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ABSTRACT

Cytogenetic analyses, of pollen viability, nuclear DNA content and RAPD markers were employed to study three

chemotypes of Lippia alba (Mill.) (Verbenaceae) in order to understand the genetic variation among them. Different

ploidy levels and mixoploid individuals were observed. This work comprises the first report of different chromosome

numbers (cytotypes) in L. alba. The chromosome numbers of La2-carvone and La3-linalool chemotypes suggested

that they are polyploids. Flow cytometric analysis showed an increase of nuclear DNA content that was not directly

proportional to ploidy level variation. A cluster analysis based on RAPD markers revealed that La3-linalool shares

genetic markers with La1-citral and La2-carvone. The analysis showed that the majority of genetic variation of

La3-linalool could be a consequence of mixoploidy. Our data indicates that sexual reproduction among those three

chemotypes is unlikely and suggests the beginning of reproductive isolation. The results demonstrated that chromo-

some analysis, nuclear DNA content estimation and RAPD markers constitute excellent tools for detecting genetic

variation among L. alba chemotypes.
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INTRODUCTION

One of the central goals of evolutionary biology is to

understand the origin of new lineages and species. Ac-

cordingly, there is an abiding interest in the processes

by which biodiversity arises, and in elucidating the full

spectrum of intrinsic mechanisms and extrinsic forces

that shape the speciation process. Adaptations to het-

erogeneous environmental conditions include both gen-

etic differentiation as well the expression of an alterna-

tive range of phenotypes, commonly known as “pheno-
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typic plasticity” (West-Eberhard 1989, Scheiner 1993,

Jump and Penuelas 2005). Consequently, natural selec-

tion may lead to genes that determine complex charac-

ter responses (Bradshaw 2006). However, the ability of

a species to adapt to environmental changes is known

to depend greatly on the genetic diversity available for

traits subjected, or potentially subjected, to selection

(Noel et al. 2007).

Studies on plants with medicinal interest have

shown that some species exhibit striking variations in

the composition of their essential oils, sometimes also

with morphological variations (Theis and Lerdau 2003,

An Acad Bras Cienc (2011) 83 (3)



“main” — 2011/7/12 — 19:03 — page 994 — #2

994 PATRÍCIA M.O. PIERRE et al.

Tavares et al. 2004). Consequently, the identification of

chemotypes or chemical varieties can be based on their

major chemical component. This phytochemical and

morphological phenomenon can be observed in some

Verbenaceae species (Bassole et al. 2003). Lippia alba

(Mill.) N.E. Brown, which is commonly known as

“cidreira” in Brazil, is a typical example (Zoghbi et al.

1998, Biasi and Costa 2003, Tavares et al. 2004). Lippia

alba is used in folk medicine for gastrointestinal and

respiratory disorders, and has anti-inflammatory, anti-

microbial and antifungal properties (Biasi and Costa

2003). Many chemotypes of these species were de-

scribed (Hennebelle et al. 2008), and a system to clas-

sify them on the basis of composition and possible com-

mon biosynthetic pathways among different oils was

proposed (Hennebelle et al. 2006).

Three of these L. alba chemotypes, designated

as La1-citral, La2-carvone and La3-linalool, were de-

scribed by Tavares et al. (2004). They have different

pharmacological activities and show some morpholog-

ical differences, such as size of their mature plants and

leaves, as well as growth habit. In addition, some au-

thors reported that this species has a wide phenotypic

plasticity resulted from adaptations to environmental

conditions (Kumar and Dutt 1989, Sanders 2001). How-

ever, morphological, phytochemical and micropropaga-

tion studies carried out by Tavares (2003) demonstrated

that differences among the chemotypes remained even

under identical environmental conditions, evidencing a

possible genetic control.

Various techniques have been used to explore and

identify genetic traits that contribute to genetic differ-

entiation and, in some cases, to reproductive isolation of

the genotypes. In addition to cytogenetic analysis, which

is a powerful tool for the identification of variations in

chromosome number and structure, the study of nuclear

DNA amounts by flow cytometry brings important infor-

mation about genomic variations (Dolezel et al. 2007).

