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Sinopse

Estudamos a domestica¢do de populagdes de Pourouma cecropiifolia da Amazdnia Ocidental.
Avaliamos as diferencgas e variagdes nas caracteristicas morfoldgicas, alometria de frutos e
sementes e 0 efeito das condi¢Bes ambientais sobre as caracteristicas em populagdes silvestres
e domesticadas. Investigamos também as diferencas na diversidade genética e as relagGes

filogenéticas entre populagdes silvestres e domesticadas de Pourouma cecropiifolia.
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Resumo

O estudo do conjunto dos diferentes aspectos, morfoldgicos, ecoldgicos e genéticos que marcam
as mudangas geradas com selegdo humana, nos fornece informagdes integradas e robustas sobre
a histdria da domesticacdo de plantas. Os objetivos desse trabalho foram: i) identificar a
magnitude das diferencas entre as populacGes domesticadas de Pourouma cecropiifolia e as
populacOes silvestres encontradas em areas de floresta adjacentes; ii) avaliar se a selecdo
humana alterou relacbes alométricas de frutos e sementes em plantas domesticadas de
Pourouma cecropiifolia; iii) investigar se existe relacdo entre as caracteristicas morfologicas
de Pourouma cecropiifolia e variagdes nas condi¢des ambientais e se essa relacdo difere entre
populacbes domesticadas e silvestres; iv) quantificar a diferenca na diversidade genética entre
as populacgdes silvestres e domesticadas de Pourouma cecropiifolia e v) identificar o centro de
origem de domesticacdo de Pourouma cecropiifolia baseada na diversidade cloroplastidial.
Para responder as questdes do estudo, nGs comparamos caracteristicas morfolégicas de frutos e
sementes entre populacdes silvestres e domesticadas para quantificar os efeitos diretos da
domesticagdo. Para entender o efeito correlacionado da selecdo humana e da selecéo natural,
quantificamos as diferencas nas caracteristicas da planta inteira, avaliamos os efeitos da selecéo
artificial sobre a alometria de frutos e sementes e investigamos a relacéo entre as caracteristicas
e as condi¢cBes ambientais. Para avaliar os efeitos genéticos da domesticacdo, quantificamos a
diversidade e a diferenciagdo genética entre os grupos silvestres e domesticados de Pourouma
cecropiifolia usando sequéncias de DNA de cloroplasto. Nas plantas domesticadas, os frutos
tiveram dobro de polpa comestivel e massa 20x maior do que os frutos das plantas silvestres.
Os valores de razdo altura:didmetro da planta e densidade da madeira foram 42.15% e 21.74%
respectivamente maiores nas populagdes silvestres. As populacdes domesticadas apresentaram
maior variabilidade morfol6gica em caracteristicas sob selecdo direta: tamanho e massa de
frutos, sementes e polpa. A atuacdo conjunta entre a selecdo natural e a selecdo humana
modificou o padréo esperado na alometria entre a massa da semente e a massa do fruto, devido
aos efeitos contrastantes entre os filtros ambientais, que promovem a reducdo da semente e a
selecdo humana, que promove o aumento da semente. As variacdes ambientais ndo tiveram
efeito significante quando comparadas aos efeitos da selecdo humana sobre as mudangas
morfolégicas associadas a domesticacdo. As populagdes domesticadas foram geneticamente
menos diversas que as populacOes silvestres. A relagdo entre as linhagens sugere que a

domesticacdo de Pourouma cecropiifolia se originou no Alto Solimdes.
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Abstract

