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RESUMO

Lippia alba (Verbenaceae), de ampla ocorréncia no Brasil e originaria da América do Sul,
€ conhecida por varios nomes populares como “erva cidreira”, “falsa melissa”, “cha de
tabuleiro”, “erva cidreira do campo”, “salva do Brasil”, “salva-limao” e “erva cidreira brava”.
Possuindo importancia medicinal pela riqueza de seu 6leo essencial, diversas atividades
biolégicas sdo atribuidas a espécie. Formada por um complexo poliploide com cinco
diferentes numeros cromossémicos: 2n=30, 2n=38, 2n=45, 2n=60 e 2n=90, poucas
informacdes sobre o sistema reprodutivo estao disponiveis. Nenhum estudo sistematico
sobre este tema foi relatado até o momento. O presente trabalho teve como objetivo
investigar aspectos da biologia reprodutiva do complexo poliploide Lippia alba, a fim de
se obter informagdes sobre a origem dos diferentes citotipos da espécie. Analisou-se de
forma comparativa entre os citotipos (intra e inter ploidia) a produgdo de sementes sob
polinizacdes aberta e controlada e a morfometria e germinagao das mesmas. Estimativas
de quantidade de DNA permitiram identificar o nivel de ploidia da progénie provinda dos
diferentes citétipos. Analises cromossémicas foram realizadas em progénies oriundas de
cruzamentos naturais e artificais. Padrdes moleculares de marcadores SSR foram
analisados, comparando-se o perfil alélico das plantas-méaes e seus descendentes. Para
observar a produgdo de gametas nao reduzidos, foi realizada uma analise do tamanho
dos grads de polen em diploides, possivelmente fonte dos demais citétipos. Analises
histologicas do microgametofito e megagametofito de diferentes ploidias também foi
realizada.Como resultado, foi possivel observar que os diploides apresentam maior
producao de sementes sob polinizagao aberta, enquanto os poliploides apresentam maior
producao quando as inflorescéncias foram isoladas. Além disso, foi possivel observar
diferengas entre os niveis de ploidia ao se analisar a morfometria e a germinagao das
sementes. Comparativamente sob polinizagao aberta, os diploides apresentaram maior
sucesso reprodutivo, porém, sob polinizagdo controlada, os poliploides se mostraram
mais eficientes. A analise da citometria de fluxo revelou a presenca de autofecundacao
como um dos mecanismos reprodutivos na espécie, apesar de ser preferencialmente
alégama. Além disso, foram observados cruzamentos entre diferentes niveis de ploidia,
mas com uma possivel reproducao preferencial entre os diploides. Marcadores

microssatélites, por sua vez, confirmaram tanto o sucesso do cruzamento artificial quanto



a presenga de descendentes provindos de autofecundagdo. Também foi possivel
observar a presenca de pdlens nao reduzidos em praticamente todos os diploides da
espécie. Ja a analise da formagao do microgametdéfito e macrogametofito indicaram uma
maior dificuldade dos tetraploides em produzir gametas viaveis. Reunidos, os dados
sugerem uma complexidade ainda maior envolvida na formag&o do complexo poliploide
Lippia alba. Em conjunto com dados até agora obtidos, contribuiu-se para se
compreender o processo evolutivo em Lippia alba assim como demonstrar processos
envolvidos na origem da biodiversidade tropical. Paralelamente os dados podem ser
também utilizados para se estabelecer estratégias para o melhoramento genético da

espécie.

Palavras-chave: Biologia reprodutiva. Microssatelite. Citometria de fluxo. Complexo
poliploide.



ABSTRACT

Lippia alba (Verbenaceae), a South American species of wide occurence in Brazil, is known
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by several popular names such as “erva cidreira”, “falsa melissa”, “cha de tabuleiro”, “erva
cidreira do campo”, “salva do Brasil”, “salva-limao” and “erva cidreira brava”. With medicinal
importance due to the richness of the essential oil, several biological activities are attributed
to the species. Being a polyploid complex with five different chromosome numbers: 2n=30,
2n=38, 2n=45, 2n=60 and 2n=90, few data about the reproductive system is available and
no systematic study on this topic has been reported so far. The present work aimed to
investigate aspects of the reproductive biology of Lippia alba polyploid complex contributing
on the understanding of the origin of the different cytotypes. The production of seeds under
open and controlled pollination as well as the morphometry and germination of seeds were
analyzed in a comparative way between the cytotypes (intra and inter ploidal levels). DNA
amount estimation made possible to identify the ploidal level of the offspring from the
different cytotypes. Chromosomal analyses were performed on progenies from natural and
artificial crosses. Molecular patterns of SSR markers were analyzed, comparing the allelic
profile of mother plants and their offspring. To observe the production of unreduced gametes,
an analysis of the size of pollen grains in diploids was performed. Histological analyzes of
microgametophyte and megagametophyte from different ploidal levels were also performed.
As a result, it was possible to observe that diploids have higher seed production under open
pollination, while polyploids have higher production when inflorescences were isolated. In
addition, it was possible to observe differences between the ploidal levels when analyzing
the morphometry and germination of the seeds. Comparatively, under open pollination,
diploids showed greater reproductive success, however, under controlled pollination,
polyploids were more efficient. Flow cytometry analysis revealed the presence of self-
fertilization as one of the reproductive mechanisms in the species, despite being
preferentially allogamous. In addition, crosses were observed among different ploidal levels,
but with possible preferential reproduction among diploids. Microsatellite markers, in turn,
confirmed both the success of the artificial crossing and the presence of offspring from self-
fertilization. It was also possible to observe the presence of unreduced pollens in practically
all diploids of the species. The analysis of the formation of microgametophyte and
macrogametophyte indicated a greater difficulty of tetraploids in producing viable gametes.



Taken together, the data suggest an even greater complexity involved in the formation of the
Lippia alba polyploid complex. Together with the data obtained so far, this work has
contributed on the understanding of the evolutionary process in Lippia alba as well as
demonstrating processes involved in the origin of tropical biodiversity. At the same time, the
data can also be used to establish strategies for the genetic improvement of the species.

Key words: Reproductive biology. Microsatellite. Flow cytometry. Polyploid complex.
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1- INTRODUCTION

1.1- Angiosperm reproduction

With over 350,000 species (THE PLANT LIST, 2022), angiosperms are the
largest and most diverse group of plants in existence. Among the major factors for
the success of these individuals are the presence of double fertilization, the
development of closed carpels for greater seed protection and the presence of the
fruit (coming from the mature ovary wall). In addition, it is believed that early
angiosperms experienced a wide variety of pollinating agents, being pollinated by
water, wind or animals. However, it was the association with animals that provided
its greatest diversification throughout its evolutionary history (ARMBRUSTER, 2014;
SOLTIS et al., 2019).

The reproductive system of angiosperms can generally be classified,
according to the mode of reproduction, in sexual and asexual forms. Several species
of plants may present exclusively one mode of reproduction (sexual or asexual). In
the case of sexual reproduction, the mating system can be autogamous (ie. self-
fertilizing plants), allogamous (plants that cross-fertilize, are usually self-
incompatible) or mixed (plants that self-fertilize and cross-fertilize) (FRYXEL, 1957;
HARDER and BARRET, 2006). Typically, there is a reproduction mode and a
predominant crossover system and sporadic events of the other (BODANESE-
ZANETTINI and CAVALLI, 2003).

1.2- Sexual vs asexual reproduction

Sexual reproduction in plants includes mechanisms that somehow lead to
gamete fusion and consequently fertilization (CARDOSO et al., 2018). Since they
cannot directly choose reproductive partners, the result of sexual reproduction in
plants depends on the pollen that reaches the stigma. The sexual reproduction
system results in increased gene recombination and the possibility of a competitively
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superior progeny, as well as a reduction in homozygosity (WANG and
COPENHAVER, 2018).

In higher plants, reproductive success is associated with the evolution of
diversified and versatile strategies. The formation of the male (pollen) and female
(embryo sac) gametophytes, which harbour the male (sperm) and female (egg and
central cell) gametes, occur inside specialized reproductive tissues of the flower
(anther and ovule). The multicellular gametophytes formation, after the meiosis of
spore mother cells, produces reduced gametes that harbour half the chromosome
number of the maternal sporophyte (haploid in case of diploid plants). During sexual
reproduction, the embryo and endosperm are originated from the double fertilization:
the fusion of sperm cells with both the egg and the central cell, respectively. The
embryo constitutes the next sporophytic generation, while the endosperm works as
a nourishing tissue for the embryo (SCHMIDT et al., 2015).

Asexual forms, in turn, comprise all mechanisms that give rise to clones
(genetically identical to the mother plant). The two existing types are the vegetative
propagation, which is the formation of a new individual by sprouting or branching
from roots, stems, leaves and inflorescences, not involving seeds (SILVERTOWN,
2008; VAN DRUNEN and HUSBAND, 2018), and apomitic reproduction, which is
the asexual formation through seeds, with the development of one or more embryos
from egg tissues and omission of meiosis and double fertilization (BICKNELL and
KOLTUNOW, 2004; CARDOSO et al, 2018). Its advantage over vegetative
propagation lies in the fact that the apomixis dispersion units allow a larger area of
occupation. It is also important to emphasize that in the apomitic process, individuals
originate from a single cell (unfertiized egg cell or somatic cell) whereas in
vegetative propagation development occurs from multicellular tissues (MOGIE,
1992).

The fact is that although in theory a clone is genetically uniform, 100% clone
individuals are rare in nature (AVISE, 2008). The mechanisms linked to DNA repair
in gene replication are efficient, but not perfect, and it is possible to have some
mutations that will be retained during the development of the individual. Importantly,

some factors such as gene conversion (process that occurs without having had a
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reciprocal recombination event), mitotic recombination, and epigenetic events
(changes in phenotype that are not caused by changes in the DNA sequence) can
influence genotypic development and plasticity resulting from differential gene
regulation, creating genetically different clones (VERHOEVEN and PREITE, 2014;
DOUHOVNIKOFF and DODD, 2015).

It is known that the adaptation of species to environmental variations is closely
related to their reproductive mode (SCHIMIDT et al., 2015). In nature, sexual and
asexual reproductions have distinct consequences on natural populations. While
sexual reproduction gives rise to genetically distinct individuals, asexual
reproduction in turn produces individuals identical to the parental plant. Combined,
both types of reproduction (sexual and asexual), it is possible to rapidly expand and
at the same time maintain genetic variability, allowing the formation of strains that
can diversify by speciation (HORANDL and HOJSGAARD, 2012; VISGER et al.,
2016). These processes often occur accompanied by events of entire genome
duplication, such as polyploidy (SOLTIS et al., 2015). Thus, to understand the
genetic structure of a population, it is essential to understand these mechanisms,
which are crucial factors for the dispersal and success of Angiosperms (MANGLA et
al., 2015).

An important tool used to analyze the reproductive mode (sexual vs.
apomixis) performed by an individual and also used in the present work is the “flow
cytometric seed screening” (MATZK et al., 2000). Based on the same principles as
for the analysis of DNA ploidal levels, this approach consists of establishing the ratio
between the relative DNA contents of the embryo and the endosperm in the seed.
In an general way, seeds from most flowering plants formed via sexual pathway are
expected to display an embryo-endosperm ratio of 2C:3C resulting from double
fertilization. Any deviation from this ratio is assumed to have arisen from a variety of
apomictic pathways (HOJSGAARD and HORANDL, 2019; PELLICER et al., 2021).

1.3- Apomixis

Apomixis is a mechanism of seed formation without fertilization, being

observed in at least 78 of 460 angiosperm families and seems to have arisen
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independently multiple times (BARCACCIA et al., 2020). Despite its range, the
occurrence of apomixis is clearly concentrated in certain groups, such as
Asteraceae, Melastomataceae, Orchidaceae, Poaceae and Rosaceae (DOS
SANTOS et al., 2012; HOJSGAARD et al., 2014; CARDOSO et al., 2018; LEON-
MARTINEZ and VIELLE-CALZADA, 2019). Confronting the previous presume that
this mode of reproduction would be an “evolutionary dead end” (STEBBINS, 1950)
apomixis has been correlated with high taxonomic diversity within some clades.
Keeping up the genetic structure and hence fixing superior genotypes after
reproduction, the apomixis process combines the advantages of propagation
through seed with those of propagation by clone. Genetic studies reveal that, though
complicated, the trait is controlled by a few genes (BARCACCIA and ALBERTINI,
2013). The benefits of apomixis are estimated to surpass those of the green
revolution in terms of crop improvement (HOJSGAARD and HORANDL, 2019). The
reproduction through apomixis can be a feasible strategy for preserving hybrid seed
qualities for multiple generations (FIAZ et al., 2020).

Apomict plants have evolved some mechanisms that circumvent sexual
pathways as: functional female gametophytes without meiosis (apomeiosis);
development of embryos without fertilization (parthenogenesis), and formation of a
functional endosperm. There are two main developmental pathways in which
unreduced gametophytes can develop: (1) two unreduced MCs (mother-cells) are
formed via restitutional meiosis or via mitotic division (diplospory), found on
Tripsacum, Eragrostis, and Taraxacum; (2) a somatic, unreduced cell of the nucellus
develops into an embryo sac (apospory). In aposporous apomicts, the megaspore
cell in the sexual ovule starts to develop but stops at some stage. One or more
somatic cells in the ovule and their nuclei start to develop and they generally
resemble megaspore mother cells. At a stage before the mature embryo sac
formation, the megaspore or young embryo is aborted and replaced by developing
aposporous sacs. Apospory is by far the most common mechanism in higher plants
and has been reported in Beta, Brachiaria, Cenchrus, Chloris, Eriochloa,
Heteropogon, Hieracium, Hyparrhenia, Hypericum, Panicum, Paspalum,
Pennisetum, Ranunculus, Sorghum, Themeda and Urochloa (BARCACCIA and
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ALBERTINI, 2013). Despite the strict requirement of a gamete fusion for the initiation
of seed development in nature, apomictic plants can produce seeds through a single
fertilization of the polar nuclei (pseudogamy) or without fertilization (autonomously)
(HOJSGAARD and HORANDL, 2019).

Due to their great plasticity linked to polyploid lineages, apomitic species tend
to colonize new habitats promoting greater geographic expansions (HORANDL and
PAUN, 2007; DOS SANTOS et al, 2012; HOJSGAARD et al.,, 2014). The
phenomenon called “geographical parthenogenesis” refers to the fact that apomitic
individuals have a wider distribution in regions of higher altitude than those of sexual
reproduction, and may also be found in large numbers in previously glacial regions
(BIERZYCHUDEK, 1985; KEARNEY, 2005; HORANDL, 2006; HORANDL et al.,
2008). Combined both types of reproduction (sexual and asexual), rapid expansion
and at the same time maintaining genetic variability are possible and may lead to
the formation of geographically isolated sexual lineages that diversify by ecological
to allopatric speciation (HORANDL and HOJSGAARD, 2012).

Despite polyploidization and hybridization process being recognized as
important preconditions for emergence of apomixis (DE STORME and GEELEN,
2013), there is no evidence suggesting that the presence of both mechanisms is
sufficient to generate reproductive innovations leading to apomeiosis or autonomous
embryogenesis from a previously established and strictly sexual developmental
pathway (LEON-MARTINEZ and VIELLE-CALZADA, 2019).

The ecological and evolutionary success of apomitic plants is linked to the
presence of uniparental reproduction, lower sexual cost, maintenance of adapted
genotypes and also greater dispersal ability (HORANDL, 2006; NAKAMURA et al.,
2021). Due to the possibility of finding apomitic and sexual reproduction in the same
individual or even the same egg, asexual reproduction is believed to be nothing more
than a deregulation in the process of gametogenesis during sexual reproduction
(KOLTUNOW and GROSSNIKLAUS, 2003; FEI et al., 2019).

The study of apomixis has been increasing not only for evolutionary research
but also in plant breeding and agriculture (DALL'AGNOL and SCHIFINO-
WHITTMANN, 2005). The greatest benefit of an “apomitic technology” for agriculture
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include the hybrid vigor fixation in cultivated plants (SPILLANE et al., 2004; FIAZ et
al., 2020).

1.4- Polyploidy in plants

Polyploidization (multiplication of the complete set of chromosomes) is
considered one of the main mechanisms of plant speciation and evolution
(HUSBAND et al., 2013; LANDIS et al., 2018). It is now known that all existing seed
plants have suffered one or more old polyploidization events (JIAO et al., 2011;
SOLTIS et al., 2014). The underlying processes by which polyploids deal with
reproductive disadvantages in the early stages after their formation are still poorly
understood.

Different mechanisms have been proposed to explain how polyploids arise in
nature. Two major pathways are known to lead to the appearance of polyploidy in
plants: somatic duplication and formation of unreduced reproductive cells. Somatic
duplication is associated with mitotic events such as endomitosis or endoduplication,
which can occur in both zygotic cells and apical meristematic tissues, giving rise to
myxoploids or even completely polyploid organisms. Despite being constantly used
to obtain artificial polyploids, somatic duplication is supposed to play a minor role in
the origin of natural polyploid organisms (RAMSEY and SCHEMSKE, 1998; YASMIN
et al., 2017).

Production and fusion of unreduced reproductive cells has been pointed out
as the most predominant pathway leading to plant polyploidy (KREINER et al.,
2017). The ability to produce unreduced gametes is an inherited trait evidenced in
many plant species. In addition to genetic control, environmental factors such as
temperature, herbivory, injury, water deficit and nutrient scarcity influence the
production of unreduced gametes (RAMSEY and SCHEMSKE, 1998; LEI et al.,
2020). Once formed, the unreduced gamete can fuse with another unreduced
gamete (bilateral polyploidization) or with a reduced gamete (unilateral
polyploidization) (SATTLER et al., 2016).

Recent studies have shown that polyploid genomes can be highly dynamic

and undergo structural and functional changes (eg, diploidization). These findings
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renewed interest in examining genome multiplication as an evolutionary process
(DODSWORTH et al., 2016; JOACHIMIAK et al., 2018).

In the long run, duplicate genetic material can experience multiple
destinations. Many duplicate genes are lost or silenced over time, but some are
retained and develop new functions (neofunctionalization) or more specific functions
(subfunctionalization) (LYNCH, 2004; DOYLE et al., 2008; SOLTIS et al., 2015;
MANDAKOVA and LYSAK, 2018). These processes are capable of producing
remarkable biological novelties (LEVIN, 1983; FLAGEL and WENDEL, 2009;
SOLTIS et al., 2014; SOLTIS and SOLTIS, 2016), such as the enzymatic pathways
that produce glucosinolate compounds in Brassicales (EDGER et al. 2015, VAN
DEN BERGH et al.,, 2016). A comprehensive understanding of the causes and
consequences of polyploidy is vital to understanding the evolution of these
organisms given the near ubiquity of old or recent polyploidy among some of the
species-rich plant clades (SOLTIS et al., 2009; TANK et al., 2015 SPOELHOF et al.,
2017).

The polyploids are classified into two main categories: so-called
autopolyploids are traditionally considered to originate from a single species by
duplication of structurally similar homologous genomes (AAAA) and it may involve
either a single individual or a cross between two individuals of the same species that
represent genetically distinct lineages, while allopolyploids arise via interspecific
hybridization and subsequent duplication of non-homologous (ie homoeologous)
genomes (AABB) (SPOELHOF et al.,, 2017; MASON and WENDEL, 2020;
BOROWSKA-ZUCHOWSKA et al., 2022). Most species, especially those with
tropical distribution, remain poorly studied regarding genome size and polyploidy
(HUSBAND et al., 2013; ZHANG et al., 2019). Some researchers have attempted to
determine the approximate prevalence of autopolyploidy and allopolyploidy by
analyzing unreduced gamete formation or available data on chromosome counts,
flow cytometry, and phylogenetic reconstruction; (RAMSEY and SCHEMSKE, 1998;
BARKER et al.,, 2015), and eventually estimated that autopolyploids and
allopolyploids occur at similar rates. Unfortunately, these methods are not always
consistent in their results (DOYLE and SHERMAN-BROYLES, 2017), so the true
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prevalence of both processes will likely remain a point of debate until taxonomic and
geographic sampling of genome size has vastly improved. However, it is quite clear
that no form of polyploidy is rare and that both forms have widespread and important
evolutionary impacts (SOLTIS & SOLTIS, 1999; COMAI, 2005; PARISOD et al.,
2010b; SPOELHOF et al., 2017).

1.5- Polyploidy and reproduction

Two main aspects regarding an evolutionary association between
reproductive modes and polyploidy have been studied for decades (e.g. STEBBINS,
1950): the rate and occurrence of asexual vs. sexual reproduction, and the
transitions in mating systems (i.e. self-compatibility or sexual dimorphism). The
association between sex dimorphism (e.g. dioecy) and polyploidy can be explained
by direct or indirect effects of one process on the other (ASHMAN et al.,2013), since
evolutionary transitions usually occur simultaneously, and different factors can affect
these transitions in different clades (GLICK et al., 2016). Despite some exceptions
(e.g. in the Fragaria genus; LISTON et al., 2014), polyploidy is usually correlated
with self-compatibility (BARRINGER, 2007; ALIX et al., 2008; HUSBAND et al.,
2008; ROBERTSON et al.,, 2011). Thus, the evolutionary link between mating
system and ploidy has been fairly well documented, but the association of polyploidy
with asexual reproduction (beyond the odd ploidies such as 3x or 5x), and
particularly clonal reproduction (i.e. vegetative growth in plants), has been less
studied, particularly in wild species (HERBEN et al., 2017).

Polyploidization plays a significant role enhancing adaptability to extreme
habitats. Through the introduction of epigenetic changes, variation in gene
expression and also shifting heterozygosity levels and allelic combinations, the
genome duplication provides genetic redundancy, creates genomic and phenotypic
novelty and influences the ecophysiological and genetic diversity of individuals
(OSBORN et al., 2003; CHEN, 2010; FINIGAN et al., 2012; KARUNARATHNE et
al., 2018).
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Natural intraspecific reproductive variation associated with polyploidy is
widely known to affect plant physiology, ecology and dispersal abilities. Studies
reveal that the community ecology can also be significant effected by this
intraspecific variation (BOLNICK et al., 2011; ARAUJO and COSTA-PEREIRA,
2013), modifying population density, community structure, niche breadth, interaction
among phenotypes, ecological opportunities and adaptive ecoevolutionary dynamics
(BOLNICK et al.,, 2011; WELLBORN and LANGERHANS, 2015). In order to
understand local and regional population dynamics, studies of traits such as cytotype
diversity, dispersal ability, phenology, reproductive modes are essential (e.g.
CASTRO et al., 2012; SONNLEITNER et al., 2016; VISGER et al., 2016), as they
provide insights into evolutionary pathways driving species coexistence, ecological
opportunity and adaptive diversification (ARRIGO and BARKER, 2012; WELLBORN
et al., 2015; KARUNARATHNE et al., 2018).

According to Herben et al. (2017) there is an indicator of correlated evolution
between polyploidy and vegetative growth, mostly mediated by increased distance
of spread. An experimental ‘garden’ data nicely confirmed that while polyploids rely
more on vegetative spread, the diploids rely more on seed reproduction. They also
show that vegetative reproduction may often evolve before polyploidization and
could then enhance the rates of polyploid speciation.

Despite frequent affirmation of a relation between clonality and polyploidy in
the literature (STEBBINS, 1971; OTTO and WHITTON, 2000; WEISS-
SCHNEEWEISS et al., 2013; DUCHOSLAYV and STANKOVA, 2015) this relationship
has received comparatively little attention. One hypothesis regarding a direct
evolutionary association between clonality and polyploidy is the ability to clonal
reproduction predispose yield successful polyploids. It is also expected that clonal
reproduction decreases the negative effects of MCE (minority cytotype exclusion) on
new polyploids throughout its establishment since the sexual reproduction is
temporarily hampered. (HUSBAND et al., 2008; HUSBAND et al., 2013)
Furthermore, clonal offspring itself also contributes to polyploid fitness in the
absence of functional sexual reproduction (STEBBINS, 1971; RAMSEY and
SCHEMSKE, 2002; HUSBAND et al., 2008). Old studies emphasize the hypothesis
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that the presence of clonal reproduction is influenced by polyploidy and the origin of
a perennial life history and the ability to reproduce clonally could be direct
consequences of a whole-genome duplication event (WGD)(MUENTZING, 1936;
GUSTAFSSON, 1948). Recent studies in turn, suggest the process of polyploidy as
a consequence of clonality (HERBEN et al., 2017).