According to Ohri (1998), there is a remarkable differ-

ence in genome size at the infrageneric level, which can

be used to demarcate various taxa. Moreover, DNA

markers, such as random amplified polymorphic DNA

(RAPD), are also useful tools for understanding the re-

lationships among different accessions and genotypes

(Saxena and Chandra 2006, Sheidai et al. 2007).

This work describes the use of cytogenetic, cyto-

metric and molecular tools to understand the genetic dif-

ferences among three chemotypes of L. alba. We also

investigated pollen viability and meiotic behavior, and

discussed their consequence in the reproduction and

genomic stability of these three chemotypes.

MATERIALS AND METHODS

PLANT MATERIAL

Three individuals of each chemotype (La1-citral, La2-

carvone and La3-linalool) of Lippia alba were collected

in three Brazilian States (Rio de Janeiro, Ceará and São

Paulo, respectively) and cultivated in a greenhouse under

the same environmental conditions. All individuals were

analyzed according to the methodology described as fol-

low. The voucher herbarium specimens were deposited

at the Herbarium CESJ, Instituto de Biologia, Universi-

dade Federal de Juiz de Fora, Minas Gerais, Brazil.

CYTOGENETIC ANALYSIS

Young root tips were pre-treated with 0.003M 8-hydro-

xyquinoline at 4◦C for 8h and fixed in ethanol: acetic

acid (3:1) at room temperature. They were then digested

with Pectinex Novozymes (Bagsvaerd Denmarkr) at

34◦C for 3h. Slides were prepared using cell dissociation

(Carvalho and Saraiva 1993) and conventional squash

technique. To determine the number of chromosomes, a

minimum of fifty metaphase cells of each one of three

individuals of each chemotype was analyzed.

Ten metaphase cells with spread chromosomes of

both La1-citral and La2-carvone were used for karyo-

type analysis. Chromosomes were classified according

to the arm ratio using standard nomenclature (Levan et

al. 1964). The chromosome length range (CLR), kary-

otype formula (KF), number of chromosomes with sec-

ondary constriction (NSC), haploid genome total length

(HGTL) and ideograms were obtained for La1-citral and

La2-carvone chemotypes.

MEIOTIC ANALYSIS AND POLLEN VIABILITY

Flower buds of three individuals of each chemotype

were collected and fixed in methanol: acetic acid (3:1)

at −20◦C. Slides were prepared using air-dry technique

adapted for reduced flower sizes (Caixeta and Carvalho
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2001, Viccini et al. 2006). Approximately 40 anthers

were excised from 12 flower buds and placed in a spe-

cial microtube (0.5 ml) with a nylon screen attached

(60μm). The material was washed in distilled water

to remove fixative. The adapted tube containing the

anthers was immersed in enzymatic solution (Pectinex

Novozymes, Bagsvaerd, Denmarkr) and incubated at

34◦C for 20 min. After enzymatic maceration, the an-

thers were washed in distilled water and mechanically

fragmented with an adapted pin to remove the pollen

mother cells (PMCs). The cellular suspension obtained

was centrifuged at 2000rpm for 12 min. For slide prepa-

ration, about six drops of the suspension were added

to a clean slide. Slides were air-dried and stained with

Giemsa solution for three min. Cell images were dig-

italized using Image Pro Plus software (Media Cyber-

neticTM, Silver Spring. MD, USA). A total of 966 mei-

otic cells were analyzed.

Pollen from individuals of each chemotype was

analyzed. Flower buds were collected and slides were

prepared using squash technique, and viability was es-

timated according to differential staining (Alexander

1980). Digital images were taken with the BX60 micro-

scope (Olympus, Tokyo, Japan). Mean pollen viability

of La1-citral, La2-carvone and La3-linalool chemotypes

were compared using the Scott-Knott test at 5% prob-

ability.