The study of the different aspects, morphological, ecological and genetic that mark the changes
generated with human selection, provides integrated and robust information about the plant
domestication history. The objectives of this study were: i) identify the magnitude of the
differences between the domesticated populations of Pourouma cecropiifolia and the wild
populations located in adjacent forests; ii) evaluate whether human selection altered fruits and
seeds allometric relationships in domesticated plants of Pourouma cecropiifolia; iii) investigate
if there is a relation between the morphological characteristics of Pourouma cecropiifolia and
variations in the environmental conditions and whether this relationship differs between
domesticated and wild populations; iv) quantify the difference in genetic diversity between the
wild and domesticated populations of Pourouma cecropiifolia and v) identify the Pourouma
cecropiifolia domestication origin center based on chloroplastidial diversity. To answer the
study questions, we compared the fruits and seeds morphological characteristics between wild
and domesticated populations to quantify the direct effects of domestication. To understand the
correlated effect between human selection and natural selection, we quantify the differences in
the characteristics of the whole plant, evaluated the effects of artificial selection on the fruits
and seeds allometry, and investigate the relation of the characteristics with the environmental
conditions. To evaluate the domestication genetic effects, we quantified the diversity and
genetic differentiation between the wild and domesticated groups of Pourouma cecropiifolia
using chloroplast DNA sequences. In the domesticated plants, the fruits had double edible pulp
and 20x greater mass than the wild plants fruits. The values of plant height: DBH ratio and
wood density were, respectively, 42.15% and 21.74% higher in the wild populations. The
domesticated populations showed greater morphological variability in characteristics under
direct selection: size and mass of fruits, seeds and pulp. The combined action of natural
selection and human selection modified the expected pattern in the allometry between seed
mass and fruit mass, due to the contrasting effects between environmental filters, which
promote seed reduction and human selection, which promotes the seed increase. Environmental
variations did not have a significant effect when compared to the effects of human selection on
the morphological changes associated with domestication. The domesticated populations were
32% less diverse than wild populations. The relation between the lineages suggests that the

domestication of Pourouma cecropiifolia originated in Alto Solimdes.
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Introducéo Geral

A domesticacdo de plantas € um processo evolutivo (Harlan, 1992), no qual a selecdo
humana leva populacdes de plantas cultivadas a divergir morfoldgica e geneticamente de seus
progenitores silvestres (Clement, 1999; Pickersgill, 2007; Miller & Gross, 2011). O conjunto
de tracos que marcam a divergéncia de populacdes de plantas domesticadas de seus
progenitores silvestres ¢ definido como a “sindrome de domesticagdo” (Harlan, 1992). Os tracos
mais comuns da sindrome de domesticacdo em plantas sdo as mudangas nos compostos
secundarios, seguido por alteracdes na morfologia das partes vegetativas aéreas e alteracées nos
frutos (Pickersgill, 2007; Meyer et al., 2012). Uma abordagem recente, focada em aspectos
ecologicos, sugere que, além das alteracBes nas partes domesticadas, ocorrem mudancas em
outros 6érgdos das plantas domesticadas, que ndo estdo sob selecdo direta, devido a correlacao
entre as caracteristicas da planta inteira e do efeito das condi¢cdes ambientais sobre o fenétipo
das populacBes domesticadas (Milla et al., 2015). Além dos aspectos morfoldgicos e
ecologicos, outro aspecto marcante da domesticacdo em plantas é a reducdo da diversidade
genética das populagdes domesticadas quando comparada as populages silvestres, devido ao
pequeno namero de individuos selecionados da populacédo silvestre original que sdo levados
para colonizar um novo ambiente (Nei, Maruyama & Chakraborty, 1975; Zohary, 2004; Zeder
et al., 2006). Portanto, estudar o conjunto dos diferentes aspectos morfoldgicos, ecoldgicos e
genéticos que marcam as mudancas geradas com a selecdo humana nos fornece informacdes

integradas e robustas sobre a histdria da domesticacdo de plantas.

No primeiro capitulo, utilizamos uma abordagem ecoldgica para testar a magnitude das
diferencas entre as populacfes domesticadas de Pourouma cecropiifolia e as populagoes
silvestres encontradas em areas de floresta adjacentes. Também avaliamos a alteracdo das
relacBes alométricas de alocacdo de recursos em plantas domesticadas, e as relaces entre as
caracteristicas morfol6gicas de Pourouma cecropiifolia e variacGes nas condi¢cdes ambientais.
No segundo capitulo, quantificamos a diferenca na diversidade genética entre as populagdes
silvestres e cultivadas de Pourouma cecropiifolia e identificamos as relagdes entre as linhagens
silvestres e domesticadas para a encontrar o centro de origem de domesticagdo de Pourouma

cecropiifolia baseada na diversidade cloroplastidial.



Objetivos

Objetivo Geral

Investigar os aspectos ecoldgicos e genéticos da domesticacdo de populagdes de Pourouma

cecropiifolia da Amazénia Ocidental.