Regarding the apomixis process in natural systems, the effects of polyploidy
for its functionality are not yet clear. Delgado et al. (2014) observed in polyploidized
Paspalum rufum, a positive effect of autopolyploidization on establishing higher
frequencies of apomictic seed formation. Ozias-akins and Van dijk (2007) also
detected allele dosage effects of apospory or diplospory-specific genomic regions in
polyploids on frequencies of apospory/diplospory. These dosage effects including
may further enhance development of unreduced embryo sac formation compared to
meiotic reduced ones (SHARBEL et al., 2010; HOJSGAARD et al., 2013). In 1984,
Nogler suggested that the apospory-controlling factors would have lethal effects in
haploid gametes, hence requiring diploid gametes for inheritance. However, Barke
et. al (2018), found in diploid R. auricomus hybrids the inheritance of apospory by
haploid gametes.

On the establishment of apomictic individuals, the polyploidization process
might have several indirect positive effects. An important example is the creation of
an immediate reproductive barrier against the diploid parental and progenitor
population. The breakdown of genetic self-incompatibility (Sl) is also needed to
establish self-fertility of pseudogamous apomicts. Furthermore, the establishment of
an apomictic cytotype could be indirectly helped by polyploidy by changing the
overall physiological features and adaptive potentials of the plants (HOJSGAARD
and HORANDL, 2019).
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1.6- Lippia alba polyploid complex

Lippia alba (Verbenaceae) (Fig.1), native from Brazil, is known by several
popular names such as “erva cidreira”, “falsa melissa”, “cha de tabuleiro”, “erva
cidreira do campo”, “salva do Brasil”’, “salva-limao” and “erva cidreira brava”
(PIERRE, 2004). Its distribution varies from tropical regions to temperate regions,
and can be found on the banks of rivers, lakes and dams where the soils are sandier
(CORREA et al., 1994; STEFANINI et al., 2001). Possessing medicinal importance
due to the presence of different chemical components, several biological activities
are attributed to the species. Among them analgesic, antipyretic, antioxidant,
bactericide, acaricide, fungicide, insecticide, anticonvulsant, antiinflammatory,
antiparasitic, antispasmodic, sedative and also in its use as a repellent (PEIXOTO
et al., 2015; SOUSA et al., 2015; SOARES et al., 2016; DE FREITAS SOUZA et al.,
2018; NUNES et al., 2018; AZIZ et al., 2019; COSTA et al., 2020). Its hydroethanolic

extract is also linked to the treatment of migraine in women (CARMONA et al., 2013).

T ‘3
Figure 1- A: Inflorescence detail of Lippia alba cultivated at the Experimental Plant Station at UFJF.
B: Internal morphology of L.alba flower. C: L. alba individual.
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Individuals of the species have a perennial life cycle and shrubby habit with a
height of about two meters, with many lateral branches and rapid growth
(SALIMENA, 2000). The flowers are violet, pink or white, with insects as the main
pollinator (VENANCIO et al., 2016). lts phyllotaxis is opposite dystic presenting
simple leaves of whole limb with arrangement of one pair per node, being classified
as acute oblong serrated (SCHOCKEN, 2007). Additionally, individuals of the
species have a wide phenotypic plasticity, having significant morphological variation
(TORRES and LOPEZ, 2007), as well as differences in leaf blade size and density
and type of trichomes present in the blade. Vale's study (2010) reports a wide
variation in the size and habit of different accessions of the species maintained under
the same environmental conditions. Techniques such as fluorescent in situ
hybridization (FISH), silver nitrate banding and impregnation helped in the analysis
of diploid (2n = 30) and tetraploid (2n = 60) individuals of the species (BRANDAO et
al., 2007; SOUSA et al., 2009; PIERRE, 2004; 2008; REIS et al., 2014). These works
demonstrate that in addition to phenotypic plasticity, the species has broad genomic
plasticity.

Despite several studies on the pharmacological properties and chemical
constitution of L. alba, little is known about the biology of the species, noting that the
main work was done by our research group of the Laboratory of Genetics and
Biotechnology of the Universidade Federal de Juiz de Fora. Initially the species was
described by Bose and Choudhy (1960) and Brandao (2007) as possibly diploid with
2n = 30 chromosomes. Pierre et al. (2011) studied the cariology of three L. alba
chemotypes (citral, carvone and linalol), and observed differences in chromosome
number and morphology. The citral chemotype presented 2n = 30 chromosomes
while the carvone chemotype 2n = 60, whereas in the linalol chemotype there was a
large numerical variation from 2n = 12 to 60 chromosomes, being a mixoploid
chemotype. Variations in DNA amounts estimated by flow cytometry were also
observed for these chemotypes (CAMPOS, 2011), and variations compatible with
the hypothesis of natural autopolyploidy were detected.

On the other hand, it was observed different chemotypes in five L. alba
accessions with 2n = 30 (SOUSA et al., 2009). This fact points to the complexity
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within the species and the need for broader investigations involving a larger number
of accessions. Additionally, three other new chromosomal numbers (2n=38, 2n=45
and 2n=90) were found for the species, showing that the variation is even greater
than that previously described (REIS et al., 2014).

Viccini et al. (2014) reported variation in secondary metabolite production
between different L.alba cytotypes. Diploids and tetraploids presented citral as the
main component, and linalool as the main component in triploids, suggesting a
possible correlation between the chemicals and the amount of DNA. Another work
by Gomes et al (2019) also described a seasonal variation of metabolites of polar
extracts of carvone and linalool chemotypes, identified by GC-MS analyses of the
essential oils.

In an even more recent study by our research group (REIS, 2021), it was
possible to observe by mapping satellite probes specific to L. alba that for one of
them there was stability in the size and position of their sites, and the number of
signals remained constant and proportional to the ploidy levels in the different
accessions. Although small differences in the distribution profile of this repetition are
observed, the uniformity of the results reinforces the hypothesis of autopolyploidy in
the formation of the L.alba complex.

Regarding medicinal, pharmacological, and economic applications as well as
addressing intrinsic questions involved in the polyploidization process in tropical
plants, Julido et. al (2020) established a polyploid induction protocol for the species
using colchicine where tetraploids and triploids individuals were produced. Lopes et.
al (2020) on the other hand, reveals linkages among the ploidal levels using
microsatellite and DNA sequences of ITS and trnL-F.

Despite the great interest of study in the species, little information about the
reproductive system is available. No systematic studies on this topic have been
reported so far. There is a dearth of data not only in gender but in the family in
general. Recently, the work of Venancio et al. (2016), about its pollination and
flowering reported the presence of open flowers throughout the year, being visited
by different types of insects, including the main one, the bee.
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Regarding some reproductive aspects of L. alba, preliminary data from our
research group (CAMPOS et al., in preparation) showed an intriguing behavior
regarding seed production between different cytotypes and even within the same
ploidal level. Most diploids do not seem to produce seeds when their inflorescences
are isolated, revealing a preference of the species for allogamy. However, for some
diploids it was possible to collect seeds even when the inflorescences were isolated.
On the other hand, most polyploids (triploids and tetraploids) produced seeds when
their inflorescences were isolated or not, a result that reflects possible seed
formation by self-fertilization or asexual reproduction.

In general, being a plant of medicinal interest and a source of compounds
also used in industry and considering the vast chemical plasticity associated with
variation in ploidy levels as well, understanding the mode of reproduction becomes
essential to understand the base/structure genetics of the species and thereby
enable new approaches to the use and genetic improvement of this important

Brazilian genetic resource.
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2- OBJECTIVE

The present study has as a general objective the investigation of reproductive

biology of Lippia alba polyploid complex.

N o o k&

More specifically, the objectives include:

. Analyze seed production under different conditions (open and controlled

pollination);

Analyze the size and germination rate of seeds, under open and controlled
pollination conditions;

Analyze, by seed flow cytometry, the type of reproduction performed by the
different ploidal level;

Identify the offspring ploidal level from diploids, triploids and tetraploids;
Analyze chromosome traits in individuals from known parents;

Perform a possible artificial crossing and characterize the progeny;

Analyze, by microsatellite markers, the profile of the parental individual and
its offspring from controlled pollination;

8. Analyze the production of unreduced male gametes in diploid individuals;

9. Analyze the anatomy of Lippia alba anthers and ovules between the different

cytotypes under different conditions.
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3- MATERIAL AND METHODS

3.1- Plant material

Accessions of Lippia alba representing different chromosome numbers
maintained at the Experimental Plant Station of the Universidade Federal de Juiz de
Fora (EEP-UFJF) were used in the study (Appendix A). Voucher copies were
deposited at the Leopoldo Krieger Herbarium (CESJ) according to usual techniques.
The varied number of samples used in the different approaches is linked to the
availability of the material during the study.

3.2- Seed production

As it is a perennial species, the individuals studied showed flowering
throughout the year. Flower buds from 47 accessions of different ploidal levels of
Lippia alba (32 diploids; 6 triploids and 9 tetraploids) were isolated from March 2015
to January 2022. After the flowering period, the number of seeds from each isolated
and open pollinated inflorescence was quantified (Figure 2). After collecting and
quantifying the seeds, the average number of seeds per inflorescence was

compared using the chi-square test at 5%.
[ S

Figure 2- Lippia alba inflorescences representing the isolation method of flowers at the Experimental
Station of Plant Cultivation and Maintenance at the Universidade Federal de Juiz de Fora, Minas
Gerais.
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The difference between the means of seed production between diploids and
polyploids under both conditions (open and controlled pollination) was analyzed by
the Kruskal-Wallis test followed by the Dunn’s Test for multiple comparisons on
PAST v. 2.17c software (HAMMER et al. 2001).

Additionally, the index of self-incompatibility (ISI) was calculated for each
diploid, triploid and tetraploid plant using the following expression:

ISI = 1 — (SPsp / SPop)

Where SP = seed production, S-P = self-pollination, and OP = outcross
pollination. (LLOYD, 1965; SIOPA et al., 2020).

ISI can range from 0-1, where fully self-compatible plants score 0 and
complete self-incompatible plants score 1.

3.3- Seed germination, morphometry and weight

For germination index, 20 seeds from 29 diploids, 6 triploids and 5 tetraploids
from open pollination were collected while those from controlled pollination relied on
the quantity provided by individuals under this condition. In the table 1, it is possible
to observe the number of seeds from controlled pollination that were placed to
germinate from each accession. The seeds were placed to germinate in a moistened
filter paper in petri dish (9 cm in diameter) and subjected to 6 hours at 25°C, followed
by 4 hours at 40°C, 4 hours at 25°C and 10 hours at 18°C. This temperature regime
was based on the environmental variation to which natural populations of the species
are subjected.

For morphometry analysis, 20 seeds from the 32 diploids, 6 triploids and 6
tetraploids from open pollination were analyzed. Regarding the controlled pollination,
the number of seeds analyzed is described in table 2. Their length and width were
measured using a 6-steel caliper rule. The difference between diploid and polyploid
under open and controlled pollination and also within diploids and polyploids in both
conditions were compared by the Kruskal-Wallis on ranks test through PAST
program. 2.17c (HAMMER et al., 2001).



43

Table 1- Number of seeds per accession of Lippia alba from controlled pollination germination
analysis

Accession Ploidal level N° of seeds
BGEN-12 2x 7
BGEN-43 2x 5
BGEN-48 2x 1
BGEN-58 2x 1
BGEN-67 2x 29
BGEN-73 2x 9
BGEN-96 2x 53
BGEN-01 3x

BGEN-10 3x

BGEN-27 3x

BGEN-49 3x

BGEN-59 3x 20
BGEN-03 4x 20
BGEN-45 4x 14
BGEN-64 4x 30
BGEN-86 4x 20
BGEN-87 4x 37

Table 2- Number of seeds per accession of Lippia alba from controlled pollination for morphometric
analysis

Individual Ploidal level N° of seeds
BGEN-12 2x 7
BGEN-13 2x 20
BGEN-43 2x 5
BGEN-46 2x 1
BGEN-48 2x 3
BGEN-49 2x 7
BGEN-58 2x 1
BGEN-59 2x 20
BGEN-62 2x 13
BGEN-71 2x 2
BGEN-73 2x 9
BGEN-81 2x 20
BGEN-89 2x 4
BGEN-96 2x 20
BGEN-45 4x 20

BGEN-64 4x 20
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For weight analysis, the weight of 20 seeds of 29 diploids, 6 triploids and 6
tetraploids were compared by the Kruskal-Wallis on ranks test, followed by the
Dunn’s Test for multiple comparisons through PAST program 2.17c (HAMMER et
al., 2001).

A Principal Component Analysis (PCA) was conducted for the following seed
characteristics: average production, germination, length, width and weight. It was
analyzed 25 diploids, 4 triploids and 5 tetraploids using the PAST program 2.17c
(HAMMER et al., 2001).

3.4- Fitness

Attempting to establish a value corresponding to the "fitness" for each
individual, the following seed characteristics were analyzed: average of production,
germination, length, width and weight. The average of seed production was the only
trait evaluated under both different conditions: open and controlled pollination. This
is due to the fact that few seeds were produced under the controlled pollination
condition.

For the average of seed production, 32 diploids, 6 triploids and 9 tetraploids
were used. For germination: 29 diploids, 6 triploids and 5 tetraploids. For both length
and width: 29 diploids, 6 triploids, 6 tetraploids. Lastly, for weight: 29 diploids, 6
triploids and 6 tetraploids.

To compare the performance of different individuals, the individual with the
highest value was used as a reference W=1 (higher fitness). Based on the following
formula,

W=1-s
where W is the aptitude and “s” the selection coefficient, the reference individual
always had s = 0. The fitness of the other accessions was calculated in relation to

the reference individual.
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As an example, if the individual X had 100% (higher seed germination index)
it was assigned as a reference individual with W =1 and s = 0. If the second highest
value was observed for the individual Y with 95% seed germination, the W value of
this individual corresponds to 95 (germination index for individual Y)/100
(germination index for individual X). So, W=0.95and s =1-0.95=0.05. The same
procedure was done for all other individuals.

A comparison of the averages of fitness (W) value between diploids and
polyploids and between open and controlled pollination was performed by the
Kruskal-Wallis on ranks test, followed by the Dunn’s Test for multiple comparisons
through PAST program 2.17¢c (HAMMER et al., 2001).

3.5- Seed flow cytometry

For seed flow cytometry 18 diploids, 4 triploids and 6 tetraploids were
analyzed.

Two protocols were used to obtain these data. One of them in a collaboration
with Dr. Timothy Sharbel from the University of Saskatchewan, Canada, seeds were
placed individually along with a bead in each well of a 96-well plate. Then, they were
ground for 15 seconds and observed. Again, they were ground for another 15
seconds and centrifuged, 50ul of CyStain UV Precise P buffer was added and then
the samples were ground again. A second centrifugation was performed and then
another 70yl of buffer was added. Samples were stored at 4°C for 10 minutes.
Subsequently, they were filtered and 120pl of DAPI dye was added.

On the second protocol held at the Universidade Federal de Juiz de For a,
individual seeds were ground in 300 pl of WPB buffer (LOUREIRO et al.,2007) and
filtered in a 30um mesh. Samples were stored at 4°C for 10 minutes. Then 25ul of
propidium iodide dye was added.

Both analyses were performed in a Cytoflex cytometer (Becton Dickinson)

and showed similar results.
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3.6- Offspring ploidal level analysis

To estimate the offspring amount of DNA, leaves from seedlings germinated
in Petri dishes were individually collected, macerated in WBP buffer (LOUREIRO et
al., 2007), filtered in a 30pym mesh and stained with propidium iodide. The analysis
was performed using a Cytoflex flow cytometer (Beckman Coulter). From open
pollination, it was analyzed 20 diploids, 5 triploids and 3 tetraploids. In table 3, it is
possible to observe the number of samples from each accession.

Table 3- Number of open pollination offspring from different ploidal level of Lippia alba analyzed

by flow cytometry
Accession Ploidal level N° of samples
BGEN-02 2x 29
BGEN-09 2x 4
BGEN-12 2x 35
BGEN-13 2x 21
BGEN-21 2x 22
BGEN-38 2x 4
BGEN-40 2x 24
BGEN-48 2x 30
BGEN-56 2x 4
BGEN-58 2x 20
BGEN-67 2x 21
BGEN-68 2x 21
BGEN-72 2x 10
BGEN-73 2x 19
BGEN-75 2x 9
BGEN-77 2x 2
BGEN-80 2x 28
BGEN-81 2x 16
BGEN-96 2x 18
BGEN-98 2x 32
BGEN-23 3x 19
BGEN-27 3x 29
BGEN-59 3x 21

BGEN-60 3x 7




47

Table 3- Number of open pollination offspring from different ploidal level of Lippia alba analyzed
by flow cytometry (cont.)

Accession Ploidal level N° of samples
BGEN-109 3x 20
BGEN-07 4x 12
BGEN-64 4x 40
BGEN-86 4x 4

From the controlled pollinated individuals, it was possible to analyze the
offspring of three triploids (Table 4), in according to the material availability.

Table 4- Number of controlled pollination offspring from triploids of Lippia alba analyzed by flow

cytometry.
Individual Ploidal level N° of samples
BGEN-10 3x 2
BGEN-27 3x 4
BGEN-59 3x 1

3.7- Offspring: case studies

Despite the large number of offspring analyzed with other approaches, such
as flow cytometry, the vast majority of individuals showed lower capacity to growth
and many of them died after 3 weeks. Other times, the germinated sample was fully
used in flow cytometry analysis. Thus, four individuals showed ideal conditions to
perform the cytogenetic and essential oil analysis. Two of them came from open
pollination: one from a diploid (BGEN-77) and another from a tetraploid (BGEN-64).
The third individual was an offspring from a triploid (BGEN-59) that were kept under
a controlled pollination, i.e., it represents a case of selfing or apomixis. The fourth
individual came from an artificial cross between a diploid (BGEN-77) and a triploid
(BGEN-59).
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All of them were cultivated in pots with soil and commercial substrate BioPlant
(2:1) in the greenhouse of the Experimental Plant Station of the Universidade
Federal de Juiz de Fora. After two years of growth, cuttings from each one was
collected and immediately transferred for a container containing only water for later
collection of meristems for cytogenetic analysis.

3.7.1- Offspring from natural reproduction

The offspring from natural reproduction comprises both from open pollination
(one of a diploid and the other from a tetraploid) and also the one from a triploid of
controlled pollination.

To estimate the amount of DNA of each individual, leaves were macerated in
WBP buffer (LOUREIRO et al., 2007) along with an internal standard (Pisum
sativum), filtered in a 30pym mesh and stained with propidium iodide. The analysis
was performed using a Cytoflex model cytometer (Beckman Coulter).

For cytogenetic analysis, slides were prepared from young root tips pre-
treated with sodium chloride (NaCl) at room temperature for 8 h and then fixed in 3:1
v/v ethanol—-acetic acid for 24h at — 20 °C. The roots tips were submitted to enzymatic
maceration in 4% (w/v) cellulase (Onozuka R-10, Serva) and 40% (v/v) pectinase
(Sigma) for 3 h at 37 °C. Cytogenetic preparations were performed according to
Carvalho and Saraiva (1993).

Chromosome length, short and long arms, ratio between chromosome arms,
and the index of karyotype asymmetry for each of the accessions were determined
according to Watanabe et al. (1999). The chromosomes were classified according
to Levan et al. (1964).

For essential oil microextraction, approximately 100 mg of fresh leaves of the
samples were transferred to 2 mL tubes. It was added approximately 1 mL of solution
containing n-hexane with internal standard (linalool 0.2x10-3 mg/mL for diploid and
tetraploid samples; citral 0.4x10-3 mg/mL for triploids). The samples were kept for
10 min in an ultrasound bath (ThorntonINPEC, Vinhedo, SP, Br) with a frequency of
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70KHz. Then hexane extract was filtered through pipette containing cotton and
anhydrous sodium (Shimadzu, Kyoto, JA) (SILVA et al., 2010. adapted).

Quantitative analysis of the major compound was performed in a
chromatograph gas coupled to a GCMS-QP2010 Plus 40 eV mass spectrometer
(Shimadzu, Kyoto, JA) and RTx-Wax-Restek column (Restek, Bellefonte, PA) of
30m x 0.25mm.

An aliquot (1 pL) of the clear solution obtained containing the extracted oils
was analyzed. The analysis started with the temperature at 100°C, maintained for 3
minutes, followed by an increase of 7°C for 1 minute, until 190°C and hold for 15
min. The injector was operated in 'split' mode (1:20), at 220°C. Helium was used as
a carrier gas, with a flow of 19.6 mL/min~"'. The identification of the constituents was
carried out according to the internal standardization method (LEGGIO et al., 2017).

3.7.2.- Offspring from an artificial crossing

For the artificial crossing, one diploid individual BGEN-77 was selected as the
maternal genitor. The choice was based on seed production behavior, as this
individual does not produce any seed when subjected to reproductive isolation. The
paternal genitor was a triploid accession, BGEN-59. This choice was based on the
availability of the material and the particular behavior of this triploid regarding seed
germination (reaching 75%).

In the field, flower buds of individual BGEN-77 were isolated. After opening
the flowers, pollen grains from the triploid BGEN-59 individual (paternal genitor) were
artificially inserted through a syringe in different flowers and then the buds were
isolated again. After the flowering time, the dried inflorescences were collected and
as a result, one seed was produced.

This single seed was placed to germinate and after the individual had grown,
the DNA amount estimation, cytogenetic analysis and essential oil microextraction
(see item 3.7.1) were performed.
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3.8- Microsatellite markers

Twelve individuals were selected for this analysis. The diagram below
illustrates the analyzed individuals (Figure 3). The different colors represent different
ploidal level (red=diploid, green=triploid, grey= possible aneuploid offspring) while
the solid arrows represent the artificial crossing and the dotted arrow represents the

origin of offspring from isolated inflorescence.
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Figure 3- Representative diagram of the samples analyzed with the SSR markers. The red color
represents diploid (2n=30) and the green color represents triploid (2n=45). The numbers 1, 2 and 3
respectively comprise the diploid mother plant (BGEN-77) of the artificial cross, the offspring of the
artificial cross and the triploid paternal provider (BGEN-59) of the artificial cross. The number 4 is a
triploid (BGEN-59) offspring from controlled pollination. The number 5 is a triploid (BGEN-27) while
its offspring from controlled pollination comprises the numbers 6, 7 and 8. The number 9 is a triploid
(BGEN-10) while its offspring from controlled pollination comprises the numbers 10, 11 and 12.

To compare the genetic profile and infer the reproductive mode, the DNA from
the parents and their respective offspring leaves were macerated in liquid nitrogen
for extraction (DOYLE., 1990), with modifications. Immediately after maceration, 800
uL of CTAB buffer, pre-warmed to 65°C, containing 100 mM Tris-HCI (pH 8), 20 mM
EDTA, 1.4M NaCl, 2% CTAB, 1% PVP and 0.002% 2-mercaptoethanol. The
samples were incubated in a water bath at 65°C for 30 min and homogenized every
5 min. The proteins were removed in two steps, with the addition of 2/3 of the sample
volume (approximately 400 uL) of a chloroform:isoamyl alcohol (24:1) solution. The
samples were then centrifuged for 10 min at 14000rpm, recovering the supernatant.
The DNA was precipitated with 0.54% (v/v) ice-cold isopropanol and 0.08% (v/v)
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ammonium acetate at -20°C for 30 min. The material was centrifuged at 14000 rpm
for 10 min, discarding the supernatant and washing the precipitate in 700 pL of cold
70% ethanol and once in cold 95% ethanol. The pellet was dried overnight at room
temperature and resuspended in 30 uL of autoclaved ultrapure water. The samples
were incubated at 4°C during 24 hours for complete resuspension of the DNA and
were stored at -20°C. The DNA concentration of the samples was estimated using a
nanometric spectrometer (Nanodrop).

For DNA amplification, 14 primers were used (Table 5) (RAY et al., 2012;
SANTOS et al., 2012; LOPES et al., 2020a e 2020b). The primers were selected
based on polymorphism data previously obtained by Lopes et al (2020). For the
polymerase chain reaction (PCR), the samples were diluted in ultra-pure autoclaved
water to obtain the final concentration of 25ng/ul. After defining the annealing
temperature of the primers and the PCR conditions, the technique was performed
with the GoTaqg® kit Flexi Promega, in a volume of 10 ul: 1X buffer, 0.5 yM primer,
1.5/2.5/3 mM MgCI2 (varied between the primers), 0.3 mM dNTP, 1 unit of Taqg DNA
Polymerase and 30ng of genomic DNA. The reaction of PCR was performed in a
Mastercicler gradient Eppendorf® thermocycler and optimized from the following
conditions: 94°C (3 min), 35 cycles at 94°C(45s), annealing temperature 50 to 55°C
for each primer (45s) with touch-down followed by 72°C (45s) and final extension for
20 min at 72°C. The fluorescent products were detected by capillary electrophoresis
using a SeqStudio sequencer (Applied Biosystems). Fragment size was measured
using Microsatellite Analysis Software (MSA), available on Thermo Fisher Cloud.