FLOW CYTOMETRY ANALYSIS

Seedlings of Pisum sativum were used as a standard

sample (9.09 pg/2C) (Cavallini and Natali 1990). Young

leaves (30mg) of three plants of each chemotype and P.

sativum (internal standard) were collected and chopped

with a razor blade in 50μL of LB01 extraction buffer

and filtrated with a 50μm nylon mesh filter. 25μL of

staining buffer containing 1mg/mL propidium iodide and

5μL of RNase were added, and the suspension was left

at room temperature for 60 min in the dark. For each

sample, at least 10.000 nuclei were analyzed using a log-

arithmic scale display. The analysis was performed with

a FacsCalibur cytometer (Becton Dickinson). Each flow

cytometric histogram was saved using Cell Quest soft-

ware and analyzed with WinMDI 2.8 software. The 2C

DNA content of the sample was calculated as the sam-

ple peak mean, divided by the P. sativum peak mean and

multiplied with the amount of P. sativum DNA. Only

measurements with coefficient of variance (CV) less 3%

were taken into account. The CV was calculated using

the following formula: standard deviation/peak mean

X 100%.

RAPD ANALYSIS

NUCLEAR DNA EXTRACTION AND RAPD AMPLIFICATION

Genomic DNA was isolated from young leaves of three
individual plants of each chemotype using the CTAB
(cetyltrimethyl-ammonium bromide) procedure (Doyle
and Doyle 1987) with modifications. Samples were
identified as La1-1, La1-2, La1-3 for La1-citral; La2-1,
La2-2, La2-3 for La2-carvone, and La3-1, La3-2, La3-
3 for La3-linalool chemotypes. Amplification reactions
were performed using the procedure of Williams et al.
(1990) with modifications. Reactions were carried out in
volumes of 25μL containing 1× Taq polymerase buffer
(10mM Tris-HCl pH 8.0; 50mM KCl); 2mM MgCl2;
0.1% Triton X-100; 0.2mM each of dATP, dTTP, dCTP
and dGTP (Pharmacia); 4mM of 10-mer primer (Operon
Technologies Inc., Alameda, CA, USA); 1U of Taq DNA
polymerase (Promega, Madison, WI); and 30ng of tem-
plate DNA. Forty-seven 10-mer random primers were
tested. The reactions were performed in the GeneAmpr

PCR System 9700 thermal cycler (Applied Biosystems,
Foster City, CA) with the follow, cycling parameters:
DNA template denaturation at 94◦C for 2 minutes, fol-
lowed by 45 cycles of PCR amplification (denaturation
for 1min at 94◦C, primer annealing for 1 min at 36◦C
and extension for 1,5 min at 72◦C). A final incubation
for 5 min at 72◦C was performed to ensure complete
primer extension reaction. Amplification products were
resolved on 5% polyacrilamide gel using 1× TBE buffer
(44.5mM Tris/Borate, 0.5mM EDTA, pH8.0). Gels were
stained with 15%, silver nitrate solution.

RAPD DATA ANALYSIS

DNA markers were scored for the presence (1) or ab-
sence (0) of homologous bands. Band scoring was per-
formed using the Scanalytics Co Software (Stratagene,
San Diego, CA, USA). Only reproducible, strong and
evident bands were considered. The genetic dissimi-
larities were estimated by Nei and Li (1979) using the
software GENES (Cruz 2001, version 2004 2.1). Clus-
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ter analysis was performed with UPGMA (unweighted
pair-group method using arithmetic averages) using the
JMP Software, version 3.1.6.2 (SAS Institute).

RESULTS

MITOTIC ANALYSIS AND NUCLEAR DNA CONTENT

In the present study, different chromosome numbers
were found for each one of the three L. alba chemo-
types. The chromosome number found for all individuals
of La1-citral was 2n=30 (Fig. 1), while all individuals
of La2-carvone showed 2n=60 (Fig. 2). Curiously, all
individuals of La3-linalool showed the same range of
chromosomes numbers, from 2n=12 to 2n=60, in dif-
ferent cells from the same individual (Fig. 5-8). Figure 9
illustrates this variation for one individual analyzed, and
show, cells with 2n=44 as the most frequently found.
Similar results were observed for other two individuals
analyzed.