Objetivos Especificos

Identificar se as populacdes domesticadas de Pourouma cecropiifolia possuem
caracteristicas morfologicas distintas em relacdo as populagdes silvestres encontradas
em areas de floresta adjacentes e, em caso afirmativo, quantificar a magnitude dessas
diferencas;

Verificar se a selecdo humana aumentou a variabilidade fenotipica de caracteristicas sob
selecdo em populagdes domesticadas de Pourouma cecropiifolia;

Avaliar se a selecdo humana alterou relacGes alométricas de alocacdo de recursos em
plantas domesticadas de Pourouma cecropiifolia;

Investigar se existe relacdo entre as caracteristicas morfolégicas de Pourouma
cecropiifolia e variagfes nas condi¢cbes ambientais e se essa relacdo difere entre
populacdes domesticadas e silvestres;

Quantificar a diferenca na diversidade genética entre as populacGes silvestres e
domesticadas de Pourouma cecropiifolia;

Identificar o centro de origem de domesticacdo de Pourouma cecropiifolia baseada na

diversidade cloroplastidial.
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Summary

Domestication studies traditionally focus on the differences in morphological
characteristics between wild and domesticated populations that are under direct
selection, the components of the domestication syndrome. Here, we consider that other
aspects can be modified, because of the interdependence between plant characteristics
and the forces of natural selection. We investigated the domestication of Pourouma
cecropiifolia populations in Western Amazonia, using an ecological approach. We
compared fruit characteristics between wild and domesticated populations to quantify
the direct effects of domestication. To examine the characteristics that are not under
direct selection and the correlated effects of human selection and natural selection, we
investigated the differences in vegetative characteristics, changes in seed:fruit allometric
relations and the relations of these characteristics with variation in environmental
conditions summarized in a Principal Component Analysis. Domestication generated
great changes in fruit characteristics, as expected in fruit crops. The fruits of
domesticated plants had 20x greater mass and twice as much edible pulp as wild fruits.
The plant height:DBH ratio and wood density were, respectively, 42.15 % and 21.74 %
smaller in domesticated populations, probably in response to greater luminosity and
higher sand content of the cultivated landscapes. Seed:fruit allometry was modified by
domestication: although domesticated plants have heavier seeds, the domesticated fruits
have proportionally (46 %) smaller seed mass compared to wild fruits. The high light
availability and poor soils of cultivated landscapes may have contributed to seed mass
reduction, while human selection promoted seed mass increase in correlation with fruit
mass increase. These contrasting effects generated a proportionately smaller increase in
seed mass in domesticated plants. In this study, it was not possible to clearly dissociate
the environmental effects from the domestication effects in changes in the
morphological characteristics, because the environmental gradient also represents a
gradient of human management. However, an environmental variable that is less
correlated with human management, specifically potassium, suggested phenotypic
plasticity of wood density, a characteristic not associated with the domestication of fruit
trees. Our results suggest that evaluation of environmental conditions together with
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human selection on domesticated phenotypes provide a better understanding of the
changes generated by domestication in plants.

Key words: allometry, Amazonia, domestication syndrome, ecological perspective,
environmental effects, perennial fruit crop.

Introduction

Plant domestication resulted in populations more useful to humans and better
adapted to cultivated landscapes (Harlan, 1992; Clement, 1999). Although humans have
domesticated populations of many species, currently only 12 annual crops account for
75 % of world food consumption (FAO, 2004). In the tropics, however, many fruit trees
were domesticated in different degrees (Miller and Gross, 2011; Meyer et al., 2012),
and in the Amazonia, most species with domesticated populations are fruit trees
(Clement, 1999). One of these species is the Amazon tree grape (Pourouma
cecropiifolia, Urticaceae), a fruit species especially popular among the Ticuna people of
Brazil, Colombia and Peru. Wild populations occur in the Amazon basin in both
floodplain and upland (terra firme) forests (Figure 1). Because of its ample distribution
across different ecosystems that provide different selective pressures, and because it is
used by many indigenous peoples and traditional communities, it is possible that the P.
cecropiifolia domestication syndrome has been influenced by factors other than only
human selection, especially ecological factors. In our study, we examined wild and
domesticated populations of P. cecropiifolia to evaluate the effects of human selection,
the environment, and their interactions on fruits, seeds e vegetative characteristics
(Preece et al., 2017).