Table 5- Fourteen microsatellite primers in twelve accessions of Lippia alba accessions.

Loci Primers  Primer sequences (5-3') Repeat motif Size (bp) Ta °C Reference

p077  77F *AAGGTCACGTAAACATACCG (AATAC)1is  179-209 LOPES et al., 2020
77R AGGAGAAGCATGAGCATGTA 55

p229  229F *GAGGAAGTTTCCTGTACCAGT (GCCCTT).  147-169 LOPES et al., 2020
229R GTGTACAGAGAGATGGCAAAG 50

p249  249F *ACACCAGTTGATGAAGTCAGT (CAA)s 186-227 LOPES et al., 2020
249R TTGTTACACAGGACGATAAGC 46

p270  270F *GAAGTTGGAGATGTGTGTGTT (GA)g 113-126 LOPES et al., 2020
270R ACTGAAACATGGAGGACCTAT 57

p283  283F *CATTCTAGAGGTCCATTTCCT (CAAT)4 189-190 LOPES et al., 2020
283R CGGAGAAGGAGGTATATGTTT 55

p294  294F *CACCAGTGCGACTACATAGAT  (GACAC)s  110-194 LOPES et al., 2020
294R CCTATGATTCTCGAACACTTC 55

p370  370F *ATGTCACAGGGATAGGTTTG (GGAGG)s  173-279 55 LOPES et al., 2020

370R

TATCTCTCGGTCATCTGAGAA
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Table 5- Fourteen microsatellite primers in twelve accessions of Lippia alba accessions (cont.).
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Loci Primers  Primer sequences (5-3') Repeat motif  Size (bp) Ta °C Reference

p412  412F *CCTCTCTCGTTCTCACTGAC (GTC), 122 LOPES et al., 2020
412R CAAGTTTTCTCACACTCGTTC 56

p432  432F *GTCTTCGTCGTCGTCATT (GGC)s 171-182 LOPES et al., 2020
432R CAATATAGTCGCCTGTGTCTC 56

p473  473F *GAAACAATATCTCTCGTGTGC (TATC)23 107 LOPES et al., 2020
473R GGTAGCTTCCGAGAAAACA 59

p484  484F *GCCTAGTCAATCTTGGACAAT (TG)r 167-173 LOPES et al., 2020
484R TTGTCATCGAGACTTATCTCC 95

LAC4 LAC4F *CCTACAGCCGAACGACCTAC (AAC)s 263-276 RAY et al., 2012
LAC4R TGCTTCCGCCTTTCTGTTAC 54

LAC5 LAC5F *GCTTCGGACACGTATCCACT (CCT)s 313-335 RAY et al., 2012
LAC5R GGTTGAGGATTCGGTGAATG 50

LAO8  POSF *GCCTTGTGGTAAGATCCTGTTC  (TA)5C(GT)o  139-150 50 *
POSR GGTTTATGTCCAGATCAGCTCC

*Primers designed and tested using the Primer 3 online program (http://bioinfo.ut.ee/primer3-0.4.0/).
*Tail M13 (5’-TGTAAAACGACGGCCAGT-3)).
Ta. annealing temperature.



54

3.9- Pollen analysis

Later stage flower buds from 29 diploid individuals were collected and fixed in
Carnoy (3 alcohol:1 acetic acid). After 24 hours, the anthers were isolated from the bud
and macerated with a needle to release the pollen grains. Afterwards, the material was
stained with acetic orcein and covered with a cover slip. One thousand pollen grains from
each individual were analyzed. In the analysis, the average of three measurements of
each pollen was performed for the final average of each structure. The t test (p<0.05) was
performed to compare the mean of reduced (n) and non-reduced (2n) pollen.

3.10- Comparative anatomy of Lippia alba anthers and ovules

Flowers from open and controlled pollination of Lippia alba in anthesis, from diploid,
triploid and tetraploid individuals, were fixed in the Karnovsky mixture (KARNOVSKY,
1965), and then passed under vacuum. After 24 hours, the fixed flowers were dehydrated
in a gradual ethanol series, being stored in 50% ethanol until further processing. The
structures of the anthers and ovaries were separated and then dehydration in ethyl series
was completed. The inclusion of samples was performed in Leica 2-hydroxyethyl-
methacrylate (PAIVA et al, 2011) and transversal and longitudinal series were sectioned
with a thickness of 6um using a Zeiss Hyrax M40 rotary microtome. To stain the sections,
0.05% toluidine blue in acetate buffer pH 4.7 (modified O'BRIEN et al. 1964) was used
and the sections were mounted in synthetic resin (Entellan). The images were obtained
using an Olympus CX41 microscope with an LC20 camera attached. The CorelDraw

Graphics Suite program was used to edit the figures.
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4- RESULTS

4.1- Seed production, germination and morphometry

4.1.1 - Seed production

Regarding diploid individuals, 32 individuals were investigated. It was observed
that 9 accessions did not produce any seeds when their inflorescences were isolated:
BGEN-11, BGEN-17, BGEN-20, BGEN-30, BGEN-40, BGEN-56, BGEN-74, BGEN-77
and BGEN-90. Another 19 accessions were able to produce seeds, most of them in small
quantities: BGEN-02, BGEN-09, BGEN-12, BGEN-13, BGEN-21, BGEN-43, BGEN-46,
BGEN-48, BGEN-57, BGEN-58, BGEN-65, BGEN-67, BGEN-71, BGEN-72, BGEN-73,
BGEN-78, BGEN-88, BGEN-89 and BGEN-98 (Figure 4). Four of them were able to
produce a greater average of seeds per inflorescence (from 2.45 to 5.95) when the
inflorescences were isolated: BGEN-75, BGEN-80, BGEN-81 and BGEN-96. Only one
individual (BGEN-02) showed a non-significant difference between the means of seeds
produced from open and controlled pollination, probably due to the smaller sample size

available.
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Figure 4- Average of seeds per inflorescence from controlled (blue bars) and open pollination (orange
bars) of diploid accessions of Lippia alba. The difference between the number of seeds produced from
both conditions for each accession were all significative by the chi-square test (p<0.05) except for
accession BGEN-02 (ns=non-significant).
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On the other hand, when analyzing the seed production of polyploid individuals (triploids
and tetraploids) (Figure 5), it was observed that all individuals produced seeds when the
pollination was controlled (inflorescences were isolated). Unlike diploids, for practically all
accessions there was no significant difference between the means of seeds from isolation and

non-isolation, except for accession BGEN-27.
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Figure 5- Average of seeds produced by triploid and tetraploid accessions of Lippia alba under controlled
(blue bars) and open (orange bars) pollination. The asterisk indicates a significant difference between the
means by the chi-square test (p<0.05).
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In general, it was possible to observe that diploids produced more seeds than
polyploids when the accessions were kept under open pollination. On the other hand,
under controlled pollination, diploids produced less seeds than polyploids. Analyzing only
the diploids, it was possible to observe a higher seed production in open pollination
condition, while in polyploids, no difference was observed between both conditions (Figure
6).
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Figure 6- Average of seed production in Lippia alba for diploids (red bars) and polyploids (blue bars) under
open (OP) and controlled (CP) pollination. Values are presented as mean and standard error of the mean
of seeds produced per reproductive unit. Different letters represent statistical differences at p < 0.05
according to Dunn'’s test.
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Analyzing the index of self-incompatibility (I1Sl), it was noticed a different behavior
among diploids, triploids and tetraploids (Figure 7A). It seems that diploids are much more
self-incompatible than polyploids, although some triploids also show high index of ISI.
Triploids revealed a mix of self-incompatible resources taking that some individuals show
low ISI. Tetraploids, on the other hand, are apparently more self-compatible. In general,
different profiles of self-incompatibility was observed for diploids and polyploids revealing
high variability for this character in Lippia alba accessions (Figure 7B).
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Figure 7- Index of self-incompatibility at different ploidal levels of Lippia alba: diploids, triploids and tetraploids.

A: Index average in the ploidal levels. B: distribution diagram of all individuals index analyzed.
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4.1.2 — Germination rate

Regarding the germination of seeds from open pollination, diploid individuals,
represented by 29 individuals (red bars), had a high germination rate, some even reaching
100% (Figure 8). Polyploid individuals (green and blue bars) represented by 6 triploids
(BGEN-01, BGEN-24, BGEN-27, BGEN-59, BGEN-60, BGEN-109; green bars) and 5
tetraploids (BGEN-06, BGEN-07, BGEN-64, BGEN-70, BGEN-86; blue bars), had a lower
germination rate (ranging from 20% to 60%), except for BGEN-59, a triploid individual,
that showed germination index of 75%, similar to some diploids.

100
90
80
70
60
50
40

30

Seed germination (%)

20

10

~N o Yo} o o - =
88927 REYTYIRLERBEOERNRRRREXEIIZISIRNBBI8BIRS
T oo [ L S T T L H T H T W W [ P R T R T T T I Y
zzzzgzzzgdzzgdzzzzgzzzzzzzzzgzrgdzzzzilzzzzz2
w oW wow wowow wow W W w wowwwww W wow w Z WwwwwZ2ww W w
[CRCECHCE-SCRCECESCECE-SCECRCECE-SUECECECECECECECRGCE GRS RCRCECEGCETRCRGCECEGCRG]

Accession number

Figure 8- Germination index from open pollination of diploid (red bars), triploids (green bars) and tetraploids
(blue bars) accessions of Lippia alba.
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Regarding seed germination from individuals kept under controlled pollination,
seven diploids, five triploids and five tetraploid individuals were analyzed. As a result,
diploids varied from 0% to 100% of germination rate, triploids from 0% to 45% and
tetraploids from 0% to 5% (Figure 9).
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Figure 9- Germination rate of seeds produced from individuals under controlled pollinated in Lippia alba.
Red bars: diploids; green bars: triploids; blue bar: tetraploid. The numbers above the bars represent the
total amount of seeds analyzed.
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4.1.3. Seed morphometry

Measurements of length and width of seeds from individuals with different ploidal
levels under open pollination are represented in the box plot below (Figure 10). In open
pollination condition there was no significant difference in length and width measurements

between diploids and polyploids.
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Figure 10- Length (A) and width (B) average of seeds from diploid and polyploid accessions of
Lippia alba under open pollination.
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Morphometric data of seeds from individuals kept under controlled pollination are
represented in the box plot below (Figure 11). The mean and the standard deviation of

seed length and width under different conditions are summarized in Table 6.
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Figure 11- Length (A) and width (B) of seeds from diploid and polyploid individuals of Lippia alba
under controlled pollination.
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Table 6- Mean and standard deviation of length (mm) and width (mm) of seeds from diploid and polyploid
accessions of Lippia alba under controlled and open pollination seeds.

Controlled pollination Open pollination
Lenght (mm) Width (mm) Lenght (mm) Width (mm)
Diploid 1.29+0.13 1.51+0.24 1.70+0.14 2.05+0.28
Polyploid 1.82+0.23 224 +0.48 1.80 £ 0.31 2.20+0.36

In open pollination, no significant difference was found between diploids and
polyploids (Figure 12A). Under controlled pollination in turn, there was a significant
difference in length and width between diploids and polyploids (Figure 12B).
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Figure 12- Seed length and width measurements in Lippia alba for diploids (red bars) and polyploids (blue
bars) under open (A) and controlled (B) pollination. Values are presented as mean and standard error of

the mean of seed lenght and width. Different letters represent statistical differences at p < 0.05 according
to Dunn’s test.
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When comparing the measurements of length and width of diploids under different
pollination conditions, it is observed that in open pollination the measurements are
significantly higher than in controlled pollination. The polyploids, in turn, showed no
significant difference in either the length or width of the seeds under different conditions
(Figure 13).
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Figure 13- Seed length and width measurements in Lippia alba for diploids (red bars) and polyploids (blue
bars) under open (A) and controlled (B) pollination. Values are presented as mean and standard error of
the mean of seed leght and width. Different letters represent statistical differences at p < 0.05 according to
Dunn’s test.

The analysis of seed weight revealed, in turn, that diploids had the lowest value,
followed by tetraploids (Figure 14). Triploid individuals showed the highest weight.

Statistical analysis revealed a significant difference only between diploids and triploids.
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Figure 14- Average seed weight of diploid, triploid and tetraploid individuals. Presence of significant
difference between diploids and triploids (p<0.05) according to Dunn'’s test.
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The principal component analysis (PCA) revealed a tendency to group ploidal
levels based on the analyzed seed characteristics: production, germination, length, width
and weight. Two main components (components 1 and 2) are the ones that influence the
individual’s distribution (Figure 15). The first one corresponded to approximately 99.78% of
influence while the second component corresponded to 0.20%. Diploids were mostly
distributed in the upper quadrants, while triploids were grouped exclusively in the third
quadrant. Most tetraploids were concentrated in the lower quadrants, except for one

individual.
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Figure 15- Principal component analysis (PCA) of five seed characteristics analyzed from 34 samples of
Lippia alba. The colors represent different ploidal levels: diploid in red circle, triploid in green, tetraploid in
blue.
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4.2- Fitness (W)

In attempting to observe the performance of each individual seed traits (number,
length, width, weight and germination) were comparatively evaluated.

Regarding the average of seed production, it was possible to observe that under
open pollination condition, diploid individuals tend to have a better fitness value (W) and
consequent lower selection coefficient (s) when compared to polyploid individuals. It is
important to note that despite this tendency, both the highest and the lowest value of W
were attributed to the diploids BGEN-30 and BGEN-02, respectively (Figure 16A) pointed
out the fitness variability within diploids.

On the other hand, when analyzing the average of seed production under
controlled pollination, the polyploids (mainly tetraploids) tend to present the highest fithness
values (W). The highest value of W belongs to the triploid BGEN-62 and the lowest to the
diploid BGEN-17 (Figure 16B).

In general, we can conclude that in the absence of cross fertilization, polyploid
individuals tend to have a better adaptation. The appendix B and C present in detail the

values of W (in descending order) and “s” (in ascending order) in the different individuals.
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Figure 16- Fitness values (W) and selection coefficient (s) considering the average of seed production in
diploids (red), triploids (green) and tetraploids (blue) of Lippia alba under open pollination (A) and controlled
pollination (B).
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As previously reported, length, width, weight and germination of seeds were also
analyzed only under open pollination.

Regarding the seed length and width, we observed that triploids have the highest
W value, followed by some diploids and tetraploids. The largest length and width value of
W belongs to the triploid BGEN-59 while the smallest values belong to the diploids BGEN-
90 and BGEN-67, respectively (Figure 17A and 17B).

The seed weight and germination in turn, revealed an interesting difference. While
polyploids have the highest W values on the seed weight, they have the lowest W values
on seed germination index. Diploids, however, have lower W values regarding the seed
weight and the highest W regarding seed germination (Figure 17C and 17D). The triploids
BGEN-27 and BGEN-60 correspond respectively to the highest and lowest value of W on
seed weight while the diploid BGEN-75 and the triploid BGEN-01 correspond to the
highest and lowest value of W on seed germination. The appendix D, E, F and G presents
in detail the values of W (in descending order) and “s” (in ascending order) for different

individuals.
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Analyzing the same variables within the same ploidal level, some interesting
information was obtained. Regarding the average of seed production, diploids, as
previously presented, have a higher fitness under open pollination when compared to the
controlled pollination. The values of W ranged from 0.049 (BGEN-02) to 1 (BGEN-30) in
open pollination while in controlled pollination the value of W ranged from 0 (BGEN-17) to
1 (BGEN-96) (Figure 18A and 18D).

The triploids in open pollination showed the values of W varying from 0.26 (BGEN-
01) to 1 (BGEN-62) while under controlled pollination W values varied from 0.020 (BGEN-
01) to 1 (BGEN-62) (Figure 18B and 18E).

The tetraploids in turn, showed a variation in the value of W from 0.45 (BGEN-03)
to 1 (BGEN-87) in open pollination and from 0.47 (BGEN-87) to 1 (BGEN-03) in controlled
pollination condition (Fig. 18C and 18F). The detailed values can be found in appendix
H.1,H.2, H.3, 1.1, .2 and |.3.

It is important to note that tetraploids showed the smallest variation in the value of
W in both situations (open and controlled pollination), followed by triploids and diploids.
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Figure 18- Fitness values (W) and selection coefficient (s) considering the average of seed production in
diploids (red), triploids (green) and tetraploids (blue) of Lippia alba under open pollination (A, B and C) and
controlled pollination (D, E and F).
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Regarding the variable length and width of seeds, the highest and lowest values of W
belonged to different individuals in the diploids. Taken the length of seeds, the values of W
ranged from 0.71 (from BGEN-90) to 1 (from BGEN-65) while for seed width, the values of W
ranged from 0.54 (from BGEN-67) to 1 (from BGEN-72) (Figure 19A and 19D).

The triploids, in turn, presented for both characteristics the accession BGEN-59 with the
highest value of W and the BGEN-60 with the lowest value of W. For seed length, the value of
W varied from 0.57 to 1 and for width, the value of W ranged from 0.54 to 1 (Figure 19B and
19E).

The tetraploids had a W value ranging from 0.88 (BGEN-70) to 1 (BGEN-86) in length and
from 0.91 (BGEN-45) to 1 (BGEN-64) in width (Figure 19C and 19F). It is important to highlight
that the tetraploids showed the smallest variation in W values, followed by diploids and triploids.
The detailed values can be found in appendix J.1, J.2, J.3, K.1, K.2 and K.3.
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Figure 19- Fitness values (W) and selection coefficient (s) from seed length and width of diploids (red),
triploids (green) and tetraploids (blue) under open pollination.
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Regarding the characteristics of seed weight and germination, the diploid

individuals showed a variation of the W value from 0.48 (BGEN-56) to 1 (BGEN-65) and
from 0.7 (BGEN-90) to 1 (BGEN-75), respectively. Triploids, in turn, presented a W
variation from 0.32 (BGEN-60) to 1 (BGEN-27) in weight and from 0.33 (BGEN-01) to 1
(BGEN-59) in germination index while the tetraploids had a W value ranging from 0.58
(BGEN-06) to 1 (BGEN-86) in weight and from 0.6 (BGEN-70) to 1 (BGEN-64) in
germination index (Figure 20). The detailed values can be found in appendix L.1, L.2, L.3,
M.1, M.2, and M.3.
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Figure 20- Fitness values (W) and selection coefficient (s) of seed weight and germination index in diploids
(red), triploids (green) and tetraploids (blue) of Lippia alba under open pollination.
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The statistical analysis revealed that for the open pollination condition, the fitness
(W) value of the average of seed production differed significantly between diploids and
polyploids, with diploids showing the highest mean production. Under the controlled
pollination condition the opposite is observed, polyploids have a significantly higher
average seed production than diploids. Interestingly, the polyploids under controlled
conditions did not show a significant difference in the average of seed production when
compared with the diploids and polyploids from open pollination (Figure 21).
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Figure 21- Fitness (W) value of average of seed production in Lippia alba for diploids (red bars) and
polyploids (blue bars) under open pollination (O.P.) and controlled pollination (C.P.). Values are presented
as mean and standard error of the mean. Different letters represent statistical differences at p < 0.05.
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Regarding the length and width of the seeds, the fitness(W) value did not differ
significantly between diploids and polyploids (Figure 22A and 22B) while the germination
index and seed weight, had a significant difference between diploids and polyploids

(Figure 22C and 22D). All these four traits were analyzed only under open pollination
condition.
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Figure 22- Fitness (W) value of seed length (A), seed width (B), germination index (C) and seed weight (D)
in Lippia alba for diploids (red bars) and polyploids (blue bars) under open pollination. Values are presented
as mean and standard error of the mean. Different letters represent statistical differences at p < 0.05.
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4.3- Seed flow cytometry and offspring ploidal level

The seed flow cytometry provides important information about the reproduction
way by analyzing the ratio between the amount of DNA in the embryo and the endosperm.

The table 7 shows the quantitative data of the analysis i.e., the number of samples
analyzed in each ploidal level and under the two different conditions: open and controlled
pollination. It was possible to observe for how many samples it was possible to identify
the endosperm peak (P.E.- presence of endosperm); for how many it was not possible to
identify the endosperm peak (A.E.- absence of endosperm) and for how many samples it
was not possible to identify any peak, neither the embryo nor the endosperm (A- aborted).

Table 8, in turn, presents the qualitative data i.e., which embryo/endosperm ratio
appear for each ploidal level under both conditions (open and controlled pollination).

Regarding the ratios of the embryo/endosperm peaks, the ratios 2:3, 3:4 and 3:5
correspond to the formation of seeds by sexual reproduction. For 2:X, 3:X and 4:X ratios,
we observed only the embryo peak corresponding to diploid, triploid and tetraploid,
respectively, being not possible to confirm the type of reproduction involved. Samples
called aneuploids correspond to those with an intermediate amount of DNA (not
corresponding to diploids, triploids or tetraploids), being not possible to determine the
corresponding ratios.
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Table 7- Quantitative data from seed flow cytometry in the different ploidal level under open and controlled

pollination.
Open pollination Controlled pollination
2X 3x 4x 2X 3x 4x
P.E. 218 46 19 12 2 0
AE. 247 74 140 36 0 17
A 84 30 163 34 8 65
Total 549 150 322 82 10 82

P.E.= presence of endosperm
A.E.= absence of endosperm
A= aborted

Table 8- Qualitative data from seed flow cytometry in the different ploidal level under open and controlled

pollination.

Open pollination (%)

Controlled pollination (%)

Ratio (embryo:endosperm) 2x 3x 4x 2X 3x 4x

2:X 41.72 6.66 - 75 - -

2:3 40.86 16.66 - 25 - -
3:X 0.21 6.66 22.01 - - 82.35

34 0.64 8.33 1.88 - 100 -

3:5 0.43 8.33 3.14 - - -

4:X - - 15.09 - - -
Aneuploid? 16.34 52.5 57.86 - - 17.64

As observed in both tables, in cross-fertilization, diploid individuals had a greater

number of histograms with the presence and/or absence of endosperm when compared

to the number of aborted ones. These individuals produced mostly diploids (Figure 24A),

followed by aneuploids (Figure 24B) and triploids (Figure 24C). When observing the ratios

presented by these individuals, the most common was 2:3 and it was possible to observe

the diploid peak of the embryo (2) and of the endosperm (3), indicating the sexual

reproduction.
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Figure 23- Representative histogram of DNA amount estimation of seeds from diploid accessions of Lippia
alba under from open pollination. A: diploid from sexual reproduction. B: aneuploid. C: triploid from sexual
reproduction. P1 and P2 represents respectively the embryo and endosperm informations.
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The triploids in turn, showed a greater number of histograms with absence of the

endosperm peak. The offspring presented diploids (Figure 24A), mostly aneuploids

(Figure 24B) and triploids (Figure 24C). The most common embryo/endosperm ratios

were 2:3 (Figure 24A), 3:4 (Figure 24C) and 3:5, indicating all of them sexual reproduction.
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Figure 24- Representative histogram of DNA amount estimation of seeds from triploid accessions of Lippia
alba under from open pollination. A: diploid of sexual reproduction. B: aneuploid. C: triploid of sexual

reproduction. P1 and P2 represents respectively the embryo and endosperm informations
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In tetraploid offspring, it was possible to observe triploids (Figure 25A), aneuploids

in greater number (Figure 25B) and tetraploids (Figure 25C). The ratios 3:4 and 3:5 was

detected, indicating also sexual reproduction.
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Figure 25- Representative histogram of DNA amount estimation of seeds from tetraploid accessions of
Lippia alba under from open pollination. A: triploid from sexual reproduction. B: aneuploid. C: tetraploid with
only the embryo peak. P1 and P2 represents respectively the embryo and endosperm informations.
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Analyzing controlled pollination, the diploids showed only offspring of diploid
embryo peak, some of them with ratio of 2:3, indicating a sexual reproduction and

consequently, self-fertilization.
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Figure 26- Representative histogram of DNA amount estimation of seeds from diploid accessions of Lippia
alba under controlled pollination showing ratio 2:3 (embryo:endosperm) of sexual reproduction. P1 and P2
represents respectively the embryo and endosperm informations.

The triploids in turn, presented triploids in the offspring of controlled pollination with
the ratio 3:4, also suggesting a sexual reproduction and consequently, self-fertilization
(Figure 27). The tetraploid group, presented triploid and aneuploid offspring, being
possible to infer, despite the absence of the endosperm, that the self-fertilization process

is occurring.
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Figure 27- Representative histogram of DNA amount estimation of seeds from triploid accessions of Lippia
alba under controlled pollination showing ratio 3:4 (embryo:endosperm)of sexual reproduction. P1 and P2
represents respectively the embryo and endosperm informations.
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In addition to the material analyzed by seed cytometry, germinated seedlings (in a
petri dish) were also used to investigate the ploidal level of the offspring.