Two and four chromosome pairs with secondary
constrictions were observed in La1-citral and La2-
carvone, respectively (Table I, Figs. 3 and 4). The chro-
mosome variation observed among cells of each one of
the three individuals analyzed of La3-linalool hindered
the construction of the ideogram and, as a consequence,
the determination of chromosome length range (CLR),
karyotype formula (KF), haploid genome total length
(HGTL) and also the number of secondary constriction.

TABLE I
Chromosome number (CN), chromosome length

range (CLR), karyotype formula (KF), number of
chromosomes with secondary constriction (NSC)

and haploid genome total length (HTGL) of
La1-citral and La2-carvone chemotypes.

La1-citral La2-carvone

CN 2n = 2x = 30 2n = 4x = 60

CLR 2.04 – 4.27μm 1.48 – 4.81μm

KF 8m + 7sm 18m + 11sm + 1st

NSC 4 8

HTGL 43.02 μm 84.67 μm

m: metacentric, sm: submetacentric, st: subtelocentric.

The nuclear DNA content and coefficients of vari-
ance for La1-citral and La2-carvone chemotypes were
1.86pg (CV=1,72) and 3.42pg (CV=1,65), respectively.
La3-linalool shows that DNA content from 2.05 to
3.41pg with CV=5,54.

Figs. 1–4 – Karyotype characteristics of L. alba chemotypes. Fig. 1:

Metaphase chromosomes of La1-citral, 2n = 2x = 30. Fig. 2:

Metaphase chromosomes of La2-carvone, 2n = 4x = 60. Fig. 3: Idio-

gram of La1-citral (2n = 30), chromosomes 5 and 11 show secondary

constrictions. Fig. 4: Idiogram of La2-carvone (2n = 60), chromo-

somes 6, 14, 24 and 27 show secondary constrictions. Scale bars =

10μm for figures 1 and 2; 2 μm for figures 3 and 4.

MEIOTIC ANALYSIS AND POLLEN VIABILITY

Several meiotic abnormalities were observed mainly in

La2 and La3 chemotypes. La1-citral also showed some

abnormalities (13.8% in 282 analyzed cells), but the

majority of its cells showed 15 bivalents and regular

meiosis. Univalents in diakinesis, early chromosome

segregation in metaphase I, and also lagging chromo-

somes in anaphase I and telophase I were observed
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Figs. 5–9 – Mixoploidy in cells of La3-linalool. Fig. 5: 2n = 29. Fig. 6: 2n = 42. Fig. 7: 2n

= 46. Fig. 8: 2n = 60. Fig. 9: Number of metaphase cells with different chromosome numbers

observed in one La3 linalool individual. Scale bars = 10μm for all figures.

(Table II). However, meiotic irregularities were not ob-

served in meiosis II.

On the other hand, 91.1% of La2-carvone cells

presented abnormalities both at meiosis I and II (Ta-

ble II). The chromosome abnormalities were examined

in 399 pollen mother cells. It was possible to observe

different chromosome associations in PMC at diakine-

sis, including cells with univalents, bivalents and mul-

tivalents chromosomes (Fig. 10). Early disjunction of

chromosomes in metaphase I and II (Table II, Figs. 11

and 14, respectively), bridges and fragments in anaphase

I (Table II, Fig. 12), lagging chromosomes in telophase

I (Table II), cells with asynchronic nuclei (Table II,

Fig. 13), tetrads with lost chromosomes, monads (Table

II, Fig. 15) and dyads were observed. Monads cells were

the most frequent among the abnormal cells (84.2%).

An Acad Bras Cienc (2011) 83 (3)
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TABLE II
Number of cells with meiotic abnormalities and pollen viability

means of La1-citral, La2-carvone and La3-linalool.