Domestication studies traditionally approach the differences and variation in
morphological and genetic aspects between wild and domesticated plants populations
(Harlan, 1992; Clement, 1999; Miller and Gross, 2011). However, a focus only on
domesticated characteristics can limit the understanding of the interaction between
human selection and natural selection. Because natural selective forces act on the
phenotypes along with human selection, the set of characteristics that marks the
divergence between domesticated and wild plants, the domestication syndrome, is
probably more diverse than understood in classic domestication studies (Milla et al.,
2015; Preece et al., 2017). A look at the ecological mechanisms that continue to act
during the domestication process considers characteristics that are and are not under
human selection and the correlations between characteristics. An ecological approach
also allows the identification the relations between morphological characteristics and
environment conditions and evaluation of the integrated effect of domestication and the
environment on phenotypic plasticity of the characteristics directly or indirectly
modified by human selection. Therefore, considering ecological aspects can generate a
more complete and integrated understanding of the domestication process (Milla et al.,
2015).

In trees, the domestication process begins with population management in their
natural environment (Rindos, 1984; Smith, 2011). Subsequently, individuals with the
most desirable morphological characteristics are selected and cultivated in domesticated
landscapes (Clement, 1999; Smith, 2011; Levis et al., 2017). Growing conditions under
cultivation and directional selection lead the domesticated plant populations to diverge
morphologically and genetically from their wild progenitors (Miller and Gross, 2011;
Pickersgill, 2007). The genetic variability of populations under selection is reduced due
to founder events (Nei et al., 1975) caused by the selection of a few individuals and a



restricted gene pool in the next generation (Miller and Gross, 2011). In contrast, the
phenotypic variability of the characteristics under selection in domesticated populations
may increase in comparison with wild populations (Clement, 1999; Meyer and
Purugganan, 2013).

Changes in the morphology of aerial vegetative parts, fruits and seeds are among
the most common characteristics of the plant domestication syndrome (Meyer et al.,
2012). In herbaceous plants, increases in leaf and whole-plant size are observed (Milla
and Morente-L0opez, 2014). In fruit trees, fruit and seed “gigantism” is very frequent
(Meyer et al., 2012). These changes in the useful parts’ sizes and in the whole-plant size
occur due to changes in biomass allocation patterns in and among the parts of interest
(Milla et al., 2015). The increase in certain plant organs or parts caused by
domestication can lead indirectly to changes in size of other plant parts due to allometric
or biophysical relationships. In this case, any increase in allocation to an organ should
be complemented by a proportional increase to the other organ or it has a cost to the
other organ (Kleyer and Minden, 2015). Allometric relationships were analyzed in five
herbaceous species and it was observed that plants selected to have larger leaf areas
invested less in leaf blade biomass, but invested in larger petioles and other supporting
structures, leading to larger plant sizes (Milla and Matesanz, 2017). For fruits and seeds,
some allometric relationships are well known; for example, plants that have fruits with
larger seeds have a smaller number of seeds per fruit (Niklas, 2004). However, to our
knowledge, there are no studies about the allometric relationships in fruit trees to
explain the fruit and seed size changes generated by domestication. The changes in fruit
and seed allometric relationships might be a signature of food plant domestication, and,
if observed for several species, can be a parameter to identify fruit species
domestication in future research.

In addition to human selection, the environmental conditions where
domesticated plants develop also generate selective pressures that affect their
phenotypes (Harlan, 1992; Rindos, 1984). Knowledge of local environmental conditions
will help us to evaluate whether they are favorable, unfavorable or do not interfere with
human selection. This will help us to understand what is a direct result of domestication
and what is a reflection of the interaction between human selection and environmental
variations, which results in a phenotypic plasticity response (Schlichting and Levin,
1986; Scheiner, 1993; Gratani, 2014). When plants are cultivated, humans modify the
landscape to create environmental conditions that reinforce the characteristics of interest
and that favor the harvesting process. Farmers typically change soil fertility, light
availability and reduce competition through the thinning of neighboring plants (Harlan,
1992; Clement, 1999). For example, the increase in available light and in soil fertility
can generate an increase in the size of fruits, contributing to human interest. This can
also affect other characteristics that are not under human selection, such as
characteristics of leaves and roots, wood density and plant height, which respond to soil
and light conditions and can be modified indirectly by domestication due to changes in
the environmental conditions caused by human management in the landscape.