The amount of DNA used to classify the ploidal level of the progeny is showed in
table 9.

Table 9- Ranges of DNA amount corresponding to ploidal levels in the offspring of Lippia alba

DNA content (pg) Ploidal level
up to 2.80 2x
2.81-3.78 Aneuploid
3.79-4.14 3x
4.15-4.55 Aneuploid
4.56-4.90 4x
4.91-6.89 Aneuploid

6.90 6x

As a result, the diploids individuals showed a greater number of diploid offspring
(98.91%), followed by aneuploids (1.08%). The triploids in turn, showed mainly aneuploids
(81.25%), followed by triploids (8.33%), diploids (9.37%) and tetraploids (1.04%). Lastly,
the tetraploids showed a greater number of aneuploids (82.14%), followed by diploids
(12.5%) and triploids (5.35%) (Figure 28) (Appendix N.1, N.2 and N.3).
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Figure 28- Offspring ploidal level from diploid, triploid and tetraploid accessions of Lippia alba under open
pollination.
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Considering individuals that were under controlled pollination, it was possible to
observe that the most of the offspring were aneuploid. The estimation of the DNA amount
of these individuals revealed that it is compatible with triploids and tetraploids (Figure 29)
(Appendix O).

100
90
80
70
60
50
40

30

Offspring individuals (%)

20

DIPLOID ANEUPLOID TRIPLOID TETRAPLOID

Ploidal level of triploid offspring

Figure 29- Offspring ploidal level from triploid accessions of Lippia alba under controlled pollination.
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4.4- Offspring: case studies

4.4.1 Cytogenetic analysis and DNA content estimation

To understand possible karyotypic configuration and how the chromosome set is
inherited, a preliminary cytogenetic survey was done in four individuals, here called, case
studies. The first individual is the offspring from artificial crossing between the diploid
mother plant (BGEN-77) and the triploid BGEN-59 (male parent). The second individual
is an offspring from open pollination of the diploid BGEN-77. The third is an offspring from
open pollination of the tetraploid BGEN-64. The fourth is an offspring from controlled
pollination of the triploid BGEN-59.

The karyogram of the first individual obtained from the artificial crossing between
a diploid and a triploid show 2n=35 chromosomes which correspond to an aneuploid
(Figure 30A). It was possible to observe the presence of 12 median chromosomes and
three submedian chromosomes, presenting the karyotypic formula of 12m+3sm. Details
of these chromosomes are summarized on figure 31A. It was also possible to notice that
the extra homologues have been grouped on the chromosomes |, II, VIII, IX and XIlI
(Figure 30A, table 10). Regarding its morphometric data (short arm - sa, the long arm - Ia,
ratio la/sa and relative size), it was observed that the total chromosome size varied from
1.87um to 2.98um. The short arm in turn, had a variation of 0.77um to 1.23um while the
long arm had of 1.05um to 1.83um (Table 10).

The figure 30B, shows the offspring of the diploid BGEN-77 from open pollination
with 2n=30. Its ideogram (Figure 31B) showed a karyotypic formula of 6m+9sm. The
morphometric data showed a variation in chromosome size of 1.27uym to 2.85um. The
short arm in turn, had a variation of 0.43um to 1.24um while the long arm varied from
0.77um to 1.83um (Table 11).

The offspring of the tetraploid BGEN-64 from open pollination also presented
2n=30 (Figure 30C). Its ideogram (Figure 31C) shows a karyotypic formula of 12m+3sm
and its morphometric data revealed a chromosome variation of 1.80um to 2.80um. The
variation in the size of the short arm and long arm was respectively, 0.71um to 1.04um
and 0.99um to 1.99um (Table 12).
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Lastly, the figure 30D shows the offspring of the triploid BGEN-59 from controlled
pollination with 2n=48. Its ideogram showed a karyotypic formula of 9m+6sm (Figure
31D). The extra homologues have been grouped on the chromosomes Xlll, X and XI
(Figure 30D, table 13). Its morphometric data showed a variation in chromosome size of
1.72um to 4.11ym. The short arm in turn, had a variation of 0.7um to 1.63um while the
long arm had of 1.02uym to 2.73um (Table 13).

Furthermore, it is possible to observe in table 14 the data of karyotypic asymmetry
and amount of DNA of the four individuals analyzed.
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Figure 30- Karyogram and DNA content of the offspring individuals in Lippia alba. A: offspring with 2n=35
from the artificial crossing between the diploid BGEN-77 and the triploid BGEN-59; B: offspring with 2n= 30
from open pollination of the diploid BGEN-77; C: offspring with 2n=30 from open pollination of the tetraploid
BGEN-64; D: offspring with 2n=48 from controlled pollination of the triploid BGEN-59. The asterisk indicates
the chromosomes with extra copies. Bar=5um.
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Figure 31- Ideograms of the offspring individuals in Lippia alba. A: offspring with 2n=35 from the artificial
crossing between the diploid BGEN-77 and the triploid BGEN-59; B: offspring with 2n= 30 from open
pollination of the diploid BGEN-77; C: offspring with 2n=30 from open pollination of the tetraploid BGEN-64;
D: offspring with 2n=48 from controlled pollination of the triploid BGEN-59.



Table 10. Morphometric data of the offspring with 2n=35 from the artificial crossing between the diploid
BGEN-77 and the triploid BGEN-59 accessions of Lippia alba. The asterisk indicates the chromosomes
with extra copies.

Chrom. sa la Total Ratio (la/sa) Relative size Classification
*| 1.23 1.75 2.98 1.42 8.59 m
*l 1.17 1.32 2.49 1.13 717 m
Il 1.12 1.46 2.58 1.31 7.43 m
v 1.07 1.74 2.81 1.63 8.1 m
\% 1.00 1.15 2.15 1.16 6.19 m
VI 1.00 1.34 2.33 1.34 6.71 m
Vi 0.99 1.20 2.19 1.21 6.31 m

*VII 0.95 1.10 2.05 1.16 5.91 m
*I1X 0.93 1.08 2.01 1.16 5.79 m
X 0.92 1.64 2.56 1.78 7.38 sm
Xl 0.9 1.12 2.02 1.24 5.82 m
Xl 0.88 1.05 1.93 1.19 5.56 m

*XI 0.84 1.27 2.1 1.52 6.08 m
XV 0.78 1.10 1.87 1.41 5.39 m
XV 0.77 1.83 2.60 2.37 7.49 sm

sa=short arm; la= long arm.

Table 11. Morphometric data of the offspring with 2n=30 from open pollination of the diploid BGEN-77.

Chrom. sa la Total Ratio (la/sa) Relative size  Classification
I 1.24 1.61 2.85 1.30 10.00 m
Il 0.91 1.25 2.16 1.37 7.58 m
Il 0.91 1.09 2.00 1.20 7.02 m
v 0.84 1.83 2.67 217 9.35 sm
\% 0.82 1.17 1.99 1.43 6.98 m
VI 0.71 1.76 2.47 2.47 8.65 sm
Vi 0.69 0.77 1.46 1.1 5.10 m

VI 0.66 1.36 2.02 2.05 7.07 sm
IX 0.59 1.29 1.88 2.19 6.59 sm
X 0.57 1.23 1.80 2.16 6.31 sm
Xl 0.55 1.08 1.63 1.96 5.72 sm
Xl 0.53 1.12 1.65 2.10 5.77 sm
Xl 0.5 0.88 1.38 1.75 4.82 sm
XV 0.47 0.80 1.27 1.69 4.44 m
XV 0.43 0.89 1.32 2.06 4.61 sm

sa=short arm; la= long arm.
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Table 12. Morphometric data of the offspring with 2n=30 from open pollination of the tetraploid BGEN-64.

Chrom. sa la Total Ratio (la/sa) Relative size  Classification
I 1.04 1.68 2.72 1.62 8.25 m
Il 1.01 1.72 2.73 1.70 8.28 m
11 0.99 1.12 2.1 1.13 6.4 m
v 0.98 1.36 2.34 1.38 71 m
\Y 0.93 1.07 2.00 1.15 6.06 m
VI 0.91 1.33 2.24 1.46 6.79 m
Vil 0.89 0.99 1.88 1.1 5.7 m

VI 0.86 1.08 1.94 1.26 5.88 m
IX 0.85 1.35 2.20 1.58 6.67 m
X 0.81 1.99 2.80 2.45 8.49 sm
Xl 0.8 1.07 1.87 1.34 5.67 m
Xl 0.79 1.40 219 1.77 6.64 sm
X 0.78 1.02 1.80 1.30 5.46 m
XV 0.75 1.54 2.29 2.05 6.94 sm
XV 0.71 1.18 1.89 1.66 5.73 m

sa=short arm; la= long arm.

Table 13. Morphometric data of the offspring with 2n=48 from controlled pollination of the triploid BGEN-
59. The asterisk indicates the chromosomes with extra copies.

Chrom. sa la Total Ratio (la/sa) Relative size  Classification
I 1.63 2.25 3.88 1.38 9.10 m
Il 1.45 1.65 3.10 1.14 7.26 m
Il 1.42 2.06 3.48 1.45 8.16 m
v 1.38 2.73 4.1 1.98 9.64 sm
\% 1.26 1.53 2.79 1.21 6.54 m
VI 1.16 1.58 2.74 1.37 6.42 m
Vi 1.08 217 3.25 2.02 7.61 sm

*VII 1.06 1.60 2.66 1.50 6.23 m
IX 1.03 1.97 3.00 1.92 7.02 sm
*X 0.95 1.86 2.81 1.96 6.58 sm
*XI 0.94 1.41 2.35 1.49 5.50 m
Xl 0.89 1.62 2.51 1.81 5.88 sm
Xl 0.86 1.63 2.49 1.89 5.83 sm
XV 0.74 1.05 1.79 1.43 4.20 m
XV 0.7 1.02 1.72 1.45 4.02 m

sa=short arm; la= long arm.



Table 14. Karyotypic asymmetry, chromosome number and DNA content of Lippia alba offspring.

Individual A Chromosome number DNA amount (pg)
Artificial crossing 0.15 2n=35 3.16
0.D.O.P. 0.27 2n=30 2.74
O.T.OP 0.19 2n=30 2.84
O.T.C.P. 0.22 2n=48 4.49

0.D.0O.P= offspring of diploid from open pollination.
0O.T.0.P= offspring of tetraploid from open pollination.
O.T.C.P= offspring of triploid from controlled pollination.

88
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4.4.2 Essential oil constituents

Regarding the essential oil, figure 32A shows the citral (geranial+neral) as the
major component of essential oil in three of the four offspring analyzed: the 2n=35 from
the artificial crossing between diploid and triploid with 21,97% of its terpenes composed
of citral; the 2n=30 of a diploid from open pollination with 86,26% and the 2n=30 of a
tetraploid from open pollination with 68,1%. The individual 2n=48 of a triploid from
controlled pollination in turn, presented linalool as major component of its essential oil,
representing 26,67% of all components (Figure 32B). The chromatograms of the different

offspring with emphasis on the major component are shown in the figure 33.
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Figure 32- Terpenes found in the analyzed offspring of Lippia alba. A: 2n=35 from artificial crossing; 2n=30
of a diploid from open pollination and 2n=30 of a tetraploid from open pollination. B: 2n=48 of a triploid from
controlled pollination.
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Figure 33- Chromatograms from offspring individuals. A: Artificial crossing (2n=35) with geranial as the
majority component. B: Offspring (2n=30) from diploid of open pollination with geranial as major component.
C: Offspring (2n=30) from tetraploid of open pollination with geranial as major component. D: Offspring
(2n=48) from triploid of controlled pollination with linalool as major component.
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4.5- Microsatellite analysis

The samples analyzed by microsatellite comprise 12 individuals: individuals 1, 2
and 3 respectively comprise, respectively, the diploid mother plant BGEN-77 from the
artificial crossing, the aneuploid offspring 2n=35 from the artificial crossing and the triploid
paternal parent BGEN-59. The individual 3 is also the triploid mother plant of the offspring
4 (same individual of 2n=48 analyzed in the case study) coming from controlled
pollination. Individual 5 is the triploid mother plant BGEN-27 of the offspring 6, 7 and 8,
which came from controlled pollination. Individual 9, in turn, is the triploid mother plant
BGEN-10 of the offspring 10, 11 and 12 from controlled pollination (Figure 34). Samples
coming from controlled pollination were analyzed due to the possible confirmation of the
occurrence of self-fertilization and/or apomixis.

For a better understanding of the results obtained in the microsatellite analysis, the
scheme of figure 35 was created, in which it is possible to observe a list of primers with
their respective detected alleles and the presence or absence of these same alleles
(represented by balls of different colors) in different individuals (samples 1 to 12). The
samples that show an “X” presented an error in their analysis (Figure 35).

B: Triploid mother
plant with 1 offspring
from controlled

pollination S —
: e T s BT
129 (3% 4 ENAS I
2 6 7 8 10 11 12
A: Artificial crossing 7 e e
between a diploid C: Triploid mother D: Triploid mother
and a triploid plant with 3 plant with 3
controlled controlled
pollination pollination
offspring offspring

Figure 34- Representative scheme of the samples analyzed by the SSR technique. (A) The numbers 1, 2
and 3, respectively, comprise the diploid mother plant (BGEN-77) of the artificial cross; the offspring 2n=35
of the artificial cross and the triploid paternal genitor (BGEN-59) of the artificial cross; (B) The number 4 is
the 2n=48 offspring from controlled pollination of the sample 3 (BGEN-59); (C)The number 5 is a triploid
(BGEN-27) while its offspring from controlled pollination comprises the numbers 6, 7 and 8; (D) The number
9 is a triploid (BGEN-10) while its offspring from controlled pollination comprises the numbers 10, 11 and
12.
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Figure 35- Representative scheme of the allele pattern in 14 primers in the different analyzed individuals of
Lippia alba. The numbers 1 to 12 represent the samples and different colors were chosen for each allele.
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Figure 35- Representative scheme of the allele pattern in 14 primers in the different analyzed individuals of
Lippia alba. The numbers 1 to 12 represent the samples and different colors were chosen for each allele (cont.).

Regarding the artificial crossing, in 6 primers (p283, LAC4, p412, p473, LAC5 and
LAO8) it was possible to observe aleles of the offspring that appear only in the male-
parent. The figure 36 exemplify this situation. The red arrow shows an alele of the offspring
that does not appear on the mother plant but appears on the male-parent. As the maternal
progenitor is certain due to the experimental design and manipulation of the material, we
can assume that this offspring comes from the crossing between this maternal individual
(diploid BGEN-77) and the triploid BGEN-59. The microsatellite technique confirms the
successful of the artificial crossing carried out in the species.
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Figure 36- Representative electropherograms of primer LAC4 of three individuals of Lippia alba. The
sequence of samples corresponds to the diploid mother plant BGEN-77, the offspring with 2n=35 (from
artificial crossing) and the male-parent triploid BGEN-59.
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The microsatellite analysis also revealed, as shown in the table 15, that out of the
14 primers, in 8 of them it was possible to observe at least in one offspring a pattern of
bands different from the pattern observed in its mother plant, suggesting self-fertilization

instead of apomixis.

Table 15- Offspring samples of Lippia alba that showed a pattern of bands different from its mother plant
(selfing), under controlled pollination. Each plant was associated with the used primers.

Sample Primers
4 p432
6 p229, p249, p432
7 p484, p432
8 p229, p412, LAO8
10 p229, p249, p412
11 p412, p432, LAC5
12 p294, p249, p412, p432

On the other hand, some individuals showed a pattern of bands identical to the
mother plant, suggesting the possibility of an apomixis or a self-fertilization in which the
alleles remained the same as the mother. In fact, despite these identical bands, based on
the data in table 15, it was possible to conclude that all samples from controlled pollination
(4, 6,7, 8,10, 11, 12) came from self-pollination, reinforcing once again the occurrence
of the reproductive process in Lippia alba under controlled pollination.

The Figures 37, 38 and 39 exemplifies that information.
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Figure 37- Representative electropherograms of primer LAO8 of three individuals of Lippia alba. The
sequence of samples corresponds to the triploid mother plant BGEN-27 (sample 5) and two offspring

(sample 6 and 7) from controlled pollination.
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Figure 38- Representative electropherograms of primer p229 of three individuals of Lippia alba. The

sequence of samples corresponds to the triploid mother plant BGEN-10 (sample 9) and two offspring
(samples 10 and 12) from controlled pollination.




98

115 120 125 130 135 140 145 150 155 160 165 170 175 180
9000
8000 mother-plant
7000
6000
5000
4000
3000
2000

1000 ,jk
0
138.61140.91]143.34145.64 150.29

115 120 125 130 135 140 145 150 155 160 165 170 175 180
9000
s000 Offspring
7000
6000
5000

4000
3000
2000
1000
0 N

139 [141 143 [145
138.61140.93143.39 145.6

Figure 39- Representative electropherograms of primer LAO8 of two individuals of Lippia alba. The
sequence of samples corresponds to the triploid mother plant BGEN-59 (sample 3) and its offspring (sample
4) from controlled pollination.
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4.6- Pollen analysis

In order to investigate the production of unreduced pollens, pollen measurements
were carried out in 29 diploid individuals. The average of pollen size, including the minimum
and maximum values can be seen in table 16.

To analyze the data distribution of each individual, the values observed between
the lowest and the highest were classified in quartiles. As an example, the table 17 illustrates
how the minimum (23.17um) and the maximum value (47.44pm) of pollen measurements of
BGEN-38. The difference between the highest and lowest values was divided into 4 groups:
23.17um - 29.24um (quartile 1); 29.25um - 35.32um (quartile 2); 35.33um - 41.4um (quartile
3) and 41.5um - 47.44um (quartile 4). As an example, table 16 shows the number of pollen
measurements observed in each quartile. In the case of BGEN-38, it was possible to observe
90 measurements in the 1st quartile range, 699 in the 2nd quartile, 179 in the 3rd quartile
and 32 in the 4th quartile, totaling 1000 measurements. The objective of dividing the
measurements into quartiles is to facilitate the visualization of the measurement’'s
distribution. Regarding the calculated quartiles, most of the accessions presented the largest
number of measures concentrated in the second and third quartiles, in contrast of the first
and fourth quartiles, that cover the extreme values (the smallest and the largest ones). In
other words, even when the individual had a very small minimum measurement or a very
large maximum measurement, most of the data obtained are not part of these extremes.

The lowest average observed was 29.47um from BGEN-57 individual, while the
highest was 43.83um from BGEN-75. The smallest pollen measure found in the species, in
turn, was 14.99um from BGEN-89, while the highest was 60.23uym from BGEN-12.



Table 16- Pollen measurement data from 29 diploid individuals of Lippia alba

100

Individual Q1 Q2 Q3 Q4 Minimum value  Maximum value Average
BGEN-11 2 202 589 207 18.27 49.22 38.03
BGEN-12 317 377 300 6 24.78 60.23 38.28
BGEN-13 18 441 381 160 19.10 4943 35.57
BGEN-17 516 334 133 17 26.87 56.59 35.80
BGEN-21 412 77 110 1 29.32 43.92 33.75
BGEN-38 90 699 179 32 23.17 47.44 33.17
BGEN-40 99 150 621 130 24.72 53.17 41.14
BGEN-43 72 65 336 27 22.79 44 .87 32.67
BGEN-46 146 249 533 72 28.48 55.41 42.01
BGEN-48 339 572 73 16 27.94 50.44 35.03
BGEN-55 2 594 399 5 19.56 48.71 33.95
BGEN-56 186 6 293 115 28.36 49.11 37.90
BGEN-57 431 460 97 12 23.46 43.53 29.47
BGEN-58 11 888 72 29 20.32 58.56 35.73
BGEN-65 242 667 87 4 24.08 57.05 35.52
BGEN-67 647 280 45 28 23.84 55.77 32.15
BGEN-68 183 462 308 47 24.85 48.30 34.87
BGEN-72 83 430 336 151 24.42 48.34 36.55
BGEN-73 37 444 514 5 21.72 55.73 38.44
BGEN-75 30 210 701 59 27.76 55.92 43.83
BGEN-77 291 445 215 49 25.82 43.64 32.64
BGEN-78 549 192 190 69 26.15 54.22 35.60
BGEN-80 181 467 241 111 22.40 55.60 36.98
BGEN-81 278 604 113 5 29.62 45.87 35.16
BGEN-89 34 500 337 129 14.99 58.40 36.96
BGEN-90 48 196 535 221 24.98 46.75 38.22
BGEN-98 276 534 143 47 23.74 51.72 34.09
Planta F 163 688 144 5 25.51 40.01 30.89
Planta D 72 682 171 75 21.58 54.31 35.92

Q1=quartile 1; Q2=quartile 2; Q3=quartile 3; Q4=quartile 4

Table 17- Number of pollen measurements for a diploid accession (BGEN-38) of Lippia alba.

Quartiles Measurements (um) Number of measurements
1 23.17 - 29.24 90
2 29.25 - 35.32 699
3 35.33-414 179
4 41.5-47.44 32
Total 1000
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Among the diploid individuals, it was possible to observe differences in pollen
measurement. Some of them showed greater variation (BGEN-58 and BGEN-89, Figure
40A and 40B), while others showed less variation such as BGEN-21 and individual F
(Figure 40C and 40D). Below, the scatter plots illustrate the distribution of pollen
measurements.
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Figure 40- Representative scatter plots of pollen grains showing wide variations in two diploid individuals of
Lippia alba (A: BGEN-58; B: BGEN-89) and less variations (C: BGEN-21; D: Planta F).
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In Figure 41, it is possible to observe pollen grains of these same individuals: A: BGEN-
58, B: BGEN-89, C: BGEN-21 and D: Planta F, representing the largest and smallest
variations, respectively. Red arrows highlight this variation.

-
-

Figure 41- Pollen grains from different diploid individuals of Lippia alba. A and B: individuals with greater
variation. C and D: individuals with lesser variation. Red arrows highlight bigger pollens and green arrows
highlight smaller pollens. Bar=50um.
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4.7- Comparative anatomy of Lippia alba anthers and ovules

4.7.1- Pollen grains and microgametophytes

In summary, in diploid individuals (Figure 42A-E), well-formed pollen grains
showed rounded median contour and high density in the protoplast, largely prevail. The
generative cell has an ellipsoid shape, is long and has tapered ends. All anthers sampled
contained germinating pollen grains, with evident protrusion of pollen tubes.

In triploid individuals (Figure 42F-J), there are numerous well-formed pollen grains,
with a rounded median contour and high density in the protoplast. However, there are
several aborted grains, both with irregular (very lobed) contour and others with typical
contour, but hyaline protoplast in comparison to the well-formed grains. Less often, tetrads
were observed whose grains were not individualized, always with evidence of abortion. In
viable grains, the generative cell is similar in shape to that described for most diploid
grains; however, pollen grains were observed with a more vacuolated vegetative cell and
a generative cell without the characteristic contour, with well-curved ends, indicative of
unviability. Pollen grains with protrusion of pollen tubes were also observed.

In tetraploid individuals (Figure 42K-N), it is noteworthy that the anther is clearly
smaller than those from diploid and triploid individuals. In tetraploids, aborted pollen grains
prevail, with a very lobed contour and without content. Few well-formed pollen grains are

recognized in the samples.
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Figure 42- Mature anthers of Lippia alba in transversal sections stained with Toluidine Blue. A-E. Diploid
individuals. A. General view of anther in dehiscence, showing the two theca. B. Detail of a theca; note the
density of most pollen grains. C-E. Pollen grain details; in D-E, typical pollen grains in different section
planes, with the ellipsoid generative cell, long and tapered, sectioned transversally (D) and longitudinally
(E). F-J. triploid individuals.F. General view of anther in dehiscence, showing the two theca with several
dense and typical shaped grains and others more hyaline, with an atypical contour that indicates their
inviability. G. Detail of a theca; note pollen grains presented in monads or tetrads, all of which are not viable
in this field. H-J. Pollen details. H. Pollen grains with typical characteristics. I. Grain with slightly lobed
contour and protoplast more hyaline than typical grains. J. Grains with typical contour, but the protoplast is
more hyaline than that seen in H and the generative cell does not have the characteristic contour, but rather
curved ends. K-N. tetraploid individuals.K. General view of the anther at the beginning of the dehiscence,
showing the two theca with several hyaline grains and with an atypical contour, aspects that indicate their
inviability; observe that the anther is clearly smaller than those from diploid and triploid individuals. L. Detail
of a theca; to notice nonviable pollen grains, with variable contours. M-N. Details of pollen that has some
obvious content. M. Bicellular pollen grain, with very vacuolated vegetative cell and atypical generative cell,
with curved ends. N. Grain with lobed contour, protoplast more hyaline than typical grains and only the
vegetative cell formed. (asterisk: non-viable pollen, with irregular and atypical wall contour, without evident
content; arrowhead: pollen grains emitting pollen tube; arrow: generative cell; vc: vegetative cell).
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4.7.2- Ovules and Megagametophytes

In the ovules of flowers in anthesis of diploid individuals (Figure 43A-F), the
presence of a unitegmented ovule is observed, with phenolic compounds deposited in the
chalazal cells (characterizing hypostasis) and in the inner epidermis of the integument
(characterizing the endothelium), that delimits the mature megagametophyte. The ovules
are tenuicellate and, with the megagametophyte already constituted, show few nucellar
residues, which are barely conspicuous and rarely recognizable (Figure 43D). The
polygonum-type megagametophyte is well differentiated, being possible, in different
sections of the longitudinal series, to recognize all seven cells that compose it (the two
synergids and the egg in the micropylar pole, the three antipodes in the chalazal pole and
the broad and vacuolated central cell, characteristically located between the two poles).