Chemotypes
Cell stage

La1-citral La2-carvone La3-linalool

Diakinesis 9 4 96

Metaphase I 9 12 21

Telophase I 9 10 15

Metaphase II 0 3 6

Tetrad 9 2 90

Monads 3 336 0

Abnormal cells (A) 39 367 228

Normal Cells (B) 243 32 45

Total (A+B) 282 399 273

Abnormalities (%) 13.8 91.1 83.5

Pollen viability 0.82a 0.52b 0.35c

Means followed by the same letters did not differ significantly according

to Skott-Knott test (p=0.05).

The La3-linalool showed 83.5% of cells with

meiotic irregularities (Table II). In this chemotype, 273

cells were analyzed and a large number of abnormal-

ities were found. Chromosome associations in diaki-

nesis were observed in 35.2% of abnormal cells (Table

II). Cells with univalents, trivalents and quadrivalents

were the most frequent and represent, nearly 73% of

altered cells in prophase I. Univalent (Fig. 16); chro-

mosome chains including several chromosomes trans-

location rings of four chromosomes (Figs. 17 and 18,

respectively), early chromosomes at metaphase I (Table

II, Fig. 19), lagging chromosomes in anaphase I (Table

II, Fig. 20) and telophase II with lost chromosomes (Ta-

ble II, Fig. 21) were observed.

Pollen viability also varied among cytotypes. We

identified 82.0% of viable pollen in La1-citral, 52.0%

in La2-carvone, and 35.0% in La3-linalool (Table II).

RAPD ANALYSIS

As an initial step, a total of 47 arbitrary 10-mer primers

were first screened. All primers amplified L. alba DNA,

and 33 (70.5%) of that, were polymorphic. Several

patterns of bands were revealed for different primers.

Bands showed an average of 968.41bp ranging from

249bp (OPC-02) to 3062bp (OPA-05). A minimum of

2 (OPA-13 and OPG-16) and a maximum of 12 (OPA-

09 and OPB-03) unambiguously amplified bands were

generated, with an average of 6.3 bands per primer. Out

of 208 scored bands, 33 bands (15.86%) were monomor-

phic for all genotypes analyzed, and 175 bands (84.14%)

were polymorphic in L. alba accessions. Figure 22 illus-

trates the electrophoresis profiles obtained with primers

OPC-11 and OPF-10. The high proportion of polymor-

phic loci reveals intraspecific variation among L. alba

chemotypes. Genetic distances were calculated for each

chemotype to evaluate the intraspecific diversity among

them (Table III). The average genetic distances were

similar among La1 and La2 (0.02 and 0.03, respect-

ively). La3-linalool showed the highest intraspecific

genetic distance (0.44). The variations among La1-La2,

La1-La3 and La2-La3 were 0.58, 0.40 and 0.43, respect-

ively (Table III). The dissimilarity coefficient was used

to cluster the data using UPGMA method in a dendro-

gram (Fig. 23). Lippia alba chemotypes showed a clear

separation from each other. Two main groups were

formed (Group I with La1 and La3 chemotypes, and

Group II with La2 and La3 chemotypes).

TABLE III
Genetic distance means among L. alba chemotypes:

La1-citral, La2-carvone and La3-linalool.

La1 La2 La3

La1 0.02

La2 0.58 0.03

La3 0.40 0.43 0.44
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Figs. 10–15 – Meiotic abnormalities of La2 (2n = 4x = 60). Fig. 10: Bivalent and triva-

lent at diakinesis (arrows). Fig. 11: Early disjunction of chromosomes in metaphase I

(arrows). Fig. 12: Bridges and fragments in telophase I (arrows). Fig. 13: Assinchronic

nuclei (arrow). Fig. 14: Early chromosomes in metaphase II (arrows). Figure 15:

Monad (arrow). Scale bars = 10μm for all figures.

DISCUSSION

The chromosome number of L. alba has been previ-

ously described as 2n=30 (Bose and Choudhy 1960,

Brandão et al. 2007). In the present study we observed

different chromosome numbers for different accessions

(chemotypes) of Lippia alba collected from Brazil.