In this study, we investigated the domestication process of Pourouma
cecropiifolia populations in Western Amazonia, where cultivated populations with large
fruits occur. We use the traditional approach (focused on differences and variation in
morphological characteristics under selection) allied with an ecological approach
(human selection effects on allometry and the relations of morphological characteristics
with the environment) to answer the following questions: (i) do domesticated
populations have distinct morphological characteristics in contrast to wild populations
located in adjacent forests and, if so, what is the magnitude of these differences? (ii) has



human selection increased the phenotypic variability of characteristics under selection
in domesticated populations? (iii) has human selection altered fruit and seed allometric
relationships in domesticated plants? and (iv) what is the importance of environmental
conditions in explaining the variation in morphological characteristics in wild and
domesticated populations?

Material and Methods
Study area

This study was conducted in eight Ticuna indigenous communities, along
approximately 400 km of the upper Solimdes River in western Brazilian Amazonia
(Figure 1). The Ticuna people are the largest indigenous group in Brazil and are
distributed in three countries: Brazil, Colombia and Peru. In Brazil, their communities
are located in the state of Amazonas and are distributed along both margins of the
Solimdes River and its tributaries, where our sampling was performed. The upper
Solimdes River was chosen as the study area because it has a high concentration of
cultivated P. cecropiifolia populations and is considered to be the center of
domestication (Clement, 1989; Clement et al., 2010). In this region, cultivated
populations occur in terra firme areas and wild populations occur in adjacent floodplain
forests.

Sampling design and trait measurements

In each of the eight communities, we sampled 10 adult plants in a terra firme
area under cultivation (domesticated population) and 10 adult plants in a nearby forested
area (wild population); three kilometers was the average distance between paired
populations. The paired sampling model follows Dawson et al. (2008), who studied
domestication of Inga edulis in Western Amazonia. For each individual plant we
measured the following morphological characteristics: (i) number of fruits per bunch
(mean of five bunches), (ii) fruit length (cm), (iii) fruit diameter (cm), (iv) fruit mass
(9), (v) seed mass (g), (vi) peel mass (g), (vii) pulp mass (g) - by difference (iv - v - vi),
(viii) pulp:fruit mass ratio - ratio vii:iv, (ix) seed:fruit mass ratio - ratio v:iv, (x)
diameter at breast height (DBH) (cm), (xi) plant height (m), to determinate the (xii)
plant height:DBH ratio (m/cm) and (xiii) branch wood density (g/cm3). For fruit and
seed metrics, we used two fruits from each of the five bunches. DBH was measured at
1.30 m above ground level. Plant height was estimated using a hypsometer (Vertex
Laser VL400 Ultrasonic-Laser Hypsometer 111, Haglof of Sweden). Wood density was
determined by the ratio between the dry weight and wet volume of a lateral terminal
branch section, with approximately two centimeters in diameter. The wood samples had
the wet volume measured by water displacement and were dried for 72 h at 105 °C.

Environmental conditions

We collected 300-g soil samples in the 0-30 cm layer close to each tree sampled.
The 10 individual samples from each population were dried, homogenized and mixed in
the laboratory to make a composite sample that represented the soil of each population.
The composite sample was analyzed to evaluate phosphorus, potassium, calcium, and
magnesium concentrations (EMBRAPA, 1997). The clay, sand and silt content were
determined by granulometric analysis to characterize soil texture (EMBRAPA, 1997).



Light availability was estimated for each tree and averaged over the population.
We used the Crown Illumination Index, which describes the environment luminosity
inside the forest, in a scale ranging from 1, where there is diffuse incident light, up to 4,
where there is direct light on the canopy (Keeling and Phillips, 2007).

Statistical analyses

To evaluate the morphological differences between domesticated and wild
individuals, we compared the means and amplitudes of variation of 10 characteristics
using Kernel density graphs, performed in R (R Core Team, 2016). A Principal
Component Analysis (PCA) of the 10 morphological characteristics was also used to
evaluate the differentiation between wild and domesticated individuals, and to evaluate
which characteristics are most strongly correlated with domestication, performed in R.
To identify and classify groups, and to evaluate the phenotypic variability of wild and
domesticated populations, we performed a cluster analysis based on Normal Mixture
Modeling, performed with the mclust package (Fraley et al., 2012; Fraley and Raftery,
2002) in R. The phenotypic variability was evaluated through the variances of the
groups generated with the cluster analysis.