In triploid individuals (Figure 43G-l), the main variation is the increase in the
presence of phenolic compounds, both superficially to the ovule and in the tegument
(Figure 43G-H) and even bordering the megagametophyte (Figure 43l), an aspect not
verified in diploids. Nucellar residues are more frequently observed, both close to the
micropylar pole and laterally (Figure 43G-H). Although the antipodes were not recognized
in the analyzed samples, the oospheric apparatus is sometimes well formed and
accompanied by the central cell (Figure 43l), so that there may be megagametophyte
viability.

In tetraploid individuals (Figure 43J-L), the megagametophytes did not fully develop
and show immaturity even in the flower at anthesis. The greater persistence of the
nucellus is highlighted (Figure 43K-L).
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Figure 43- Lippia alba flower ovules in anthesis, seen in longitudinal sections stained with Toluidine Blue.
A-F Diploid individuals. A. General view of the unitegmented ovule, with phenolic compounds deposited in
the chalazal cells (characterizing hypostasis) and in the inner epidermis of the integument (endothelium),
which delimits the megagametophyte. B-F. Ovules details showing different views of the megagametophyte.
G-l. Triploid individuals; note the expansion of phenolic deposits, both tegumentary and bordering the
megagametophyte (the latter in detail in 1). J-L. Tetraploid individuals; note the immature-looking
megagametophyte, accompanied by the more evident nucellus. K-L. Details of megagametophyte in which
only the central cell is recognized. (asterisk: hypostasis; arrowhead: deposition of phenolic compounds in
the tegument; double arrowhead: deposition of phenolic compounds in the megagametophyte; arrow:
nucellar residues; an: antipode; cc: central cell; ec: oosphere; en: endothelium; in: tegument; mi: micropyle;
sy: synergid).
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5- DISCUSSION

The present work aimed to contribute on the understanding of the unprecedented
description of the reproductive behavior of different accessions of Lippia alba. This
investigation has particular importance considering the variation in the ploidal level
previously reported for the species (REIS et al., 2104). Studies of this nature including an
intraspecific variation of wild species are rare in the literature.

According to previous studies, Lippia alba has an excellent vegetative propagation
(BIASI, 2003). Schocken (2007), suggests that the species is preferentially allogamous.
The hypothesized that an allelic series may occur in the population that is linked to self-
incompatibility, demonstrating a tendency to cross-fertilization hindering an alternative
reproduction way. Pierre et al. (2011), indicated that sexual reproduction among three
chemotypes is unlikely due to different chromosome numbers and suggests the beginning
of the reproductive isolation in the species. Budeguer et al. (2013), in turn, claim that the
presence of rhizomes could be an evolutionary consequence of the low viability of the
seeds.

It is important to remember that Lippia alba is a polyploid complex with five different
chromosome numbers (REIS et al., 2014) and that none of the reproductive studies so far
addressed the presence of these different ploidal levels in the species. In addition, any
systematic study on the reproduction of Lippia alba has been performed so far.

Based on our results it is possible to infer that Lippia alba presents different
reproductive behaviors. The occurrence of plant species that have only one reproductive
system is rare in nature. Pollination, in turn, has a great impact on the organization of
sexual reproductive systems, and it has been verified that plants pollinated by animals (as
Lippia alba) end up to a continuous distribution between the two types of reproductive
system including forms with preferential autogamy and intermediate forms to preferentially
allogamous individuals (VOGLER and KALISZ, 2001).
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5.1- Diploids and polyploids of Lippia alba show different behavior regarding seed
production and germination

The seed production analysis was performed during approximately six
years. The samples were randomly collected according to the availability of material and
the general result was similar throughout that time, allowing a robust conclusion. The data
indicates an interesting behavioral difference between diploids and polyploids when
subjected to controlled pollination. While some diploids are not capable of producing any
seeds under the controlled pollination, all polyploids were capable to produce seeds.
Clearly, the species has a preference for cross fertilization, especially the diploids.

Regarding seed production and germination from open pollination, statistical
analysis showed that diploids are more efficient than polyploids, as expected, considering
that the whole genome duplications impose major changes in cellular architecture and
gene expression, and cause epigenetic instability and difficulties in mitosis and meiosis
(HOLLISTER, 2015; DOYLE and COATE, 2019; SIOPA et al., 2020). The fact that diploids
had a higher germination rate in open pollination can be associated to the data previously
reported in L. alba by Reis et al. (2014; 2021), showing that these individuals hold the
lower index of meiotic irregularity in contrast to polyploids. These irregularities are closely
related to the polyploidization event due to the increase of structural chromosomal
alterations such as inversion, deletion, and translocation, which can affect the karyotypic
structure and even the fertility of the individual (MA and GUSTAFSON, 2005; WEISS-
SCHNEEWEISS et al., 2013).

Reis et al. (2016), also observed in a tetraploid individual of L. alba, the
phenomenon called cytomixis, which consists of the migration of nuclear or cytoplasmic
material between adjacent cells (LATTOO et al., 2006; SINGHAL and KUMAR 2008;
GUAN et al., 2012; MURSALIMOQV et al., 2013; MURSALIMOV and DEINEKO 2015).
Often, hybrid, aneuploid, polyploid and apomixis individuals are related to this
phenomenon (DE NITTANCOURT and GRANT 1964; GOTTSCHALK, 1970; LI et al.,
2009; PIERRE and SOUSA, 2011). Regardless of how cytomixis occurs, its genetic
consequences are serious and can interfere with gametogenesis and fertility, producing
unbalanced gametes due to an increase or decrease in DNA content (MURSALIMOV et
al., 2013; MURSALIMOV and DEINEKO, 2015).
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The seed size from open pollination reveled that polyploids had greater size and
variation. Known as the gigas effect (STEBBINS, 1971; RAMSEY and RAMSEY, 2014),
genome duplication can change the size of some fundamental organs, often because of
an increase in cell size (MELARAGNO et al., 1993; LEVIN, 2002; DOYLE and COATE,
2019). Thus, it can be inferred that this greater variation in seed size observed in L.alba
polyploids may be a consequence of this process.

Interestingly, the seed size data from controlled pollination showed that the seed
average of diploid individuals decreased compared to its seeds from open pollination,
while those from polyploids maintained or had higher average when the inflorescence
were isolated. Considering the possibility of selfing especially in polyploid individuals, the
extremely irregular meiosis could lead to an embryo with the same or larger DNA amount
than its progenitor, leading to a larger seed size.

The controlled pollination also revealed lower germination of seeds from polyploid
plants (especially tetraploids). This could be explained also by the meiosis instability of
these individuals. Assuming the occurrence of self-fertilization, meiosis tends to be more
regular in diploid than polyploids individuals. The most curious data regarding seed
germination, both from controlled and open pollination, occurred in triploids. Although
these individuals had the highest rates of meiotic irregularity and pollen unviability
(reaching 78%) (Reis et al., 2022), they have an intermediate germination rate between
diploids and tetraploids. Besides, the seed weight of these individuals comprises the
largest average among ploidal levels.

The size of seeds observed in some polyploids of L. alba, both from controlled and
open pollination, may also be associated with their germination difficulty. According to
Haig and Westobi (1991), the imbalance of gene dosage in the endosperm of maternal
and paternal origin is strongly linked to failures in the crossing between different ploidal
levels of the same species. The authors also suggest that seed size can be influenced by
this imbalance through gene expression being differentiated depending on which parent
(maternal or paternal) it comes from. When the inheritance is maternal, the seeds tend to
be smaller while the seeds that have received the gene by the paternal parent, tend to be
larger. It is important to note, in turn, that when compared within the same ploidal level,

diploids seeds from controlled pollination had smaller dimensions when compared to open
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pollination ones. Considering the two possibilities found in the condition of reproductive
isolation (apomixis and selfing), we have that both can be related to this wrong proportion
in the progeny since the maternal and paternal material come from the same individual or
one gives rise to an individual with only maternal genetic material. Although no evidence
has been found so far, the asexual process cannot be ruled out. In this context, seeds
from cross-fertilization would have a mixture of maternal and paternal material, and the
paternal material could be more expressed and thus providing a greater dimension to the
seeds.

5.2- Selfing as an alternative way of reproduction in Lippia alba

According to Venancio et al. (2016), Lippia alba, which has hermaphrodite flowers,
has a stigma receptivity period of 72 h. The anthers, in turn, release pollen grains until the
third day of flowering, when the stigma is still receptive, allowing self-fertilization. When
analyzing the morphology of the flowers, the anthers are positioned above the stigma what
might facilitate selfing. Additionally, it was also observed that the floral longevity of the
species is greater than that found in other species of the same family, such as Lantana
camara, Stachytarpheta glabra and Sthachytarpheta maximiliani (BARROS et al., 2001;
ANTONINI et al., 2005; BARBOLA et al. al., 2006) increasing the attraction of pollinators
that would contribute to cross-fertilization.

Despite the preference for crossing, the seed flow cytometry from controlled
pollination suggests that self-fertilization is occurring in cases where the inflorescences
were isolated. Considering individuals that were kept under controlled pollination and
perform sexual reproduction, it was possible to infer that, somehow, the self-
incompatibility system is not effective in some individuals, especially in polyploids. This
fact was reinforced by the index of self-incompatibility.

Analyzing the index of self-incompatibility (ISI), it was possible to notice that
diploids, triploids and tetraploids do not show the same behavior. The breakdown of self-
incompatibility has been described as a direct result of genome duplications
(BARRINGER et al., 2007; HUSBAND et al., 2008; ROBERTSON et al.,, 2011;
SUTHERLAND et al., 2018; ZENIL-FERGUSON et al., 2019). The strength of the self-
incompatibility system varies within and between populations (COOK and SOLTIS, 1999.
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2000; MABLE, 2004; BRENNAN et al., 2005; COSTA et al., 2017). Thus, instead of a
complete shift to self-compatibility as a necessary condition at initial stages of polyploid
emergence, partial self-compatibility could be enough to reduce reproductive problems in
newly arisen polyploid individuals (MABLE, 2004; HUSBAND et al., 2008). Besides,
following polyploidization, colonizing new habitats or even within the progenitor's
population, neopolyploid individuals are subjected to limited availability of mates of the
same ploidy, thus giving rise to selection for reproductive assurance and the evolution of
self-fertilization (BAKER, 1955; PANNELL and BARRETT, 1998; BROCHMANN et al.,
2004; SIOPA et al., 2020).

Selfing provides the opportunity to escape mate limitation, enabling the production
of new individuals, and increasing the likelihood of fixation of new polyploid lineages
(LEVIN, 1975; RAUSCH and MORGAN, 2005; BUGGS and PANNELL, 2006). Although
common (ALLEN and HISCOCK, 2008), losses of the self-incompatibility process have
been documented when selection favors the ability to self-fertilize (BUSCH AND
SCHOEN, 2008; IGIC et al., 2008). Newly formed neotetraploids, in sympatry with their
diploid counterparts, are subjected to frequency-dependent selection, having difficulties
in persisting and in establishing viable populations (LEVIN, 1975; THOMPSON and
LUMARET, 1992; HUSBAND, 2000). Under this scenario, some levels of self-
compatibility will enable the production of viable offspring. Selfing may thus ameliorate the
negative effects associated with minority cytotype disadvantage. By reducing the fitness
costs of intercytotype mating due to neotetraploid minority status, self-compatibility opens
the possibility for selfing, increasing the probability of neotetraploid establishment within
diploid populations (SIOPA et al., 2020).

Another important data regarding selfing as a reproduction mode is the offspring
from the triploid BGEN-59 (2n=45) from controlled pollination, which has the chromosome
number of 2n=48. It is possible to rule out in this case the presence of asexual
reproduction (apomixis) since the offspring chromosome number is not the same as the
mother plant. Assuming that the meiosis of the triploid individual tends to be extremely
irregular, infinite possibilities of gamete combinations may have been carried out in this
process during the self-fertilization, such as n=23 plus n=25, or n=20 plus n=28, for

instance.
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The allele comparison data by microsatelite also reveal, in some primers,
difference between the mother plant and its offspring from controlled pollination,
suggesting the occurrence of the self-fertilization in the species.

Severe population bottlenecks can also occur after polyploidization (HUSBAND et
al., 2008). When tetraploids arise in a diploid population through genome duplication, any
reproduction between cytotypes is likely to result in triploid hybrid embryos, which are
subject to severe fitness deficits due to low viability and fertility (MILLER and VENABLE,
2000; MABLE et al., 2004; HUSBAND et al., 2008). This creates substantial reproductive
isolation between diploids and polyploids. Under such conditions, polyploids experience
strong selection against the self-incompatibility system (SABARA et al., 2013). In fact,
most polyploids emerging in diploid populations are transient individuals that fall victim to
minority cytotype exclusion because most mating attempts result in inappropriate hybrids,
and only those individuals that are self-compatible tend to persist (HUSBAND, 2000;
PANNELL, 2000; PANNELL et al., 2004). This selective pressure for loss of self-
incompatibility is quite prevalent as changes in the mating system have been correlated
with changes in ploidy (ENTANI et al., 1999). In addition to strong selection against this
process, polyploids can also be pre-adapted for loss of this self-incompatibility (HAUCK,
2006; TAO and IEZZONI, 2010). Genome duplication has been shown to reduce the
efficiency of these self-incompatible systems, particularly gametophytic self-
incompatibility systems, in which self-recognition is mediated by the haploid pollen
genotype (HAUCK et al., 2006; MILLER et al., 2008).

Siopa et al (2020) report through pollination experiments that the self-incompatible
Jasione maritima var. maritima has an intermediate breakdown of the S| system in some
individuals favoring neopolyploid establishment and enabling the formation of some viable
offspring, while maintaining the capacity for outcrossing (LLOYD, 1992).
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5.3- Fitness and adaptability under different scenarios

Analyzing the adaptive value (“fitness”) of the different individuals of L. alba, it was
possible to observe, as expected, that in an open pollination environment, without any
type of external (human) interference, diploid individuals have the highest rates of seed
production and germination. As already mentioned, whole genome duplications impose
major changes that may cause instability and difficulties in mitosis and meiosis (RISSO-
PASCOTTO et al., 2005; HOLLISTER, 2015; DOYLE and COATE, 2019).

Even producing seeds, unexpectedly, few diploids have lower fithess than other
polyploids. Reis et al. (2022), already mentioned a remarkable variation within the diploid
individuals of the species. Through data of non-homology found in satDNA regions within
diploids, the authors suggested that molecular mechanisms might be responsible to
control chromosome pairing/homology: unequal crossing-over, amplifications of satellite
DNA by transposons activity; recombination between non-homologous carrying the same
satDNA family and also eliminations of repetitive sequences. In general, together with the
data on meiotic irregularity, it was possible to observe some extremely irregular diploid
individuals. Considering natural variation and selection, even some diploids may have
difficulty in adapting and prevailing when compared to polyploids. Possibly, diploids are
also paleopolyploids and some individuals are not well adapted to this “new” scenario.

The isolated material (controlled pollination) from polyploids revealed an opposite
behavior: in an environment where cross-pollination is somehow block, polyploids show
better adaptability. Siopa et al. (2020) observed in J. maritima var. maritima that. contrarily
to diploids that presented a significant reduction in the fitness of selfed progeny relative
to outcrossed one, the offspring from selfing and outcrossing in neotetraploid presented
similar fitness performances. The neotetraploids of the species might have benefited from
selfing at initial stages after their formation. Genome duplications resulted in leaky self-
incompatibility enabling the production of offspring under minority cytotype disadvantage,
with selfed offspring having similar fitness as outcrossed ones. Their work supports
theoretical assumptions that selfing might be important in neopolyploid establishment
phase, although changes in self-incompatibility might not be abrupt and variability in the
expression of self-incompatibility is expected.
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The polyploid are known to be usually more adapted to environmental stress than
diploids (SOLTIS et al., 2014; IANNICELLI et al., 2016; SHMEIT et al., 2020), which is
supported by the observation that present-day polyploids often occur at increased
frequencies in newly created, disrupted or harsh environments (RAMSEY. J., 2011,
MADLUNG. A., 2013; DIALLO et al., 2016; VAN DE PEER et al., 2017). Also, it is widely
accepted that, compared with diploids, polyploids have an increased potential for specific
adaptation with a higher tolerance for a broader range of ecological and environmental
conditions and environmental robustness. These properties might reduce their risk of
extinction during periods of environmental turmoil (VAN DE PEER et al., 2009; CROW et
al., 2006; VAN DE PEER et al.,, 2017). The increase of genetic variation, and the
restoration of sexual reproduction through selfing or apomixis could have been
advantageous for exploiting new and changed ecosystems (TE BEEST et al., 2012;
HOVICK and WHITNEY, 2014; BOCK et al., 2015).

In Lippia alba, Nascimento (2020), analyzed the effect of abiotic stresses on
growth, physiology, essential oil production and expression of genes related to the
monoterpene pathway, in in vitro accessions of diploid, triploid and tetraploid accessions
of L. alba. As result, polyploid accessions presented, in general, greater growth and
metabolic tolerance under stresses, when compared to diploid accessions.

In Lippia alba polyploid complex, it is evident that polyploids are better seeds
producers comparing to diploids, when their inflorescences were isolated. Despite the
large meiotic irregularity of these individuals, the production of large amounts of seed in
controlled pollination (especially in tetraploids), may indicate an "alternative" way of
perpetuating the species. As self-incompatibility (SI) system may be broken on polyploids,
the ability to produce seeds by self-fertilization may contribute to the adaptation of these

individuals.
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5.4- Artificial crossing and the role of triploids and aneuploids in the formation of
the L.alba polyploid complex

As is already known, newly formed tetraploid individuals in a diploid population may
face difficulties in establishing due to the inviability of its triploid offspring. However, in
some cases, this triploid block is overcome, when triploid plants are not completely sterile,
yield some viable gametes and, producing viable diploid, triploid, or tetraploid progeny
from self-crossings or from crossings with diploids or tetraploids (BURTON and
HUSBAND, 2000).

This process, called triploid bridge, involves the fusion of a reduced gamete from
tetraploids with an unreduced gamete of diploid parent plants producing triploid offspring.
In turn, these triploids might generate tetraploid offspring through selfing or through
crossing with either diploid progenitors or other triploids, depending on their fertility
(HUSBAND 2004; KO'HLER et al., 2010; MASON and PIRES. 2015). Our results of flow
cytometry suggests that both diploid and triploid can produce a tetraploid offspring, even
in small amount.

In some plant species, the parental chromosome dosage in the endosperm seems
to be critical for seed development and fertility. Deviations from the usual 2:1 ratio between
maternal and paternal chromosome contributions disorganize the expression of parentally
imprinted genes necessary for normal endosperm development (KO 'HLER et al., 2010;
LU et al., 2012; HAIG, 2013). Seeds with vestigial endosperm tend to abort or are mostly
infertile (BRINK and COOPER, 1947). Hence, the sexual fusion of a haploid reduced with
a diploid unreduced gamete result in a seed with a triploid embryo but imbalanced
endosperm that probably blocks triploid seed formation (RAMSEY and SCHEMSKE,
1998; SPIELMANN et al., 2003). Moreover, in case of triploid seeds do survive, the
unequal chromosome number and severe difficulties regarding chromosomal pairing and
segregation in meiosis make triploids gametophytically unstable, producing a variety of
euploid (1n, 2n, or 3n) and aneuploid gametes (HUSBAND, 2004). Despite these
information, Ramsey and Schemske (1998) evaluated that viable triploid in natural
populations produced a surprisingly large amount of fertile euploid gametes. However,
this statement refers primarily to pollen, for which a mean fertility of 31.9% is reported in
triploid angiosperms.
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Here we described the first report of an artificial crossing carried out in L. alba
species. Probably due to the small size of the inflorescences and the fact that a polyploid
series were just recently reported in Lippia alba (Reis et al., 2014), this type of data does
not exist in the literature so far. The cross between a diploid and a triploid individual raises
important questions about the role of triploids and aneuploids in the formation of the
polyploid complex.

The success of the cross, the seed viability and individual development, points out
the possible fertility of an euploid gamete coming from a triploid. Despite that, it is curious
that the triploid used as pollen provider has a pollen unviability reaching 74% (REIS et al.,
2021). Regardless of reliable figures for female gametes are scarce (BICKNELL and
KOLTUNOW, 2004; PARISOD and BESNARD, 2007; SHARBEL et al., 2009; SCHINKEL
et al., 2016; WANG et al., 2016) and need to be further investigated, this same extremely
irregular triploid can produce viable offspring being the provider of female gametes. As an
important example is an offspring with 2n=48 that came from this triploid controlled
pollination.

Kovalsky et al. (2017) studying Turnera sidoides autopolyploid complex, prove that
despite frequent abnormalities in chromosome pairing and of unbalanced chromosome
segregation during the first or second meiotic division, triploids individuals of T. sidoides
can form some viable male and female gametes that possess euploid or mainly aneuploid
chromosome numbers (ZHOU et al., 2008). Besides, cytogenetic analyses revealed that
the meiotic behavior, percentage of normal and irregular sporads as well as pollen viability
vary among triploids. Triploid originating by the fusion of 2n x n gametes of the same
taxon show a more regular meiotic behavior and higher fertility than triploids from the
contact zone of diploids and tetraploids and triploids of hybrid origin. The finding of triploids
in the progeny of 2x x 4x experimental crosses, suggest that the triploid block may be
overcome in this species complex as well in natural populations of T. sidoides. So far, our
results regarding L. alba suggest that the triploid block is also overcome since diploids
and tetraploids can produce viable seeds with DNA content of triploid individuals. Also,
the triploids that already exist naturally in the species, can produce viable seeds.

The triploid bridge is reported in several studies making the triploids a key cytotype
for incrementing intraspecific variation (RAMSEY and SCHEMSKE, 1998; SCHINKEL et
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al.,, 2017; DOYLE and COATE, 2019). Our results corroborate with those of Reis et al.
(2021), suggesting that in L. alba, the triploids play an important role in the formation of
new cytotypes.

Regarding the aneuploids role in L. alba polyploid complex, Lopes et al. (2022)
hypothesized through molecular, cytogenetic, reproductive and chemical approaches that
in the species, the aneuploids originate from diploids and triploids, being one particular
group of diploids the possible genitor of aneuploids. Interestingly, genetic, chemical and
karyotypical data revealed differences among the aneuploids, despite having the same
chromosome number (2n=38). All three aneuploids analyzed have chemical profile of
essential oil closely associated to the genetic similarity index and chromosome
composition.

The emergence of the aneuploid individual with 2n=35 coming from the artificial
crossing confirms the possibility of aneuploids formation from the cross between diploids
and triploids, considering that the chromosome number is close to 2n=38. Besides, the
chemical profile indicates citral as major component of essential oil. The individual with
2n=35 obtained artificially raises some questions related to the appearance and
prevalence of aneuploids with different chromosome numbers in nature. Why so far only
aneuploids of 2n=38 chromosomes have been recorded naturally? What factors are
behind the survival and prevalence of these individuals? Despite several possibilities of
aneuploidy, why is “magic number” of 2n=38 seems to be more viable? If the individual
2n=35 was placed in nature along with the other cytotypes, what would be its chances of
survival?

Other questions regarding the chemical profile arisen from these data. Why some
2n=38 individuals have citral as major component while the other 2n=38 has linalool?
Why the 2n=35 also has citral as the major component? What mechanisms of gene
expression can be related to the characteristics and variations in the major component of
the essential oil of the species?