Plants with 2n=30 for La-1, 2n=60 for La-2, and chro-

mosome numbers ranging from 2n=12 to 2n=60 for

La-3 in the same individual were observed. According

to King et al. (2006), the presence of more than one

chromosome number in a cellular population is defined

as mixoploidy, so La-3 can be considered a mixoploid.

This is the first report of this chromosome varia-

tion among accessions of L. alba. The occurrence of

different chromosome numbers within the same species

was also previously reported in other species (Ková and

Nzbergová 2006, Srivastavai et al. 2007, Hodálová et

al. 2007). Nonetheless, the rate at which these cyto-

types arise and their fate in local mixed-cytotype popu-

lations are not well understood. These chromosomal

variations raise the question whether these cytotypes are

genetically separated and whether they can be distin-

guished morphologically. Studies on the cytotypes that

are in the same can provide insights into the nature of

interactions among genotypes, the genetic basis of their

An Acad Bras Cienc (2011) 83 (3)



“main” — 2011/7/12 — 19:03 — page 1000 — #8

1000 PATRÍCIA M.O. PIERRE et al.

Figs. 16–21 – Meiotic abnormalities in La3 (2n = 12 to 60). Fig. 16: Univalent and

chromosome chains including several chromosomes at diakinesis (arrows). Fig. 17 and

18: Univalent, multivalent and translocation ring at diakinesis (arrows). Fig. 19: Early

chromosomes at metaphase I (arrows). Figs. 20 and 21: Anaphase I and telophase II

with lost chromosomes, respectively (arrows). Scale bars = 10μm for all figures.

differences, and the mechanisms and strength of re-

productive isolation that has evolved as a consequence

(Harrison and Rand 1989).

Polyploidization has long been recognized as a

prominent mechanism of speciation in plant evolution

(Stebbins 1950). It is a common phenomenon in plants

and it is estimated to occur in 47-70% of angiosperm

species (Soltis et al. 2004). Polyploid species often form

aggregates of several different cytotypes (Leitch and

Bennett 1997). Existence of different cytotypes requires

not only a mechanism enabling the origin of the cyto-

type, but also a mechanism that would allow its sur-

vival and spread. In the genus Lippia, although cytotypes

were not yet described, the majority of species showed

chromosome numbers smaller than 2n=30. The smallest

diploid chromosome number described for this genus is

2n=20, suggesting that the basic chromosome number

for the genus is smaller than ten (Viccini et al. 2006).

Considering the occurrence of a polyploidy among

these three cytotypes of L. alba, studies about the re-

productive aspects of these plants are very important

to understand the evolution dynamics. Until now, mei-

otic studies were done only in L. alba plants (Brandão

et al. 2007) that exhibit 2n=30 chromosomes and a

diploid and regular chromosome behavior. The occur-

rence of trivalent and quadrivalent associations in La2-

carvone and La3-linalool observed in the present study

reinforce the autopolyploid derivative or hybrid origin
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Figs. 22–23 – Fig. 22: RAPD bands obtained by OPC-11 and OPF-10 primers:

1, 2, 3 (La1-citral); 4, 5, 6 (La2-carvone) and 7, 8, 9 (La3-linalool); P = DNA

ladder standards. Fig. 23: UPGMA clustering of L. alba chemotypes based

on RAPD markers; La1-1, La1-2 and La1-3 (La1 citral); La2-1, La2-2, La2-3

(La2-carvone); La3-1, La3-2, La3-3 (La3-linalool).

among the parents with similar genome. The presence of

univalents during diakinesis is also expected as a conse-

quence of random associations of homologous chromo-

somes in polyploids (Singh 1993) and can lead to tetrads

with chromosome loss, monads and dyads. Low viability

of pollen and low seed production were also common in

polyploids mainly until their genomic stabilization (Stte-

bins 1950, 1971). Meiotic abnormalities, polyploidy and

mixoploidy can explain the low viability of pollen and

the low seed production in L. alba since they can induce

the production of unbalanced gametes. In spite of that,

the specimens studied do not show problems in repro-

ducing via asexual mode (data not shown), which help

their survival. According to Otto and Whitton (2000),

An Acad Bras Cienc (2011) 83 (3)
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asexual reproduction is among the most common shifts

in the reproductive system that can be correlated to the

occurrence of polyploidy. Moreover, changes in devel-

opmental rates in polyploids may affect the likelihood

of the establishment of these plants. Together, these ob-

servations can also justify the slow growth and the weak

appearance observed in La3-linalool chemotypes. In ad-

dition, only La1- citral and La2-carvone produced seeds

(data not shown), which also helps to understand the

major genome stabilization of these genotypes.