To evaluate whether domestication altered allometric patterns of fruit
components, we used data from the literature of 74 non-domesticated species with drupe
fruits like those of P. cecropiifolia (Ibarra-Manriquez and Oyama, 1992; Chen et al.,
2010; Shiels and Drake, 2011; Bentos et al., 2012). We adjusted Niklas’ (1994) model
of the relationship between fruit mass and seed mass for these non-domesticated species
(including non-domesticated P. cecropiifolia populations), and used this model for
domesticated P. cecropiifolia individuals (n = 80). We then compared their shape
factors (exponent of the potential relation between variables) and scaling factors
(intercept of the potential relation between variables). The differences between the two
equations were evaluated by the overlap of the confidence intervals of the shape and
scaling values. These non-linear regression analyses were done in the gpcR package
(Spiess, 2014) in R.

To evaluate the effect of environmental conditions on the 10 morphological
characteristics, compare the environmental effects with the domestication effects on the
characteristics, and evaluate the combined effect of the environmental gradient and
domestication, we used path analysis. The environmental conditions were represented
as an environmental gradient summarized through of a Principal Component Analysis
(PCA), which included Crown Illumination Index (Keeling and Philips, 2007), soil
texture (clay, sand and silt contents), nutrients individually (calcium, magnesium,
potassium and phosphorus) and the sum of bases. Domestication was treated as a
categorical variable: wild vs domesticated. For path analysis, we did linear regressions
(i) to measure the direct effect of domestication on the characteristics, (ii) to measure
the direct effect of the environmental gradient on the characteristics; and (iii) to measure
the effect of domestication on the environmental gradient. To measure the effect of
domestication via environment (indirect effect of domestication due to changes in the
environmental conditions caused by human management of the landscape), we
multiplied the standardized coefficient of the domestication effect on the environmental
gradient and the standardized coefficients of the direct effect of the environmental
gradient on the each characteristic (Olobatuyi, 2006). The standardized coefficients of
the linear regressions were used in the path analysis to evaluate the magnitude of the
effects on the characteristics. To evaluate the individual effect of environmental



variables, we performed simple linear regressions between each environmental variable
and each morphological characteristic. All analyses were run in R.

Results
Morphometry and domestication syndrome

The domesticated Pourouma cecropiifolia populations presented larger size and
mass of fruits and seeds than the wild populations (Figure 2, Table S1). Domesticated
fruits had 20x greater mass than wild fruits. About 64 % of the domesticated fruit is
composed of edible pulp, compared to only 34 % in wild fruits (Table S1). On the other
hand, the average values of fruits per bunch, plant height:DBH ratio and wood density
were 24.8 %, 42.1 % and 21.7 % higher in wild populations, respectively (Table S1).

The first axis of the Principal Component Analysis with the 10 morphological
characteristics (Figure 3) explained 73.7 % of the data variation and clearly
differentiated wild and domesticated plants. The characteristics most associated with the
domestication syndrome, mass, proportion and size of fruits and their components (seed
and pulp), were highly and positively correlated (+ 90 %) with axis 1. The second axis
explained 7.9 % and the third axis (not shown) explained 7.7 % of the data variation,
and did not differentiate wild from domesticated plants.

Reinforcing the pattern found in the PCA, the clustering and classification
analysis (Normal Mixture Modeling) distinguished among groups of domesticated and
wild populations for seven morphological characteristics (Table 1). Fruit length, fruit
diameter, fruit mass, seed mass, pulp:fruit mass ratio and seed:fruit mass ratio allowed
discrimination of two groups, the domesticated populations and the wild populations.
Pulp mass allowed discrimination of three groups, dividing the domesticated
populations into two groups, with four populations in and close to Tabatinga in one
group, and four populations further east in the study area in another group. Number of
fruits per bunch, plant height:DBH ratio and wood density did not differentiate wild
populations from domesticated populations.

Among the characteristics that contributed to discriminate groups, fruit diameter,
fruit mass, seed mass and pulp mass presented higher variances in domesticated
populations (Groups 2 and 3), indicating greater morphological variability in these
characteristics in plants under human selection (Table 1). The greater amplitude of
variation in these characteristics is also apparent in the density curves (Figure 2). The
fruit length and pulp:fruit mass ratio did not present differences in the variances among
the groups.