Lopes et al (2022) also suggest that this chromosome number might be related to
gene dosage since, somehow it seems to be more stable allowing those plants to survive.
Further, the authors report viable seeds/offspring with an intermediary DNA amount from

3x individuals corroborating that the majority of aneuploids arise from triploid accessions.
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The “triploid bridge” in turn, seems to be a reality in the species since the triploid state is

considered as an intermediate state in the origin of other cytotypes in Lippia alba.

5.5- Crosses between cytotypes and the emergence of different chromosomal
numbers

It is important to highlight that the individuals analyzed in this study came from a
population of samples collected in all Brazilian regions, not constituting, in principle, a
natural population. Despite of this fact, the different accessions have shared the same
environment for approximately 13 years, allowing the investigation of gene flow and new
individuals formation (CHAPMAN and ABBOTT, 2010; ARNOLD et al., 2015; HU'LBER
et al., 2015). Certner et al. (2017) point out that the mixed-ploidy populations serve as a
convenient microcosm for the study of factors affecting the origin and establishment of
polyploid derivatives (HUSBAND, 2004; HANZL et al., 2014).

As previously mentioned, the evolutionary consequences of polyploidy are
numerous and dynamic (COMAI, 2005; OTTO, 2007; WENDEL, 2015; BARKER et al.,
2016; SOLTIS et al.,, 2016b) and immediately after this phenomenon, newly formed
polyploids (neopolyploids) experience strong reproductive isolation from their diploid
progenitors (VAN DE PEER et al., 2017). Flow cytometry data indicate that diploid
individuals of L. alba tend to produce only diploid individuals with few exceptions. Based
on these results, it is possible to suggest that this scenario may occur in L. alba if we
consider a relatively recent complex behavior (neopolyploids). Somehow, it seems that
the female structure of diploid plants “accepts” mainly gametes from other diploids, thus
resulting in most diploid individuals. The analyzed offspring of 2n=30 from a diploid is also
an example of the tendency of diploids to give rise to diploids. From all the individuals
available on the field, the male gamete that fertilized this individual was probably from
another diploid.

Regarding the flow cytometry data, it was possible to detect that few diploid
individuals produced aneuploid/triploid individuals. As is already known, the frequencies
of unreduced gametes (2n) in natural populations are important to determine both the rate
of neopolyploid formation and the probability of their establishment. Higher frequencies of



119

these 2n gametes result in higher rates of neopolyploid formation, regardless unilateral or
bilateral pathway (FELBER, 1991; KREINER et al., 2017).

The triploids, in turn, give rise to the greatest variation in the amount of DNA, in
other words, they give rise to individuals with different ploidies, from possible diploids,
aneuploids and triploids to tetraploids. This result is already expected since these
individuals have the highest rates of meiotic irregularity (REIS et al., 2021), possibly
allowing the formation of gametes with different chromosomal numbers.

The tetraploids give rise in most cases to aneuploids, followed by diploids and
triploids. What needs most attention in tetraploids is the fact that these individuals, who
have 2n=60, can originate theoretically diploid individuals (2n=30) by crossing. Assuming
that meiosis of diploid individuals is more regular than that of the tetraploid, we can
suggest that the male gamete that fertilized the tetraploid would be a n=15 coming from a
diploid. It is interesting to note that although diploids indicate a possible reproductive
isolation, crossings with higher ploidies can occur. Our best example of this viable
crossing is the 2n=30 offspring of a tetraploid from open pollination. Reis et al. (2014),
analyzed the karyotype of the tetraploid BGEN-64, which is the same mother plant of this
2n=30 offspring. Interestingly, comparing the karyotypes of the mother plant and the
offspring, some differences can be observed such as the chromosome morphometry.
While the mother plant has 7 submedian and 8 median chromosomes, the offspring has
3 submedian and 12 median chromosomes. As the progeny came from an open
pollination, it is not known exactly who is the paternal parent, but we can infer that some
of the submetacentric chromosomes were not inherited, indicating a possible sexual
reproduction.

Sousa et al. (2009) classified 15 chromosome pairs as 10 median and 5 submedian
chromosomes. Reis et al. (2014), in turn, reported 11 pairs of median and 4 submedian
chromosomes also from a diploid accession. These data further evidence the karyotypic
and genomic variation in L. alba. In the same study, the triploid cytotype (2n=45) had only
2 median and 13 submedian chromosomes. As diploids have more median chromosomes
in their karyotypic formula, we can raise the hypothesis that the paternal inheritance of
this individual with 2n=30 that came from a tetraploid, is a diploid individual, since its

karyotypic formula comprises a greater number of median chromosomes. At the same
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time, it is difficult to confirm this hypothesis using only the karyotypic formula since due to
the similarity between the chromosomes, small differences in the measurements can lead
to different chromosome classifications.

Regardless of which paternal origin this individual has, this tetraploid individual was
able to produce a viable individual with 2n=30 through crossing.

Sutherland and Galloway (2021) analyzing Campanula rotundifolia autopolyploid
complex observed ploidy-mediated differences in reproductive barriers and the apparent
asymmetrical gene flow. Apparently, parentally imprinted small RNAs that regulate the
development of endosperm can be involved on these mechanisms. In diploid—tetraploid
crosses, imbalance of these RNAs results in aberrant seed development and poor
viability, but the effect tends to be less severe when the maternal parents has the higher
ploidy (HAIG and WESTOBY, 1988; SCOTT et al., 1998; STOUTE et al., 2012). A similar
mechanism may be behind the formation of this 2n=30 offspring in L. alba. Also, despite
the number of 30 chromosomes, this individual could be a “compensated
aneuploid’(CHESTER et al., 2012). Johnson et al. (2020) used a dosage series of maize
long arm of chromosome 1 (1L) to compare relative global gene expression in different
types and degrees of aneuploidy aiming to understand how the magnitude of genomic
imbalance as well as hypoploidy affects global gene expression. In general, the results of
their study illustrate that the greater the genomic imbalance, the greater are the
modulations of gene expression across the genome.

Lopes et al., (2020) analyzed the genetic relationships and polyploid origins in the
Lippia alba complex using molecular, chemical, and morphological data. The patterns of
genetic and chemical variation were not related to geographical distribution. However,
there was an association between ploidal levels and morphological characters. Here, we
also observed an association between ploidal level and seed traits supporting the
relationship between morphological data and DNA content. The authors also confirmed,
as described by Viccini et al. (2014) that triploids are linalool producers while diploids and
tetraploids produce citral. Observing our chemical data, it was possible to observe that
chromosome number was associated with the major component of the essential oil. In
other words, the offspring with 2n=30 from diploid and tetraploids under open pollination

and also an offspring with 2n=35 from an artificial crossing showed citral as the major
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component while the offspring with 2n=48 from an isolated triploid, showed linalool as the
major component. Also, Julido et al (2020) obtained an artificial triploid that presented
linalool as a marjoritary component, reinforcing this differentiated characteristic of
triploids. As already reported, these data raise questions regarding the relationship
between the chromosome number and the essential oil composition in those individuals.

Lopes et al. (2020) also suggested that one particular group of diploids is a distinct
lineage based on its unique DNA sequences and SSR markers. Also, there is only one
origin of triploids from a single group of diploid accessions corroborating morphological
and chemical data. The tetraploids in turn, showed from plastid sequence data, the
maternal origin from diploid accessions.

Reis et al. (2014, 2021) suggest that L. alba complex shows a mixture of
characteristics typical of young and older polyploids with individuals showing different
stages of genomic organization. Naturally formed, the complex presents typical features
of reticulated polyploids, which are still under genome stabilization. Taken the scheme
proposed by Reis et al. (2014) as reference (Figure 44) for the origin of different ploidal
levels in Lippia alba, we analyzed below different scenarios, adding some reproductive
biology aspects on the origin of each cytotype.
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Figure 44- Representative scheme proposed by Reis et al (2014) for the origin of the different cytotypes in
L.alba. Each cytotype is depicted by a different color. Continuous arrows represent unreduced gametes;
dashed arrows represent reduced gametes; dotted arrows represent chromosome duplication (2x).
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v Tetraploid (2n = 60) formation by chromosome duplication: it is rare in the
literature and until now nothing that we have points to that possibility.

v Tetraploid (2n = 60) formation by bilateral cross between diploids: our data
reveled that the diploid BGEN-75 produced a unique case of an offspring with DNA
amount compatible or close the one of a tetraploid. The same diploid accession also
produces larger pollen grains compatible with unreduced pollen. As the diploids tend to
cross with diploids, it is possible that the paternal origin is another unreduced diploid
gamete.

v Tetraploid (2n = 60) formation by cross between diploid and triploid: flow
cytometry also revealed that the triploids can produce a tetraploid offspring, even in small
amount. Consequently, some crossings possibilities can be suggested: a diploid reduced
pollen (n=15) with a triploid unreduced female gamete (n=45); or a diploid unreduced
pollen (n=30) with a female irregular triploid gamete (n=30).

v Triploid formation (2n = 45) by cross between diploid and tetraploid and also
between diploids individuals: The seed and seedlings flow cytometry data show that
diploids and tetraploids are capable of producing triploids. As our data shows a tendency
to diploids produce only diploids, we can hypothesize that the triploid offspring from the
diploids came from crossing between two diploids: one with unreduced gamete (n=30)
and the other with a reduced one (n=15). The tetraploids in turn, as confirmed by diploid
progeny from open pollination, are capable of receive gametes from diploid individuals.
Taking this into account, we ca infer that it is possible to have a cross involving a diploid
reduced pollen (n=15) and a tetraploid female reduced gamete (n=30), giving rise to a
triploid individual.

v Aneuploid (2n = 38) formation from crossing involving diploid (n = 15) and
triploid (n = 23): our offspring analysis confirmed this possibility. Both diploids and
triploids are capable to produce progeny with intermediate DNA amount between
diploids and triploids. The artificial crossing confirms this variation of chromosome

number possibilities among aneuploids, once the cross between a diploid and a triploid
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gave rise to an individual with 2n=35 chromosomes. As the number of chromosomes in
these aneuploids can vary, it is not yet clear why the chromosome number 2n=38 is the
only one found naturally in the species so far.

v Hexaploid (2n = 90) formation by genome duplication of triploids, cross
between diploid and tetraploid cytotypes, or alternatively bilateral cross between triploids
cytotypes: our data revealed that tetraploids are possible hexaploid cytotype formers.
Some tetraploids produce aneuploid offspring with an amount of DNA close to the natural
hexaploid individual. While 2n=6x=90 has around 6.90pg of DNA, the maximum
observed so far was an offspring of 6.34pg of DNA, from a tetraploid accesion. This data
corroborate with those found by Lopes et al. (2020), that suggested, using molecular
analysis, that the hexaploid cytotype possibly comes from tetraploids. Also, the lack of
molecular correspondence between triploids and hexaploid accessions excluded the
suggestion that the hexaploid arose from duplication of the triploid accessions. Instead,
they suggest that the hexaploid (2n = 6x = 90) could be formed from reduced (n = 30)
and unreduced (n = 60) gametes of tetraploids.

In addition to these hypotheses raised by Reis et al. (2014) regarding the formation
of different cytotypes in the species, the data from the present work allow the addition of

two additional ways based on the formation of smaller ploidies from larger ones.

v Diploid formation by crossing between a diploid and a tetraploid and also
between a diploid and a triploid: flow cytometry data suggests the formation of possible
diploid individuals from both triploid and tetraploid mother plant. As the diploids are
represented by the largest number of individuals in the field and as they tend to produce
pollen of n=15, we can infer that the paternal provider of these cross tends to be a diploid
individual. As already mentioned, with flow cytometry alone it is not possible to confirm
the chromosome number of the offspring. Even so, the individual 2n=30 coming from an

open-pollinated tetraploid provides us important evidence of these crosses.
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Below, we present an adaptation of the scheme proposed by Reis et al. (2014) for
the origin of different ploidal levels in Lippia alba (Figure 45):
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Figure 45- Representative scheme regarding the origin of Lippia alba cytotypes. Each cytotype is depicted
by a different color. Continuous arrows represent unreduced gametes; dashed arrows represent reduced
gametes; dotted arrows represent chromosome duplication (adaptated from Reis et al., 2014).

5.6- The role of unreduced pollens in the formation of the L. alba polyploid complex

As it is known, the frequencies of unreduced gametes (2n) in natural populations
are important to determine both the rate of neopolyploid formation as well as the
probability of their establishment. Higher frequencies of these 2n gametes result in higher
rates of neopolyploid formation (FELBER, 1991; KREINER et al, 2017).

Reis et al. (2014) used pollen morphometry to analyze diploid organisms of L. alba
(2n=30), and reported a wide variation in pollen diameter. The diploids analyzed
presented 31.51 um and 40.04 ym. We also observed this variation with similar values
described by the authors.
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Considering 31.51um of diameter as a reference value for a normal pollen grain
(n=x) and considering 25% of increase in size as an indication of non-gametic reduction
(KOVALSKY and NEFFA, 2012), it was possible to observe that all individuals showed
some possible non-reduced pollens. When we consider the parameter 40.04 um as a
measure, the number of individuals decreases a little, but still corresponds to 48% of the
total, indicating that even at a lower rate than the “normal” measures, non-reduced pollens
are constantly produced in the species. As an example, the observation of unreduced
microspores in the polyploid complex Turnera sidoides subsp. carnea (KOVALSKY and
NEFFA, 2012) provide evidence that support the hypothesis of sexual polyploidization as
one of the most probable mechanisms involved in the origin of polyploids within this
species complex.

The frequency of these 2n gametes also affect the relative frequencies of different
types of neopolyploids formed (e.g. 3x vs 4x), thus influencing the relative rates of
formation via single (one unreduced gamete) or dual (both gametes unreduced)
pathways. Furthermore, for the polyploids establishment, these unreduced gametes must
be generated at a sufficient rate taken into account the expected frequency-dependent
mating disadvantage (minority cytotype exclusion). Higher production of 2n gametes by
diploids not only generates neotetraploids at a faster rate (formation phase), but also
increases the likelihood that neotetraploids will produce tetraploid progeny when they
mate with diploids (establishment phase) (KREINER et al., 2017).

Observing the results of diploids individuals from seed flow cytometry, it was
possible to notice that even in small proportion, the presence of 3:4 ratio
(embryo/endosperm) what indicates a fusion between a normal meiotically reduced
haploid egg cell of a diploid mother plant with an unreduced 2n pollen (SCHINKEL et al.,
2017). Tetraploids typically produce reduced pollen with a diploid chromosome set (2x).
Events whereby diploid pollen fertilize the egg of a sexual diploid would also result in
triploid embryos accompanied by a tetraploid endosperm (3:4). Nonetheless, our results
point out a partial isolation of diploids so far, in which diploid mother plants accept pollens
only from diploid individuals, being the second option (tetraploids providing the diploid
pollen) discarded at first.
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In autopolyploids, the unreduced gamete formation should be directly correlated
with the rate of autopolyploid formation in sexually reproducing organisms, because,
unlike allopolyploids, they do not depend on a contact zone between two different taxa in
order to form (SPOELHOF et I., 2017). Both effects of environmental factors (especially
extreme heat and cold) and genotype on unreduced gamete formation are well
characterized (reviewed in MASON and PIRES, 2015). Besides, many specific genes
were identified with either directly or indirectly impact on meiotic reduction (reviewed in
BROWNFIELD and KEOHLER, 2011; CRISMANI et al., 2013; SPOELHOF et I., 2017).
Unreduced gametes production also increases in the cases of relaxed selection of
gametic viability, as in organisms with asexual reproductive strategies (KREINER et al.,
2017).

As already reported, despite the unreduced egg play a large role in the formation
of new autopolyploids, it is much easier to isolate and quantify unreduced pollen than
eggs. In some cases, as reported from experimental crosses in Achillea borealis, the
variation in the rate of unreduced pollen production had no statistical impact on the ploidy
of the offspring (RAMSEY, 2007). The triploid progeny of Dioscorea alata and Turnera
sidoides in turn, were only produced in cases where the egg was unreduced (NEMORIN
et al., 2013; KOVALSKY and NEFFA, 2016). These findings are particularly notable due
to the strong influence of triploids in the formation of autopolyploid lineages (i.e.,
the'triploid bridge’). Also, triploids often have reduced fertility (KEOHLER et al., 2010), but
they frequently produce high proportions of unreduced gametes what may increase the
probability of forming new tetraploids (RAMSEY and SCHEMSKE, 1998). Stable
autotriploid lineages also occur in ferns and angiosperms and are frequently characterized
by asexual reproductive habits (WHITTON et al., 2008).

In the histological sections of the microgametophyte and megagametophyte
analysis of L.alba, it was not possible to observe a difference in the two pollination
conditions (open and closed). It was interesting to observe, in turn, the germination of
pollens occurring still in the anther, at all ploidy levels. As expected, the highest number
of aborted pollens was seen in tetraploid individuals, followed by triploids. In the formation

of the megagametophyte it was also possible to observer problems in the tetraploids
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female gametes formation suggesting a difficulty of these individuals in the normal
production of these structures.

Despite of the importance of unreduced pollen analysis, it is important to
emphasize the important contribution of obtaining data regarding the amount of
unreduced female gametes produced in the different cytotypes of L.alba in order to better

understand the formation of different chromosome numbers in the species.

5.7- The importance of asexual reproduction in Lippia alba

The combination of sexual and asexual reproduction is found in many flowering
plants, contributing to enormous diversity in reproductive systems (FRYXELL, 1957;
BARRET, 2015). The vegetative reproduction, also referred as clonal growth or vegetative
propagation, is the most common type of asexual reproduction and it has been estimated
that ~80% of angiosperms reproduce by this way (KLIMES et al., 1997; VALLEJO-MARIN
et al., 2010). Clonal propagation is also used widely in horticulture, agriculture, and
forestry to replicate desirable varieties of domesticated cultivars and produce uniform
performance.

As already highlighted in the literature, Lippia alba presents a great facility of clonal
propagation when compared to other species of the genus Lippia (PIMENTA et al., 2007).
Besides, the presence of rhizomes could be an adaptation to the low viability of seeds
(BUDEGUER et al., 2013). Although asexual reproduction by seeds (apomixis) has not
been confirmed in L. alba so far, clonal reproduction seems to be an important factor of
dispersion in the species.

When sexual reproduction is not possible or efficient, clonal reproduction enables
newly formed polyploids to persist by forming sufficiently large populations. Also, in
facultatively sexual species, clonality may increase the degree of foraging and pollination
within the same ploidy, thus reducing the strength of minority cytotype disadvantage. In
addition, the prevalence of vegetative propagation may allow neopolyploids to persist long
enough for additional sexually compatible polyploid(s) to be formed within a population.
Although the link between polyploidy and apomixis is widely explored (e.g. WHITTON et
al., 2008), only few studies addressed the association between karyological properties
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and the intensity of vegetative reproduction. While some comparisons at intra-specific
level failed to find any inter-ploidy differences (e.g. KEELER, 2004; BALDWIN and
HUSBAND, 2013), others reported greater vegetative reproduction in (high) polyploids as
compared with their diploid/lower polyploid counterparts (ECKERT et al., 2003;
DUCHOSLAV and STANKOVA, 2015).

It is interested to mention that some new individuals emerge in our experimental
area through the time but not in large quantities evidencing that asexual still represent an
important way of reproduction in Lippia alba.

Despite of many reports on the nature about the relationship between asexual
reproduction by seed (apomixis) and polyploidy and its influence on the formation of
polyploid complexes, little is known about the relationship between vegetative asexual
reproduction and polyploidy opening another important aspect to be explored, especially
in Lippia alba polyploid complex.

5.8- Final considerations

Here we described the first systematic study on the reproductive biology of Lippia
alba integrating morphological, chromosomal, molecular and chemical data. The lack of
any previous information on this theme, the small size of the floral structure — hindering
artificial crossings in large amount - constitute a huge challenge for a definitive conclusion
on the species' reproduction mode. The use of different approaches here employed,
aimed to obtain a set of data that, together, allowed the elaboration of a working
hypothesis.

Despite the important conclusions obtained in this work, it is necessary to continue
to obtain data in order to acquire the greatest number of information and possibilities about
the formation of different cytotypes in the species. The use of different techniques aiming
to deepen the analysis of the offspring obtained as well as to carry out new artificial
crosses between the individuals, can bring important contributions.

Our study points to an even greater complexity involved in the formation of the
Lippia alba polyploid complex. Furthermore, the data obtained in this study add
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information to the species database, aiming at not only understand the evolutionary
process in tropical species, but also to contribute in the genetic improvement of the

species.
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6- CONCLUSION

With the data obtained so far, it is possible to conclude that:

e Lippia alba has a preferentially allogamous reproductive behavior;

e Diploid individuals showed a differentiated reproductive behavior when
compared to polyploid individuals;

e In addition to cross-fertilization, self-fertilization is also observed, especially in
poylploids;

e Possible break of the self-incompatibility system was observed in polyploids;

e Diploids showed partial reproductive isolation comparing to other ploidal levels;

¢ Diploids can be formed from triploids and tetraploids;

e The production of unreduced gametes from diploids might represent a source
of new polyploid individuals;

e Triploids seems to be important in the formation of different ploidal levels.

e In addition to allogamy, Lippia alba polyploid complex has alternative
reproduction pathways, expanding the possibilities to generate new polyploids.
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7- APPENDIX

APPENDIX A- Identification, ploidal level, DNA content, registration number and origin of different

individuals of Lippia alba

DNA (pg) Herbarium number o
Identification Ploidal level 2n Origin

BGEN-01 3x 45 3.89 48375 ABC / DF
BGEN-02 2X 30 2.56 48374 Araguaina/ TO
BGEN-03 4x 60 4.77 48373 Atibaia/SP
BGEN-06 4x 60 4.82 48370 Brazilandia I/DF (Chacara das Corujas)
BGEN-07 4x 60 4.83 48386 Brazilandia Il/ DF (Chacara das Corujas)
BGEN-09 2X 30 2.61 48393 Ceasa de Brasilia/DF
BGEN-10 3x 45 3.93 48391 Cruzeiro/Grande/DF
BGEN-11 2X 30 2.62 48390 Cruzeiro/Médio/DF
BGEN-12 2x 30 2.66 48389 Cruzeiro/Pequena/DF
BGEN-13 2X 30 2.70 48400 Cruzeiro Sem./Grande/DF
BGEN-17 2x 30 2.57 48396 Florianépolis/SC
BGEN-19 2x 30 2.67 48398 GDF/FZDF/ DF
BGEN-20 2x 30 2.65 48456 Goiania/GO
BGEN-21 2x 30 2.61 48458 llhéus/BA
BGEN-23 3x 45 4.00 48460 Lavras/MG
BGEN-24 3x 45 3.90 48462 Luminarias/MG
BGEN-26 4x 60 4.85 48463 Manaus/AM
BGEN-27 3x 45 3.99 48464 Muzambinho/MG
BGEN-30 2X 30 2.57 48467 Planaltina de Goias/GO
BGEN-31 4x 60 4.77 48468 Posse/GO
BGEN-38 2x 30 2.66 48382 Curitiba/PR
BGEN-40 2x 30 2.65 63827 Botucatu/SP
BGEN-43 2X 30 2.63 63799 Juiz de Fora/MG
BGEN-45 4x 60 4.82 63743 Atibaia/SP
BGEN-46 2X 30 2.57 63744 Brazilandia I/DF (Chacara das Corujas)
BGEN-47 4x 60 4.86 63745 Brazilandia/Cafuringa/ DF
BGEN-48 2X 30 2.58 63746 Ceasa de Brasilia/DF
BGEN-49 3x 45 3.94 63747 Cruzeiro/Grande/DF
BGEN-56 2x 30 2.63 63755 IBAMA/SEDE/DF
BGEN-57 2x 30 2.57 63751 llhéus/BA
BGEN-58 2x 30 2.56 63752 Lago Norte/Brasilia/DF
BGEN-59 3x 45 3.90 63753 Lavras/MG
BGEN-60 3x 45 3.80 63798 Luziania/GO
BGEN-62 3x 45 3.95 63756 Piracicaba/SP
BGEN-64 4x 60 4.84 63758 Posse/GO
BGEN-65 2x 30 2.58 63759 Recife/Boa Viagem/PE
BGEN-67 2X 30 2.47 63761 Santa Maria da Vitoria/BA
BGEN-68 2X 30 2.61 63762 Sao Paulo/Ceasa/SP
BGEN-70 4x 60 4.74 63764 Brasilia/DF
BGEN-71 2X 30 2.59 63765 Brasilia Bairro Sudoeste/DF
BGEN-72 2x 30 2.59 63766 Uberlandia/MG
BGEN-73 2x 30 2.48 63767 Estagao Biolégica UNB/DF
BGEN-74 2x 30 2.64 63768 Faz. Agua Limpa UNB/DF
BGEN-75 2x 30 2.54 63770 Curitiba/PR
BGEN-77 2X 30 2.57 63772 Bairro Vicente Pires/ DF
BGEN-78 2x 30 2.53 63773 Vigosa/ MG
BGEN-80 2X 30 2.56 63774 Aracaju/ Parque da Sementeira/ SE
BGEN-81 2X 30 2.63 63775 Aracaju/ Aruana/ SE
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APPENDIX A- Identification, ploidal level, DNA content, registration number and location of origin of different

individuals of Lippia alba (cont.).

