass per
plant; LY: leaves yield; EOY: oil yield; OP: oil production per
plant; rA%: additive genetic correlation; rF%: phenotypic correlation;
rE%: environmental correlation.

Trait LDM LY EOY OP

TDM

rF%  98.4  - 18.1  - 15.0  90.4

rA%  98.9  - 36.4  - 18.1  91.0
rE%  94.1   16.2  - 16.2  86.8

OP
rF%  92.6  - 11.3  20.5
rA%  92.7  - 28.3  18.5

rE%  92.0   20.2  33.2

EOY

rF%  - 14.8  9.9

rA%  - 17.9  12.3
rE%  - 4.2  9.0

LY
rF%  -12.1
rA%  - 28.8

rE%   20.7
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tion, which is not desirable. This can be partially explained
by the fact that the only way to obtain higher leaf yield is by
shortening the internodes, resulting in smaller leaves.
Yamamoto et al. (2008) observed limonene/carvone
chemotype clones with small leaf size and plant habit, but
this was caused by a virus infection. The same authors also
observed that plants with larger leaves also have longer in-
ternodes.

Environmental forces can lead to deviations from the
expected phenotype, resulting positive or negative correla-
tions (Falconer, 1987 and Ramalho et al., 2004). Cruz (2005)
stated that character correlation can be a result of pleiotro-
pic gene action or gene linkage. If genes lack strong link-
age, the correlation can change in advanced generations be-
cause gene clusters are broken down by crossovers (Cruz,
2005).

We observed significant variation in environmental cor-
relation estimates for the combinations of characteristics,
as follows - positive or negative and very weak (EOY ×
LY: 9.0%); weak (EOY × OPP: 33.2%); strong (TDM ×
OPP: 86.8%); very strong (LDM × OPP: 92.0%; LDM ×
TDM: 94.1%). Three of the environmental correlations were
negative, and weak or very weak. Intra-progeny environ-
ment variations in both traits may explain the environmen-
tal correlation observed and the presence of desigual num-
ber of individual plants by progeny (8 a 15). Siqueira et al.
(1993), working with 102 carrot half-sib progenies, observed
high intra-progeny environmental or residual in the
ANOVAs. Based on Falconer (1987), Siqueira et al. (1993)
proposed a way of proportionally quantifying the contri-
bution of the (additive) genetic and environmental corre-
lations to the phenotypic correlation (see equations in Ma-
terial and Methods).

In the present study, taking only the very strong phe-
notypic correlations (LDM × TDM, LDM × OPP and TDM
× OPP), the percentage additive genetic effects (G%) in the
phenotypic correlation varied from 81.97 to 90.10%, while
environmental effects accounted for 9.90 to 18.03% (Table
5). This shows that additive genetic effects played a more
prominent role than environmental effects in determining
of the phenotypic correlation, as observed by Siqueira et
al. (1993) and Rufino et al. (2010).

Conclusions

The experimental progenies have sufficient genetic vari-
ability to allow genetic improvement and selection. Although
breeding programs for the species have never been set up
(no selection pressure), the genetic parameter estimates are
high. The progenies exhibited higher mean values for total
dry mass and leaf dry mass, suggesting that inter- and in-
tra-progeny selection for these traits is a viable proposition.
Mass selection for LDM and TDM is possible to achieve gains
in the total oil production. LY had lower genetic variability
in the progenies studied and is therefore not well-suited to
breeding programs. Despite very strong, strong and moder-
ate environmental correlations, the environmental contribu-
tion to phenotype characteristics is low. Additive genetic ef-
fects were more significant in almost all the combinations
studied.
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