Allometric changes in domesticated plants

The general allometric model SM = 0.63 FM%8 (where SM is seed mass and FM
is fruit mass) based on 74 species that have fleshy fruits with only one seed (including
Pourouma cecropiifolia wild populations) presented a higher value of the shape factor
than the model adjusted to the characteristics of domesticated individuals (SM = 0.44
FM®8%), There was no difference in the confidence intervals of the scaling factor
between the equations. In the equation for domesticated individuals the confidence
interval of the scaling factor ranged from 0.35 to 0.55 and in the general equation for 74
wild species it ranged from 0.52 to 0.74. The confidence intervals of the shape factor
values of the equations did not overlap. In the equation of domesticated individuals, the
confidence interval of the shape factor ranged from 0.50 to 0.69 and in the general
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equation for 74 wild species it ranged from 0.83 to 0.96. This indicates that the two
equations are different and that the observed values of seed mass in the P. cecropiifolia
domesticated plants are lower than the values predicted by the general allometric
equation. The seed:fruit mass ratio changed from approximately 0.9:1 in wild plants to
0.6:1 in domesticated plants (Figure 4A). In comparison, the correlation between the
observed seed mass and the predicted seed mass by the model is higher in wild P.
cecropiifolia plants (r2 = 0.87) than in domesticated plants (r2 = 0.66, Figure 4B).

Effects of environmental conditions on Pourouma cecropiifolia traits

We found significant effects of domestication and of the environmental gradient
on the 10 morphological characteristics (Table S3). Domestication generated an
increase in length, diameter and mass of fruits, in seed mass, in pulp mass and in
pulp:fruit mass ratio (Figure 5). In contrast, domestication generated a reduction in
fruits per bunch, seed:fruit mass ratio (seed:fruit allometry), plant height:DBH ratio and
wood density. The mass and size of fruits (Figure 6B, 6C, 6D), seeds (Figure 6E), pulp
(Figure 6F) and pulp:fruit mass ratio (Figure 6g) increase in environments with higher
available light and poorer sandier soils. The number of fruits per bunch (Figure 6A),
seed:fruit mass ratio (Figure 6H), plant height:DBH ratio (Figure 61) and wood density
(Figure 6J) increase in environments with less available light and more fertile silty soils.

The domestication dichotomy and the environmental gradient had strong direct
effects with similar magnitudes on all morphological characteristics (Figure 5).
However, domestication has a stronger effect on the environmental conditions.
Consequently, we also found a strong indirect effect of domestication via the
environment on all characteristics. Domestication is strongly correlated with variations
in light availability (CII), sum of bases, and in the soil contents of calcium, magnesium,
phosphorus, silt and sand (Figure S3). Cultivated landscapes (terra firme) have 28 %
higher light availability, poorer soils (16x less sum of bases), and 63 % sandier soils
than floodplain forests (right side of Figure S1); the floodplain forests have low light
availability and more fertile siltier soils (Table S2). Only the clay and potassium
contents were slightly altered in cultivated landscapes and are less correlated with
domestication (Figure S3). Analyzing only those characteristics less associated with
domestication, we found a significant increase in wood density due to the increase in
potassium content (Figure S4).

Discussion

Using the traditional morphometric approach of domestication studies, we found
higher mean values and greater variability in the dimensions and mass characteristics of
the fruit in domesticated populations. The vegetative characteristics also varied, but to a
lesser extent than the fruit characteristics. The domesticated populations showed lower
values of plant height:DBH ratio and wood density than wild populations. Using an
ecological approach, we found marked changes in the seed:fruit allometric relation. The
domesticated fruits have a lower proportion of seed mass than the wild fruits of the
same species and the fruits of 74 species of non-domesticated plants with the same fruit
type (drupe). In addition, we observed that the morphological characteristics evaluated
in P. cecropiifolia are influenced by variations in soil and light conditions. However, it
IS not easy to dissociate the environmental effect from the domestication effect, because
farmers also created cultivated landscapes. In our study, the environmental gradient also
reflects a gradient of human management.
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Morphological traits in domesticated versus wild populations