Ploidal level 2n DNA (pg) Herbarium Origin
Identification number
BGEN-86 4x 60 4.81 63779 Rio Real/3? travessa da Creche Betel/ BA
BGEN-87 4x 60 4.9 63780 Rio Real/Rua joaquim Matos/ BA
BGEN-88 2X 30 2.33 63781 Rio Real/ Rua Joaquim Matos/ BA
BGEN-89 2x 30 2.53 63782 Juiz de Fora/MG
BGEN-90 2X 30 2.52 63783 Rio Real/ Povoado salgado / BA
BGEN-96 2X 30 2.55 62382 Santana do S. Francisco/Assent. Samanbira/ SE
BGEN-98 2X 30 2.51 63789 Santana do S. Francisco/Pov. Saude/ SE
BGEN-109 3x 45 3.9 64027 Lost identification
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APPENDIX B- Fitness (W) and coefficient of selection (s) regarding average of seed production under open
pollination in different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-30 2x 1.000 0
BGEN-20 2x 0.907 0.093
BGEN-78 2x 0.842 0.158
BGEN-09 2x 0.819 0.181
BGEN-12 2x 0.771 0.229
BGEN-98 2x 0.759 0.241
BGEN-13 2x 0.744 0.256
BGEN-77 2x 0.735 0.265
BGEN-96 2x 0.732 0.268
BGEN-21 2x 0.724 0.276
BGEN-56 2x 0.703 0.297
BGEN-48 2x 0.702 0.298
BGEN-80 2x 0.680 0.320
BGEN-89 2x 0.675 0.325
BGEN-46 2x 0.655 0.345
BGEN-57 2x 0.646 0.354
BGEN-58 2x 0.643 0.357
BGEN-71 2x 0.605 0.395
BGEN-81 2x 0.582 0.418
BGEN-74 2x 0.566 0.434
BGEN-75 2x 0.565 0.435
BGEN-72 2x 0.559 0.441
BGEN-73 2x 0.547 0.453
BGEN-90 2x 0.545 0.455
BGEN-87 4x 0.536 0.464
BGEN-17 2x 0.518 0.482
BGEN-40 2x 0.517 0.483
BGEN-31 4x 0.511 0.489
BGEN-88 2x 0.498 0.502
BGEN-62 3x 0.494 0.506
BGEN-65 2x 0.491 0.509
BGEN-43 2x 0.469 0.531
BGEN-67 2x 0.444 0.556
BGEN-47 4x 0.429 0.571
BGEN-07 4x 0.409 0.591
BGEN-86 4x 0.393 0.607
BGEN-45 4x 0.371 0.629

BGEN-64 4x 0.347 0.653
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APPENDIX B- Fitness (W) and coefficient of selection (s) regarding average of seed production under open
pollination in different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-06 4x 0.339 0.661
BGEN-11 2X 0.265 0.735
BGEN-27 3x 0.265 0.735
BGEN-49 3x 0.261 0.739
BGEN-03 4x 0.242 0.758
BGEN-59 3x 0.161 0.839
BGEN-24 3x 0.138 0.862
BGEN-01 3x 0.129 0.871

BGEN-02 2x 0.049 0.951
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APPENDIX C- Fitness (W) and coefficient of selection (s) regarding average of seed production under
controlled pollination in different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-62 3X 1.000 0.000
BGEN-87 4X 0.896 0.104
BGEN-45 4X 0.667 0.333
BGEN-86 4X 0.639 0.361
BGEN-31 4X 0.614 0.386
BGEN-06 4X 0.603 0.397
BGEN-07 4X 0.587 0.413
BGEN-64 4X 0.557 0.443
BGEN-47 4X 0.546 0.454
BGEN-03 4X 0.428 0.572
BGEN-96 2X 0.413 0.587
BGEN-80 2X 0.234 0.766
BGEN-59 3X 0.194 0.806
BGEN-75 2X 0.181 0.819
BGEN-81 2X 0.170 0.830
BGEN-67 2X 0.111 0.889
BGEN-13 2X 0.085 0.915
BGEN-43 2X 0.069 0.931
BGEN-12 2X 0.055 0.945
BGEN-98 2X 0.049 0.951
BGEN-27 3X 0.046 0.954
BGEN-72 2X 0.045 0.955
BGEN-24 3X 0.035 0.965
BGEN-49 3X 0.029 0.971
BGEN-01 3X 0.020 0.980
BGEN-65 2X 0.020 0.980
BGEN-73 2X 0.019 0.981
BGEN-89 2X 0.014 0.986
BGEN-57 2X 0.012 0.988
BGEN-78 2X 0.009 0.991
BGEN-02 2X 0.008 0.992
BGEN-48 2X 0.007 0.993
BGEN-71 2X 0.006 0.994
BGEN-88 2X 0.003 0.997
BGEN-46 2X 0.002 0.998
BGEN-21 2X 0.002 0.998
BGEN-58 2X 0.001 0.999

BGEN-09 2X 0.001 0.999




136

APPENDIX C- Fitness (W) and coefficient of selection (s) regarding average of seed production under
controlled pollination in different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-77 2X 0.001 0.999
BGEN-40 2X 0.000 1.000
BGEN-56 2X 0.000 1.000
BGEN-74 2X 0.000 1.000
BGEN-30 2X 0.000 1.000
BGEN-20 2X 0.000 1.000
BGEN-90 2X 0.000 1.000
BGEN-11 2X 0.000 1.000

BGEN-17 2X 0.000 1.000
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APPENDIX D- Fitness (W) and coefficient of selection (s) regarding seed length under open pollination in
different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-59 3X 1 0.000
BGEN-27 3X 0.841 0.159
BGEN-01 3X 0.817 0.183
BGEN-65 2X 0.795 0.205
BGEN-40 2X 0.760 0.240
BGEN-43 2X 0.756 0.244
BGEN-74 2X 0.748 0.252
BGEN-09 2X 0.729 0.271
BGEN-77 2X 0.721 0.279
BGEN-86 4X 0.705 0.295
BGEN-75 2X 0.698 0.302
BGEN-98 2X 0.690 0.310
BGEN-78 2X 0.690 0.310
BGEN-21 2X 0.686 0.314
BGEN-48 2X 0.682 0.318
BGEN-64 4X 0.674 0.326
BGEN-89 2X 0.671 0.329
BGEN-12 2X 0.671 0.329
BGEN-72 2X 0.667 0.333
BGEN-81 2X 0.667 0.333
BGEN-62 3X 0.667 0.333
BGEN-07 4X 0.667 0.333
BGEN-13 2X 0.659 0.341
BGEN-68 2X 0.641 0.359
BGEN-57 2X 0.640 0.360
BGEN-17 2X 0.640 0.360
BGEN-46 2X 0.636 0.364
BGEN-45 4X 0.636 0.364
BGEN-53 2X 0.635 0.365
BGEN-111 2X 0.632 0.368
BGEN-71 2X 0.628 0.372
BGEN-06 4X 0.628 0.372
BGEN-70 4X 0.627 0.373
BGEN-02 2X 0.624 0.376
BGEN-56 2X 0.616 0.384
BGEN-67 2X 0.616 0.384
BGEN-80 2X 0.612 0.388

BGEN-24 3X 0.605 0.395
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APPENDIX D- Fitness (W) and coefficient of selection (s) regarding seed length under open pollination in
different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-73 2X 0.601 0.399
BGEN-96 2X 0.589 0.411
BGEN-58 2X 0.581 0.419
BGEN-11 2X 0.578 0.422
BGEN-60 3X 0.574 0.426

BGEN-90 2X 0.570 0.430
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APPENDIX E- Fitness (W) and coefficient of selection (s) regarding seed width under open pollination in
different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-59 3X 1.000 0.000
BGEN-72 2X 0.965 0.035
BGEN-58 2X 0.940 0.060
BGEN-27 3X 0.940 0.060
BGEN-12 2X 0.881 0.119
BGEN-30 2X 0.860 0.140
BGEN-43 2X 0.856 0.144
BGEN-64 4X 0.821 0.179
BGEN-86 4X 0.818 0.182
BGEN-96 2X 0.796 0.204
BGEN-24 3X 0.782 0.218
BGEN-03 4X 0.775 0.225
BGEN-81 2X 0.768 0.232
BGEN-90 2X 0.768 0.232
BGEN-87 4X 0.768 0.232
BGEN-70 4X 0.766 0.234
BGEN-56 2X 0.761 0.239
BGEN-65 2X 0.747 0.253
BGEN-45 4X 0.747 0.253
BGEN-111 2X 0.734 0.266
BGEN-40 2X 0.730 0.270
BGEN-48 2X 0.730 0.270
BGEN-17 2X 0.730 0.270
BGEN-46 2X 0.723 0.277
BGEN-11 2X 0.723 0.277
BGEN-88 2X 0.719 0.281
BGEN-74 2X 0.709 0.291
BGEN-09 2X 0.695 0.305
BGEN-77 2X 0.695 0.305
BGEN-62 3X 0.695 0.305
BGEN-75 2X 0.670 0.330
BGEN-80 2X 0.656 0.344
BGEN-98 2X 0.646 0.354
BGEN-21 2X 0.646 0.354
BGEN-89 2X 0.646 0.354
BGEN-73 2X 0.642 0.358
BGEN-53 2X 0.632 0.368

BGEN-02 2X 0.621 0.379
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APPENDIX E- Fitness (W) and coefficient of selection (s) regarding seed width under open pollination in
different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-78 2X 0.607 0.393
BGEN-68 2X 0.602 0.398
BGEN-71 2X 0.600 0.400
BGEN-49 3X 0.600 0.400
BGEN-60 3X 0.544 0.456

BGEN-67 2X 0.530 0.470
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APPENDIX F- Fitness (W) and coefficient of selection (s) regarding seed weight under open pollination in
different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-27 3X 1.000 0.000
BGEN-86 4X 0.810 0.190
BGEN-01 3X 0.746 0.254
BGEN-65 2X 0.707 0.293
BGEN-81 2X 0.657 0.343
BGEN-62 3X 0.657 0.343
BGEN-59 3X 0.632 0.368
BGEN-07 4X 0.629 0.371
BGEN-72 2X 0.620 0.380
BGEN-43 2X 0.618 0.382
BGEN-64 4X 0.604 0.396
BGEN-17 2X 0.590 0.410
BGEN-24 3X 0.568 0.432
BGEN-40 2X 0.565 0.435
BGEN-78 2X 0.563 0.437
BGEN-70 4X 0.561 0.439
BGEN-98 2X 0.558 0.442
BGEN-45 4X 0.554 0.446
BGEN-68 2X 0.540 0.460
BGEN-48 2X 0.538 0.462
BGEN-77 2X 0.531 0.469
BGEN-21 2X 0.531 0.469
BGEN-89 2X 0.524 0.476
BGEN-75 2X 0.522 0.478
BGEN-73 2X 0.513 0.487
BGEN-13 2X 0.510 0.490
BGEN-96 2X 0.510 0.490
BGEN-46 2X 0.503 0.497
BGEN-71 2X 0.501 0.499
BGEN-12 2X 0.487 0.513
BGEN-06 4X 0.471 0.529
BGEN-111 2X 0.455 0.545
BGEN-09 2X 0.442 0.558
BGEN-57 2X 0.435 0.565
BGEN-53 2X 0.414 0.586
BGEN-67 2X 0.412 0.588

BGEN-58 2X 0.403 0.597
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APPENDIX F- Fitness (W) and coefficient of selection (s) regarding seed weight under open pollination in
different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W) Selection coefficient (s)
BGEN-02 2X 0.366 0.634
BGEN-80 2X 0.364 0.636
BGEN-56 2X 0.343 0.657

BGEN-60 3X 0.323 0.677
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APPENDIX G- Fitness (W) and coefficient of selection (s) regarding seed germination under open pollination
in different ploidal levels of Lippia alba.

Individual Ploidal level Fitness (W)  Selection coefficient (s)

BGEN-75 2X 1 0

BGEN-09 2X 1 0

BGEN-80 2X 1 0

BGEN-02 2X 1 0

BGEN-71 2X 1 0

BGEN-65 2X 1 0

BGEN-98 2X 1 0

BGEN-78 2X 1 0

BGEN-81 2X 1 0

BGEN-12 2X 1 0

BGEN-43 2X 0.95 0.05
BGEN-72 2X 0.95 0.05
BGEN-67 2X 0.95 0.05
BGEN-57 2X 0.95 0.05
BGEN-48 2X 0.95 0.05
BGEN-77 2X 0.9 0.1
BGEN-56 2X 0.9 0.1
BGEN-73 2X 0.9 0.1
BGEN-17 2X 0.9 0.1
BGEN-53 2X 0.9 0.1
BGEN-40 2X 0.85 0.15
BGEN-111 2X 0.85 0.15
BGEN-46 2X 0.8 0.2
BGEN-21 2X 0.8 0.2
BGEN-13 2X 0.8 0.2
BGEN-58 2X 0.8 0.2
BGEN-89 2X 0.8 0.2
BGEN-68 2X 0.8 0.2
BGEN-59 3X 0.75 0.25
BGEN-90 2X 0.7 0.3
BGEN-24 3X 0.6 0.4
BGEN-64 4X 0.5 0.5
BGEN-60 3X 0.45 0.55
BGEN-07 4X 0.45 0.55
BGEN-27 3X 0.4 0.6
BGEN-86 4X 0.4 0.6

BGEN-06 4X 0.3 0.7
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APPENDIX G- Fitness (W) and coefficient of selection (s) regarding seed germination under open pollination
in different ploidal levels of Lippia alba (cont.).

Individual Ploidal level Fitness (W)  Selection coefficient (s)
BGEN-70 4X 0.3 0.7
BGEN-01 3X 0.25 0.75
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APPENDIX H.1- Fitness (W) and selection coefficient (s) regarding average of seed production within
diploids under open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)

BGEN-30 1.000 0.000
BGEN-20 0.907 0.093
BGEN-78 0.842 0.158
BGEN-09 0.819 0.181
BGEN-12 0.771 0.229
BGEN-98 0.759 0.241
BGEN-13 0.744 0.256
BGEN-77 0.735 0.265
BGEN-96 0.732 0.268
BGEN-21 0.724 0.276
BGEN-56 0.703 0.297
BGEN-48 0.702 0.298
BGEN-80 0.680 0.320
BGEN-89 0.675 0.325
BGEN-46 0.655 0.345
BGEN-57 0.646 0.354
BGEN-58 0.643 0.357
BGEN-71 0.605 0.395
BGEN-81 0.582 0.418
BGEN-74 0.566 0.434
BGEN-75 0.565 0.435
BGEN-72 0.559 0.441
BGEN-73 0.547 0.453
BGEN-90 0.545 0.455
BGEN-17 0.518 0.482
BGEN-40 0.517 0.483
BGEN-88 0.498 0.502
BGEN-65 0.491 0.509
BGEN-43 0.469 0.531
BGEN-67 0.444 0.556
BGEN-11 0.265 0.735

BGEN-02 0.049 0.951
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APPENDIX H.2- Fitness (W) and selection coefficient (s) regarding average of seed production within
triploids under open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)

BGEN-62 1.000 0.000
BGEN-27 0.537 0.463
BGEN-49 0.529 0.471
BGEN-59 0.325 0.675
BGEN-24 0.279 0.721
BGEN-01 0.261 0.739

APPENDIX H.3- Fitness (W) and selection coefficient (s) regarding average of seed production within
tetraploids under open pollination in Lippia alba.

Individual Fitness (W)  Selection coefficient (s)

BGEN-87 1.000 0.000
BGEN-31 0.952 0.048
BGEN-47 0.799 0.201
BGEN-07 0.762 0.238
BGEN-86 0.733 0.267
BGEN-45 0.692 0.308
BGEN-64 0.646 0.354
BGEN-06 0.632 0.368

BGEN-03 0.452 0.548
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APPENDIX I.1- Fitness (W) and selection coefficient (s) regarding average of seed production within diploids
under controlled pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)

BGEN-96 1.000 0.000
BGEN-80 0.566 0.434
BGEN-75 0.438 0.562
BGEN-81 0.412 0.588
BGEN-67 0.270 0.730
BGEN-13 0.206 0.794
BGEN-43 0.168 0.832
BGEN-12 0.134 0.866
BGEN-98 0.120 0.880
BGEN-72 0.109 0.891
BGEN-65 0.049 0.951
BGEN-73 0.047 0.953
BGEN-89 0.034 0.966
BGEN-57 0.028 0.972
BGEN-78 0.022 0.978
BGEN-02 0.019 0.981
BGEN-48 0.017 0.983
BGEN-71 0.013 0.987
BGEN-88 0.007 0.993
BGEN-46 0.004 0.996
BGEN-21 0.004 0.996
BGEN-58 0.003 0.997
BGEN-09 0.002 0.998
BGEN-77 0.002 0.998
BGEN-40 0.000 1.000
BGEN-56 0.000 1.000
BGEN-74 0.000 1.000
BGEN-30 0.000 1.000
BGEN-20 0.000 1.000
BGEN-90 0.000 1.000
BGEN-11 0.000 1.000

BGEN-17 0.000 1.000
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APPENDIX |.2- Fitness (W) and selection coefficient (s) regarding average of seed production within
triploids under controlled pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)

BGEN-62 1.000 0.000
BGEN-59 0.194 0.806
BGEN-27 0.046 0.954
BGEN-24 0.035 0.965
BGEN-49 0.029 0.971
BGEN-01 0.020 0.980

APPENDIX 1.3- Fitness (W) and selection coefficient (s) regarding average of seed production within
tetraploids under controlled pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)

BGEN-87 1.000 0.000
BGEN-45 0.744 0.256
BGEN-86 0.714 0.286
BGEN-31 0.685 0.315
BGEN-06 0.673 0.327
BGEN-07 0.655 0.345
BGEN-64 0.621 0.379
BGEN-47 0.609 0.391

BGEN-03 0.478 0.522
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APPENDIX J.1- Fitness (W) and selection coefficient (s) regarding seed length within diploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-65 1.000 0.000
BGEN-40 0.956 0.044
BGEN-43 0.951 0.049
BGEN-74 0.941 0.059
BGEN-09 0.917 0.083
BGEN-77 0.907 0.093
BGEN-75 0.878 0.122
BGEN-98 0.868 0.132
BGEN-78 0.868 0.132
BGEN-21 0.863 0.137
BGEN-48 0.859 0.141
BGEN-89 0.844 0.156
BGEN-12 0.844 0.156
BGEN-72 0.839 0.161
BGEN-81 0.839 0.161
BGEN-13 0.829 0.171
BGEN-68 0.807 0.193
BGEN-57 0.805 0.195
BGEN-17 0.805 0.195
BGEN-46 0.800 0.200
BGEN-53 0.799 0.201
BGEN-111 0.795 0.205
BGEN-71 0.790 0.210
BGEN-02 0.785 0.215
BGEN-56 0.776 0.224
BGEN-67 0.776 0.224
BGEN-80 0.771 0.229
BGEN-73 0.756 0.244
BGEN-96 0.741 0.259
BGEN-58 0.732 0.268
BGEN-11 0.727 0.273

BGEN-90 0.717 0.283
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APPENDIX J.2- Fitness (W) and selection coefficient (s) regarding seed length within triploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-59 1.000 0.000
BGEN-27 0.841 0.159
BGEN-01 0.817 0.183
BGEN-62 0.667 0.333
BGEN-24 0.605 0.395
BGEN-60 0.574 0.426

APPENDIX J.3- Fitness (W) and selection coefficient (s) regarding seed length within tetraploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-86 1.000 0.000
BGEN-64 0.956 0.044
BGEN-07 0.945 0.055
BGEN-45 0.901 0.099
BGEN-06 0.890 0.110

BGEN-70 0.889 0.111
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APPENDIX K.1- Fitness (W) and selection coefficient (s) regarding seed width within diploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-72 1.000 0.000
BGEN-58 0.975 0.025
BGEN-12 0.913 0.087
BGEN-30 0.891 0.109
BGEN-43 0.887 0.113
BGEN-96 0.825 0.175
BGEN-81 0.796 0.204
BGEN-90 0.796 0.204
BGEN-56 0.789 0.211
BGEN-65 0.775 0.225
BGEN-111 0.761 0.239
BGEN-40 0.756 0.244
BGEN-48 0.756 0.244
BGEN-17 0.756 0.244
BGEN-46 0.749 0.251
BGEN-11 0.749 0.251
BGEN-88 0.745 0.255
BGEN-74 0.735 0.265
BGEN-09 0.720 0.280
BGEN-77 0.720 0.280
BGEN-75 0.695 0.305
BGEN-80 0.680 0.320
BGEN-98 0.669 0.331
BGEN-21 0.669 0.331
BGEN-89 0.669 0.331
BGEN-73 0.665 0.335
BGEN-53 0.655 0.345
BGEN-02 0.644 0.356
BGEN-78 0.629 0.371
BGEN-68 0.624 0.376
BGEN-71 0.622 0.378

BGEN-67 0.549 0.451
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APPENDIX K.2- Fitness (W) and selection coefficient (s) regarding seed width within triploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-59 1.000 0.000
BGEN-27 0.940 0.060
BGEN-24 0.782 0.218
BGEN-62 0.695 0.305
BGEN-49 0.600 0.400
BGEN-60 0.544 0.456

APPENDIX K.3- Fitness (W) and selection coefficient (s) regarding seed width within tetraploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-64 1.000 0.000
BGEN-86 0.996 0.004
BGEN-03 0.944 0.056
BGEN-87 0.936 0.064
BGEN-70 0.933 0.067

BGEN-45 0.910 0.090
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APPENDIX L.1- Fitness (W) and selection coefficient (s) regarding seed weight within diploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-65 1.000 0.000
BGEN-81 0.929 0.071
BGEN-72 0.877 0.123
BGEN-43 0.874 0.126
BGEN-17 0.835 0.165
BGEN-40 0.799 0.201
BGEN-78 0.796 0.204
BGEN-98 0.790 0.210
BGEN-68 0.764 0.236
BGEN-48 0.761 0.239
BGEN-77 0.751 0.249
BGEN-21 0.751 0.249
BGEN-89 0.741 0.259
BGEN-75 0.738 0.262
BGEN-73 0.725 0.275
BGEN-13 0.722 0.278
BGEN-96 0.722 0.278
BGEN-46 0.712 0.288
BGEN-71 0.709 0.291
BGEN-12 0.689 0.311
BGEN-111 0.644 0.356
BGEN-09 0.625 0.375
BGEN-57 0.615 0.385
BGEN-53 0.586 0.414
BGEN-67 0.583 0.417
BGEN-58 0.570 0.430
BGEN-02 0.518 0.482
BGEN-80 0.515 0.485

BGEN-56 0.485 0.515
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APPENDIX L.2- Fitness (W) and selection coefficient (s) regarding seed weight within triploids under open
pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-27 1.000 0.000
BGEN-01 0.746 0.254
BGEN-62 0.657 0.343
BGEN-59 0.632 0.368
BGEN-24 0.568 0.432
BGEN-60 0.323 0.677

APPENDIX L.3- Fitness (W) and selection coefficient (s) regarding seed weight within tetraploids under
open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-86 1.000 0.000
BGEN-07 0.777 0.223
BGEN-64 0.746 0.254
BGEN-70 0.692 0.308
BGEN-45 0.684 0.316

BGEN-06 0.582 0.418
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APPENDIX M.1- Fitness (W) and selection coefficient (s) regarding seed germination index within diploids
under open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-75 1.000 0.000
BGEN-09 1.000 0.000
BGEN-80 1.000 0.000
BGEN-02 1.000 0.000
BGEN-71 1.000 0.000
BGEN-65 1.000 0.000
BGEN-98 1.000 0.000
BGEN-78 1.000 0.000
BGEN-81 1.000 0.000
BGEN-12 1.000 0.000
BGEN-43 0.950 0.050
BGEN-72 0.950 0.050
BGEN-67 0.950 0.050
BGEN-57 0.950 0.050
BGEN-48 0.950 0.050
BGEN-77 0.900 0.100
BGEN-56 0.900 0.100
BGEN-73 0.900 0.100
BGEN-17 0.900 0.100
BGEN-53 0.900 0.100
BGEN-40 0.850 0.150
BGEN-111 0.850 0.150
BGEN-46 0.800 0.200
BGEN-21 0.800 0.200
BGEN-13 0.800 0.200
BGEN-58 0.800 0.200
BGEN-89 0.800 0.200
BGEN-68 0.800 0.200

BGEN-90 0.700 0.300
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APPENDIX M.2- Fitness (W) and selection coefficient (s) regarding seed germination index within triploids
under open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-59 1.000 0.000
BGEN-24 0.800 0.200
BGEN-60 0.600 0.400
BGEN-27 0.533 0.467
BGEN-01 0.333 0.667

APPENDIX M.3- Fitness (W) and selection coefficient (s) regarding seed germination index within
tetraploids under open pollination in Lippia alba.