Changes of chromosome numbers and behavior

observed among these three L. alba accessions strik-

ingly affect their reproduction and hinder the mating

among them, resulting in genomic (pre-zygotic) repro-

ductive isolation and, therefore, in the origin of new

botanic forms. As is commonly known, chromosomal

variation affects population structures, genetic compo-

nent of populations and possibly reproductive isolation

among different species, accessions or cytotypes (Okada

1999, Husband 2004).

The nuclear DNA content can also be directly as-

sociated with different chromosome numbers, and, with

haploid genome total length. The results indicate that

La2-carvone (3.42 pg) could be a consequence of a

polyploidization event. However, La2-carvone showed

only 83.8% of additional DNA when compared to La1-

citral (1.86 pg), and a proportional increase of DNA

content was not found. If La2 was really originated

from polyploidization of La1, the absence of this pro-

portionality might be attributed to the partial DNA loss

of La2 genome after polyploidization. Furthermore, the

difference observed between La1-citral and La2-carvone

karyotypes suggests a genome rearrangement that could

be contributing to DNA loss in these polyploid plants.

The decrease in the size of polyploidy genomes in com-

parison with a correspondent diploid was also observed

in other species (Baack et al. 2005, Pecinka et al. 2006),

but mechanisms that lead to DNA loss are still poorly

understood. These phenomena can occur due to genome

rearrangements, transposon activations, elimination of

specific sequences and unequal homologous recombina-

tion (Leitch and Bennett 2004).

The origin of chromosome number variation ob-

served in La3-linalool is not clear. It is possible that La3

chemotype was formed from a hybrid origin between

La1 and La2. As mentioned before, the difference in cell

cycle and DNA amount can contribute to chromosomal

instability and mixoploidy in La3 individuals. The vari-

ation in chromosome number was observed with both

methodologies (cellular dissociation and squash), and

was confirmed by flow cytometric data.

Nuclear DNA content reveals that this chemotype

shows the DNA content from 2.05 pg to 3.41 pg. Many

authors have demonstrated the importance of CV (coef-

ficient of variance) of G1 peak to obtain a better DNA

estimate (Marie and Brown 1993, Galbraith et al. 2002).

Values close to 3% were considered good and have been

considered a critical parameter to estimate the DNA con-

tent in plants (Marie and Brown 1993, Galbraith et al.

2002, Loureiro et al. 2006). Excellent coefficients of

variance were observed for La1 and La2. The CV value

of 5.54 observed for La3 is higher than the others and

corroborates the existence of cells with different chro-

mosome numbers in the same individual. This result in-

dicates that the mixoploidy and chromosomal elimina-

tion occur at foliar and radicular tissues. Many reasons

could explain the elimination of chromosomes, such as

differences in timing of essential mitotic processes due

to asynchronous cell cycles, asynchrony in nucleopro-

tein synthesis leading to a loss of the most retarded

chromosomes, formation of multipolar spindles, separa-

tion of genomes during interphase and metaphase, par-

ent-specific inactivation of centromeres and degradation

of alien chromosomes by host-specific nuclease activity

(Kim et al. 2002, Germand et al. 2005). Since natural

hybridizations are common in the Lippia genus (Sanders

2001), mixoploidy may be a consequence of the hy-

bridization between L. alba and closely related species.

After interspecific fertilization, two different parental

genomes can be combined within one nucleus, and this

new genomic constitution may result in intergenomic

conflicts leading to genetic and epigenetic reorganiza-

tion and elimination of chromosomes (Germand et al.

2005).

In addition to cytogenetic and flow cytometric ana-

lysis, RAPD markers have been used for genetic analysis

since they allow the study of accumulated genetic dif-

ferences that are important at various taxonomic levels

(Ruas et al. 2005). This technique constitutes a power-

ful tool for studying genetic variability and polyploidy
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of natural populations (Jorgensen et al. 2003), and has

also been applied in plant biology to study the taxonomy

and biogeography of closely related taxa (Landergott et

al. 2001). In L. alba, clusters of La1-La3 and La2-La3

were obtained and could be explained by the presence of

mutual bands among them, probably as a consequence of

the mixoploid condition of the La3 chemotype. Remark-

ably high genetic distance was also observed among indi-

viduals of La3, which confirms the variation observed by

cytogenetic and flow cytometric analysis. On the other

hand, the lowest genetic distance was obtained among

individuals of La1, which posses 2n=30 and the minor

percentage of abnormalities in meiotic cells.

Polyploidy has a creative role in plant evolution,

and speciation via polyploidy is probably one of the

predominant modes of sympatric speciation in plants

(Otto and Whitton 2000). In addition, polyploidy can

act on the evolution of morphology and reproductive

characteristics, metabolic pathways and other significant

features for adaptation and speciation (Adams and

Wendel 2005). Chromosomal rearrangement is an ef-

ficient process that reduces gene flow, which may also

contribute to reproductive isolation and speciation

(Rieseberg 2001).

Our findings confirm the genetic divergence among

these three L. alba chemotypes, indicating that they

might belong to different biological units. The data re-

vealed that La1-citral, La2-carvone and La3-linalool

showed not only different chemical compositions, but

also different chromosome constitutions, reproductive

behaviors, DNA contents and molecular marker profiles.

Phenotype variation among L. alba chemotypes regard-

ing response to rooting, size and texture of leaves, size

and color of flowers were also reported by Tavares et al.

(2004). The existence of cytotypes in L. alba brings a

new possibility of studying natural populations of this

medicinal plant where chemotypes and earlier changes

in polyploid genome can be easily observed. Other cyto-

genetic techniques, such as chromosome banding and

fluorescent in situ hybridization, are interesting tools

to investigate the genomic relationships among these

chemotypes and to elucidate their possible origins.

Moreover, future studies including morphological, bio-

chemical and ecological data should be considered to

precisely define their taxonomic status.
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RESUMO

Análises citogenéticas, de viabilidade do pólen, do conteúdo

de DNA nuclear e marcadores RAPD foram empregadas no es-

tudo de três quimiotipos de Lippia alba (Mill.) (Verbenaceae)

visando contribuir para o entendimento da variação genética

entre os mesmos. Diferentes níveis de ploidia e indivíduos

mixoploides foram observados. Este trabalho compreende o

primeiro relato de diferentes números cromossômicos (citóti-

pos) em L. alba. Os números cromossômicos dos quimiotipos

La2-carvona e La3-linalol sugerem que eles sejam poliploides.

A análise da citometria de fluxo mostrou um aumento do con-

teúdo de DNA nuclear que não foi diretamente proporcional à

variação no nível de ploidia. A análise de agrupamento baseada

nos marcadores RAPD demonstrou que La3-linalol compar-

tilha marcadores genéticos com La1-citral e La2-carvona. A

análise mostrou que a maior parte da variação genética de La3-

linalol pode ser consequência da mixoploidia. Nossos dados

indicam que a reprodução sexual entre os três quimiotipos

parece improvável, sugerindo o início de isolamento reprodu-

tivo. Os resultados demonstraram que a análise cromossômica,

a quantificação do DNA nuclear estimado e os marcadores

RAPD constituem excelentes ferramentas para detecção de va-

riação genética entre quimiotipos de L. alba.

Palavras-chave: quimiotipo, citogenética, citótipo, conteúdo

de DNA, RAPD, Lippia alba.
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