Individual Fitness (W) Selection coefficient (s)
BGEN-64 1.000 0.000
BGEN-07 0.900 0.100
BGEN-86 0.800 0.200
BGEN-06 0.600 0.400

BGEN-70 0.600 0.400
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination.
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-40 2X 2.62 2X
BGEN-40 2x 2.55 2X
BGEN-40 2x 2.52 2X
BGEN-40 2X 2.38 2X
BGEN-40 2x 2.50 2X
BGEN-40 2x 2.35 2X
BGEN-40 2X 2.50 2X
BGEN-40 2X 2.50 2X
BGEN-40 2x 2.57 2X
BGEN-40 2X 2.56 2X
BGEN-40 2x 2.55 2X
BGEN-40 2x 2.62 2X
BGEN-40 2X 2.60 2X
BGEN-40 2x 2.43 2X
BGEN-40 2x 2.60 2X
BGEN-40 2X 2.52 2X
BGEN-40 2x 2.56 2X
BGEN-40 2x 2.46 2X
BGEN-40 2x 2.73 2X
BGEN-40 2x 2.45 2X
BGEN-40 2x 2.60 2X
BGEN-40 2x 2.49 2X
BGEN-40 2x 2.40 2X
BGEN-40 2x 2.46 2X
BGEN-02 2x 2.55 2X
BGEN-02 2x 2.55 2X
BGEN-02 2x 2.52 2X
BGEN-02 2x 2.38 2X
BGEN-02 2x 2.39 2X
BGEN-02 2x 2.41 2x
BGEN-02 2X 2.45 2X
BGEN-02 2x 2.40 2X
BGEN-02 2x 2.34 2X
BGEN-02 2X 2.19 2X
BGEN-02 2x 2.31 2X
BGEN-02 2x 2.27 2x
BGEN-02 2X 2.63 2X

BGEN-02 2x 2.48 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).

Mother-plant Offspring DNA amount
Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-02 2x 2.48 2X
BGEN-02 2x 2.45 2X
BGEN-02 2x 2.43 2X
BGEN-02 2x 2.48 2X
BGEN-02 2x 2.54 2X
BGEN-02 2x 2.56 2x
BGEN-02 2x 2.58 2x
BGEN-02 2x 2.55 2x
BGEN-02 2x 2.54 2X
BGEN-02 2x 2.52 2X
BGEN-02 2x 2.57 2X
BGEN-02 2x 2.58 2x
BGEN-02 2x 2.35 2x
BGEN-02 2x 2.40 2X
BGEN-02 2x 2.39 2x
BGEN-02 2X 2.14 2x
BGEN-09 2x 2.62 2X
BGEN-09 2x 2.64 2X
BGEN-09 2x 2.66 2x
BGEN-09 2x 2.65 2x
BGEN-77 2x 2.60 2x
BGEN-77 2x 2.65 2x
BGEN-12 2x 2.35 2x
BGEN-12 2x 2.67 2X
BGEN-12 2x 2.1 2x
BGEN-12 2x 2.19 2X
BGEN-12 2x 2.32 2X
BGEN-12 2x 2.29 2X
BGEN-12 2x 2.37 2X
BGEN-12 2x 2.27 2x
BGEN-12 2x 2.30 2x
BGEN-12 2x 2.32 2X
BGEN-12 2x 2.29 2X
BGEN-12 2X 2.22 2x
BGEN-12 2x 2.22 2x
BGEN-12 2x 212 2x
BGEN-12 2X 2.19 2X

BGEN-12 2x 2.32 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).

Mother-plant Offspring DNA amount
Mother-plant ploidal level (pg) Ofspring ploidal level
BGEN-12 2X 217 2x
BGEN-12 2x 2.26 2X
BGEN-12 2x 2.26 2X
BGEN-12 2X 2.22 2x
BGEN-12 2x 2.21 2x
BGEN-12 2x 2.20 2X
BGEN-12 2X 2.23 2X
BGEN-12 2X 2.14 2x
BGEN-12 2x 217 2x
BGEN-12 2X 2.23 2X
BGEN-12 2x 2.25 2X
BGEN-12 2x 2.21 2x
BGEN-12 2X 2.26 2X
BGEN-12 2x 2.32 2X
BGEN-12 2x 2.22 2x
BGEN-12 2x 2.33 2x
BGEN-12 2x 2.24 2x
BGEN-12 2x 2.67 2X
BGEN-13 2x 2.51 2X
BGEN-13 2x 2.47 2x
BGEN-13 2x 2.44 2x
BGEN-13 2x 2.42 2x
BGEN-13 2x 2.49 2X
BGEN-13 2x 2.41 2x
BGEN-13 2x 2.37 2X
BGEN-13 2x 2.59 2x
BGEN-13 2x 2.71 2x
BGEN-13 2x 2.45 2X
BGEN-13 2x 2.37 2X
BGEN-13 2x 2.48 2X
BGEN-13 2x 2.37 2X
BGEN-13 2x 2.32 2X
BGEN-13 2x 2.44 2x
BGEN-13 2x 2.46 2X
BGEN-13 2x 2.44 2x
BGEN-13 2x 2.52 2X
BGEN-13 2x 2.35 2x

BGEN-13 2x 2.46 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (pg) Ofspring ploidal level
BGEN-13 2X 2.20 2X
BGEN-67 2X 2.38 2X
BGEN-67 2X 2.42 2x
BGEN-67 2X 2.30 2X
BGEN-67 2X 2.45 2X
BGEN-67 2X 2.39 2X
BGEN-67 2X 2.21 2x
BGEN-67 2X 2.41 2x
BGEN-67 2X 2.42 2x
BGEN-67 2X 2.34 2X
BGEN-67 2X 2.29 2X
BGEN-67 2X 2.16 2X
BGEN-67 2X 2.27 2x
BGEN-67 2X 1.89 2X
BGEN-67 2X 2.25 2X
BGEN-67 2X 2.33 2X
BGEN-67 2X 2.04 2X
BGEN-67 2X 2.05 2X
BGEN-67 2X 2.77 2x
BGEN-67 2X 2.23 2X
BGEN-67 2X 2.36 2X
BGEN-67 2X 2.07 2X
BGEN-21 2X 2.61 2X
BGEN-21 2X 2.51 2X
BGEN-21 2X 2.38 2X
BGEN-21 2X 2.41 2x
BGEN-21 2X 2.40 2X
BGEN-21 2X 2.40 2X
BGEN-21 2X 2.30 2X
BGEN-21 2X 2.26 2X
BGEN-21 2X 2.41 2x
BGEN-21 2X 2.63 2X
BGEN-21 2X 2.39 2X
BGEN-21 2X 2.58 2X
BGEN-21 2X 2.47 2x
BGEN-21 2X 2.53 2X
BGEN-21 2X 2.57 2X

BGEN-21 2x 2.94 ANEU
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-21 2X 2.41 2x
BGEN-21 2X 2.37 2X
BGEN-21 2X 2.12 2x
BGEN-21 2X 2.78 2X
BGEN-21 2X 2.27 2x
BGEN-21 2X 2.27 2x
BGEN-68 2X 2.63 2X
BGEN-68 2X 2.71 2x
BGEN-68 2X 2.63 2X
BGEN-68 2X 2.61 2X
BGEN-68 2X 2.66 2X
BGEN-68 2X 2.64 2X
BGEN-68 2X 2.66 2X
BGEN-68 2X 2.64 2X
BGEN-68 2X 2.55 2X
BGEN-68 2X 2.55 2X
BGEN-68 2X 2.65 2X
BGEN-68 2X 2.65 2X
BGEN-68 2X 2.64 2X
BGEN-68 2X 2.59 2X
BGEN-68 2X 2.70 2X
BGEN-68 2X 2.69 2X
BGEN-68 2X 2.61 2X
BGEN-68 2X 2.61 2X
BGEN-68 2X 2.76 2X
BGEN-68 2X 2.66 2X
BGEN-81 2X 2.50 2X
BGEN-81 2X 2.65 2X
BGEN-81 2X 2.58 2X
BGEN-81 2X 2.60 2X
BGEN-81 2X 2.28 2X
BGEN-81 2X 2.48 2X
BGEN-81 2X 2.62 2X
BGEN-81 2X 2.62 2X
BGEN-81 2X 2.53 2X
BGEN-81 2X 2.59 2X
BGEN-81 2X 2.58 2X

BGEN-81 2x 2.59 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant ploidal ~ Offspring DNA amount

Mother-plant level (p9) Ofspring ploidal level
BGEN-81 2X 2.65 2X
BGEN-81 2X 2.59 2X
BGEN-81 2X 2.19 2X
BGEN-81 2X 2.53 2X
BGEN-48 2X 2.34 2X
BGEN-48 2X 2.31 2X
BGEN-48 2X 2.28 2X
BGEN-48 2x 2.39 2X
BGEN-48 2X 2.46 2X
BGEN-48 2X 2.23 2X
BGEN-48 2X 2.31 2X
BGEN-48 2X 2.26 2X
BGEN-48 2X 2.23 2X
BGEN-48 2X 2.44 2x
BGEN-48 2X 2.33 2X
BGEN-48 2X 2.40 2X
BGEN-48 2X 2.39 2X
BGEN-48 2X 2.33 2X
BGEN-48 2X 2.35 2X
BGEN-48 2X 2.32 2X
BGEN-48 2X 2.22 2x
BGEN-48 2X 2.26 2X
BGEN-48 2X 2.22 2x
BGEN-48 2X 2.39 2X
BGEN-48 2X 2.58 2X
BGEN-48 2X 2.38 2X
BGEN-48 2X 2.38 2X
BGEN-48 2X 2.41 2x
BGEN-48 2X 2.37 2X
BGEN-48 2X 2.36 2X
BGEN-48 2X 2.34 2X
BGEN-48 2X 2.32 2X
BGEN-48 2X 2.45 2X

BGEN-48 2x 2.67 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-56 2X 2.54 2X
BGEN-56 2X 2.57 2X
BGEN-56 2X 2.59 2X
BGEN-56 2X 2.55 2X
BGEN-72 2X 2.72 2x
BGEN-72 2X 2.66 2X
BGEN-72 2X 2.68 2X
BGEN-72 2X 2.66 2X
BGEN-72 2X 2.60 2X
BGEN-72 2X 2.57 2X
BGEN-72 2X 2.56 2X
BGEN-72 2X 2.62 2X
BGEN-72 2X 2.69 2X
BGEN-72 2X 2.66 2X
BGEN-58 2X 2.40 2X
BGEN-58 2X 2.33 2X
BGEN-58 2X 2.37 2X
BGEN-58 2X 2.46 2X
BGEN-58 2X 2.67 2X
BGEN-58 2X 2.43 2X
BGEN-58 2X 2.41 2x
BGEN-58 2X 2.34 2X
BGEN-58 2X 2.19 2X
BGEN-58 2X 2.33 2X
BGEN-58 2X 2.52 2X
BGEN-58 2X 2.38 2X
BGEN-58 2X 2.90 ANEU
BGEN-58 2X 2.34 2X
BGEN-58 2X 2.48 2X
BGEN-58 2X 2.53 2X
BGEN-58 2X 2.29 2X
BGEN-58 2X 2.28 2X
BGEN-58 2X 2.09 2X
BGEN-58 2X 2.04 2X
BGEN-73 2X 2.37 2X
BGEN-73 2X 2.35 2X
BGEN-73 2X 2.37 2X

BGEN-73 2x 2.36 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).

Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-73 2X 2.41 2x
BGEN-73 2X 2.33 2X
BGEN-73 2X 2.27 2x
BGEN-73 2X 2.43 2X
BGEN-73 2X 2.27 2x
BGEN-73 2X 2.32 2X
BGEN-73 2X 2.43 2X
BGEN-73 2X 2.38 2X
BGEN-73 2X 2.30 2X
BGEN-73 2X 2.49 2X
BGEN-73 2X 2.54 2X
BGEN-73 2X 2.32 2X
BGEN-73 2X 2.41 2x
BGEN-73 2X 2.36 2X
BGEN-73 2X 2.43 2X
BGEN-98 2X 2.36 2X
BGEN-98 2X 2.33 2X
BGEN-98 2X 2.39 2X
BGEN-98 2X 2.35 2X
BGEN-98 2X 1.95 2X
BGEN-98 2X 2.42 2x
BGEN-98 2X 2.53 2X
BGEN-98 2X 2.34 2X
BGEN-98 2X 2.31 2X
BGEN-98 2X 2.39 2X
BGEN-98 2X 2.35 2X
BGEN-98 2X 2.34 2X
BGEN-98 2X 2.33 2X
BGEN-98 2X 2.31 2X
BGEN-98 2X 2.46 2X
BGEN-98 2X 2.40 2X
BGEN-98 2X 2.43 2X
BGEN-98 2X 2.49 2X
BGEN-98 2X 2.50 2X
BGEN-98 2X 2.43 2X
BGEN-98 2X 2.36 2X
BGEN-98 2X 2.36 2X

BGEN-98 2x 2.25 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-98 2X 2.45 2X
BGEN-98 2X 2.52 2X
BGEN-98 2X 2.58 2X
BGEN-98 2X 2.41 2x
BGEN-98 2X 2.46 2X
BGEN-98 2X 2.44 2x
BGEN-98 2X 2.44 2x
BGEN-98 2X 2.61 2X
BGEN-98 2X 2.77 2x
BGEN-80 2X 2.63 2X
BGEN-80 2X 2.61 2X
BGEN-80 2X 2.56 2X
BGEN-80 2X 2.62 2X
BGEN-80 2X 2.68 2X
BGEN-80 2X 2.64 2X
BGEN-80 2X 2.61 2X
BGEN-80 2X 2.57 2X
BGEN-80 2X 2.67 2X
BGEN-80 2X 2.74 2x
BGEN-80 2X 2.39 2X
BGEN-80 2X 2.36 2X
BGEN-80 2X 2.42 2x
BGEN-80 2X 2.46 2X
BGEN-80 2X 2.40 2X
BGEN-80 2X 2.42 2x
BGEN-80 2X 2.39 2X
BGEN-80 2X 2.84 ANEU
BGEN-80 2X 2.39 2X
BGEN-80 2X 2.42 2x
BGEN-80 2X 2.38 2X
BGEN-80 2X 2.37 2X
BGEN-80 2X 2.47 2x
BGEN-80 2X 2.30 2X
BGEN-80 2X 2.36 2X
BGEN-80 2X 2.34 2X
BGEN-80 2X 2.35 2X

BGEN-80 2x 2.45 2x
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APPENDIX N.1- DNA amount of diploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant ~ Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-96 2X 2.52 2X
BGEN-96 2X 2.20 2X
BGEN-96 2X 217 2x
BGEN-96 2X 2.20 2X
BGEN-96 2X 2.31 2X
BGEN-96 2X 2.1 2x
BGEN-96 2X 2.1 2x
BGEN-96 2X 2.14 2x
BGEN-96 2X 2.22 2x
BGEN-96 2X 2.47 2x
BGEN-96 2X 2.79 2X
BGEN-96 2X 2.22 2x
BGEN-96 2X 2.15 2X
BGEN-96 2X 2.41 2x
BGEN-96 2X 2.38 2X
BGEN-96 2X 2.66 2X
BGEN-96 2X 1.83 2X
BGEN-96 2X 2.60 2X
BGEN-75 2X 2.74 2x
BGEN-75 2X 2.57 2X
BGEN-75 2X 2.58 2X
BGEN-75 2X 2.54 2X
BGEN-75 2X 2.62 2X
BGEN-75 2X 4.54 ANEU
BGEN-75 2X 2.80 2X
BGEN-75 2X 2.61 2X
BGEN-75 2X 2.62 2X
BGEN-75 2X 2.59 2X
BGEN-75 2X 2.69 2X
BGEN-38 2X 2.64 2X

BGEN-38 2x 2.59 2x
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APPENDIX N.2 - DNA amount of triploids offsprings in Lippia alba under open pollination.
Mother-plant Offspring DNA amount

Mother-plant ploidal level (pg) Ofspring ploidal level
BGEN-27 3x 3.01 ANEU
BGEN-27 3x 3.25 ANEU
BGEN-27 3x 3.85 3x
BGEN-27 3x 3.98 3x
BGEN-27 3x 3.12 ANEU
BGEN-27 3x 3.13 ANEU
BGEN-27 3x 3.02 ANEU
BGEN-27 3x 3.95 3x
BGEN-27 3x 3.87 3x
BGEN-27 3x 3.27 ANEU
BGEN-27 3x 3.09 ANEU
BGEN-27 3x 3.02 ANEU
BGEN-27 3x 2.72 2x
BGEN-27 3x 2.99 ANEU
BGEN-27 3x 3.1 ANEU
BGEN-27 3x 3.10 ANEU
BGEN-27 3x 3.03 ANEU
BGEN-27 3x 2.71 2x
BGEN-27 3x 2.84 ANEU
BGEN-27 3x 3.65 ANEU
BGEN-27 3x 3.14 ANEU
BGEN-27 3x 3.13 ANEU
BGEN-27 3x 2.94 ANEU
BGEN-27 3x 3.35 ANEU
BGEN-27 3x 3.31 ANEU
BGEN-27 3x 3.36 ANEU
BGEN-27 3x 3.32 ANEU
BGEN-27 3x 3.12 ANEU
BGEN-27 3x 3.44 ANEU
BGEN-59 3x 3.99 3x
BGEN-59 3x 3.1 ANEU
BGEN-59 3x 3.09 ANEU
BGEN-59 3x 2.96 ANEU
BGEN-59 3x 3.15 ANEU
BGEN-59 3x 3.24 ANEU

BGEN-59 3x 3.20 ANEU
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APPENDIX N.2 - DNA amount of triploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-59 3x 3.03 ANEU
BGEN-59 3x 3.78 ANEU
BGEN-59 3x 3.25 ANEU
BGEN-59 3x 3.78 ANEU
BGEN-59 3x 3.16 ANEU
BGEN-59 3x 3.19 ANEU
BGEN-59 3x 2.96 ANEU
BGEN-59 3x 3.26 ANEU
BGEN-59 3x 3.26 ANEU
BGEN-59 3x 3.31 ANEU
BGEN-59 3x 3.82 3x
BGEN-59 3x 3.38 ANEU
BGEN-59 3x 2.90 ANEU
BGEN-59 3x 3.26 ANEU
BGEN-60 3x 3.01 ANEU
BGEN-60 3x 3.13 ANEU
BGEN-60 3x 3.1 ANEU
BGEN-60 3x 2.79 2X
BGEN-60 3x 2.75 2X
BGEN-60 3x 2.94 ANEU
BGEN-60 3x 2.94 ANEU
BGEN-109 3x 3.06 ANEU
BGEN-109 3x 3.16 ANEU
BGEN-109 3x 3.33 ANEU
BGEN-109 3x 3.71 ANEU
BGEN-109 3x 3.04 ANEU
BGEN-109 3x 3.16 ANEU
BGEN-109 3x 3.32 ANEU
BGEN-109 3x 3.42 ANEU
BGEN-109 3x 3.42 ANEU
BGEN-109 3x 3.35 ANEU
BGEN-109 3x 2.99 ANEU
BGEN-109 3x 2.57 2X
BGEN-109 3x 2.70 2X
BGEN-109 3x 2.88 ANEU
BGEN-109 3x 2.77 2x
BGEN-109 3x 4.60 4x

BGEN-109 3x 2.80 2x
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APPENDIX N.2 - DNA amount of triploids offsprings in Lippia alba under open pollination (cont.).

Mother-plant Offspring DNA amount
Mother-plant ploidal level (pg) Ofspring ploidal level
BGEN-109 3x 2.70 2X
BGEN-109 3x 2.92 ANEU
BGEN-109 3x 3.04 ANEU
BGEN-23 3x 3.50 ANEU
BGEN-23 3x 3.00 ANEU
BGEN-23 3x 3.99 3x
BGEN-23 3x 3.26 ANEU
BGEN-23 3x 3.08 ANEU
BGEN-23 3x 2.95 ANEU
BGEN-23 3x 3.09 ANEU
BGEN-23 3x 3.12 ANEU
BGEN-23 3x 3.16 ANEU
BGEN-23 3x 3.83 3x
BGEN-23 3x 3.10 ANEU
BGEN-23 3x 4.27 ANEU
BGEN-23 3x 2.86 ANEU
BGEN-23 3x 2.98 ANEU
BGEN-23 3x 3.13 ANEU
BGEN-23 3x 3.24 ANEU
BGEN-23 3x 2.83 ANEU
BGEN-23 3x 3.39 ANEU

BGEN-23 3x 3.22 ANEU
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APPENDIX N.3 - DNA amount of tetraploids offsprings in Lippia alba under open pollination.
Mother-plant Offspring DNA amount

Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-64 4x 3.82 3x
BGEN-64 4x 2.60 2X
BGEN-64 4x 3.67 ANEU
BGEN-64 4x 3.69 ANEU
BGEN-64 4x 3.71 ANEU
BGEN-64 4x 3.72 ANEU
BGEN-64 4x 3.60 ANEU
BGEN-64 4x 3.42 ANEU
BGEN-64 4x 3.72 ANEU
BGEN-64 4x 3.28 ANEU
BGEN-64 4x 3.59 ANEU
BGEN-64 4x 3.50 ANEU
BGEN-64 4x 3.55 ANEU
BGEN-64 4x 3.69 ANEU
BGEN-64 4x 3.45 ANEU
BGEN-64 4x 3.59 ANEU
BGEN-64 4x 3.19 ANEU
BGEN-64 4x 3.53 ANEU
BGEN-64 4x 3.28 ANEU
BGEN-64 4x 3.62 ANEU
BGEN-64 4x 3.77 ANEU
BGEN-64 4x 3.33 ANEU
BGEN-64 4x 3.39 ANEU
BGEN-64 4x 2.58 2X
BGEN-64 4x 3.72 ANEU
BGEN-64 4x 3.54 ANEU
BGEN-64 4x 2.16 2X
BGEN-64 4x 3.85 3x
BGEN-64 4x 2.62 2X
BGEN-64 4x 3.78 ANEU
BGEN-64 4x 3.75 ANEU
BGEN-64 4x 3.53 ANEU
BGEN-64 4x 3.45 ANEU
BGEN-64 4x 3.32 ANEU
BGEN-64 4x 3.34 ANEU
BGEN-64 4x 3.51 ANEU
BGEN-64 4x 3.54 ANEU

BGEN-64 4x 3.17 ANEU
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APPENDIX N.3 - DNA amount of tetraploids offsprings in Lippia alba under open pollination (cont.).
Mother-plant Offspring DNA amount

Mother-plant ploidal level (pg) Ofspring ploidal level
BGEN-64 4x 3.20 ANEU
BGEN-64 4x 3.33 ANEU
BGEN-86 4x 2.65 2X
BGEN-86 4x 3.63 ANEU
BGEN-86 4x 2.67 2X
BGEN-86 4x 3.58 ANEU
BGEN-07 4x 3.76 ANEU
BGEN-07 4x 2.62 2X
BGEN-07 4x 3.08 ANEU
BGEN-07 4x 3.69 ANEU
BGEN-07 4x 3.23 ANEU
BGEN-07 4x 3.61 ANEU
BGEN-07 4x 3.98 3x
BGEN-07 4x 3.63 ANEU
BGEN-07 4x 3.46 ANEU
BGEN-07 4x 3.02 ANEU
BGEN-07 4x 3.73 ANEU

BGEN-07 4x 3.50 ANEU
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APPENDIX O - DNA amount of triploids offsprings in Lippia alba under controlled pollination.

Mother-plant Offspring DNA amount
Mother-plant ploidal level (p9) Ofspring ploidal level
BGEN-10 3x 4,40 ANEU
BGEN-10 3x 3,72 ANEU
BGEN-27 3x 4,74 4x
BGEN-27 3x 4,20 ANEU
BGEN-27 3x 3,96 3x
BGEN-27 3x 4,09 3x

BGEN-59 3x 4,49 ANEU
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