The increase in size and mass of fruits and seeds are the characteristics most
modified during the domestication process of fruit species (Meyer et al., 2012).
Domestication in fruit trees selects extreme phenotypes for size and mass of fruits, and
eliminates phenotypes that differ from the preferred phenotype, reducing their
frequencies in domesticated populations (Zohary, 2004). In P. cecropiifolia, humans
selected for fruits with larger sizes and larger masses than those found in wild
populations, in which large fruits are not favored by natural selection (McCouch, 2004).
Dispersers of wild P. cecropiifolia in the forest are usually small-sized primates, such as
Saguinux mystax, S. fuscicollis (Knogge and Heymann, 2003), Callimico goeldii,
Saguinux labiatus (Porter, 2001) and Cebus paella (Gomez-Posada, 2012). Smaller
fruits may provide an advantage over large fruits for dispersal by small-sized primates,
because they can be more easily removed, transported and dispersed (Tanksley, 2004).
On the other hand, in domesticated plants, the larger fruit size does have an adverse
effect, because humans guarantee the seeds’ dispersal and the seedlings’ establishment.

Within the domesticated populations we found geographic variation for fruit
size, where a group of populations on the western side of the sample area had larger
fruit than a group of populations to the east. This finding supports Clement’s (1989)
proposal of a larger-fruited landrace close to the triple frontier (Brazil, Colombia, Peru).
Whether this extends as far as lquitos, Peru, where Ducke (1946) commented on the
abundance and popularity of P. cecropiifolia, remains to be investigated. With respect
to the number of fruits per bunch, domesticated populations have smaller numbers than
wild populations, although this was not statistically significant. This negative
correlation between number and size is common in fruit trees (Browning, 1985), due to
the reallocation of photoassimilates to fruit size, which demands a decrease in the
number of fruits per bunch for biomechanical reasons. The lower mean values found in
plant height:DBH ratio and in wood density can be explained by changes in edaphic and
light conditions, which will be better detailed later in the specific section where the
environmental effects on the morphological characteristics will be discussed. However,
it is also possible that domestication has generated a reduction in the height, diameter
and wood density of the trees, due to the reallocation of photoassimilates to the
harvestable product, changing the ratio between the biomass of the harvestable product
(the fruits and seeds in the case of Pourouma cecropiifolia) and the total plant biomass
(Li etal., 2012). This ratio is called the ‘harvest index’, and a negative correlation with
plant height is common in many annual crops, such as rice (Li et al., 2012) and sorghum
(Can and Yoshida, 1999) due to greater translocation of photoassimilates from the
vegetative tissues to grains (Zou et al., 2003). For tree crops, this negative correlation is
also expected (Cannell, 1985).

Is the variability in traits under human selection higher?

In addition to the morphological differences between wild and domesticated
populations that characterize the domestication syndrome, phenotypic variability is also
expected to be greater in useful parts (Pickersgill, 2009). This expectation was observed
in domesticated populations of banana (Li et al., 2013), peach palm (Clement, 1988)
and tomato (Tanksley, 2004). Although genetic variability generally decreases in
domesticated populations, phenotypic variability of selected parts may increase with
domestication (McCouch, 2004; Purugganan and Fuller, 2009) due to dispersal and
diversification after initial domestication (Meyer and Purugganan, 2013). During the
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dispersal process, the genetic material under selection is shared and disseminated among
different human groups with cultural peculiarities, which may have, for example,
different food preferences. This may also promote diversity in domestication syndromes
(Milla et al., 2015). In the case of domesticated P. cecropiifolia populations, the Ticuna
report fruits with more fibrous pulp and others whose pulp has higher water content,
thus generating large variation in pulp mass and in fruit mass. However, the Ticuna also
report that they seldom select for the juicier pulp, as the fruits “explode” when they fall
on the ground, a common occurrence during harvesting, and are unfit for transport or
sale.

Alterations in the seed mass:fruit mass allometry

Humans selected P. cecropiifolia plants to have larger fruits. In response to
selection to increase fruit mass, a faster increase in pulp mass than in seed mass is
expected, resulting in fruit with a higher relative proportion of pulp (Martinez et al.,
2007; Chen et al., 2010). The increase in pulp mass in P. cecropiifolia is mainly due to
the increase in carbohydrates (fibers, cell walls and starch) (Lopes et al., 1999). Due to
the correlation among fruit components, the increase in fruit mass also leads to an
increase in seed mass. However, the seeds of domesticated P. cecropiifolia do not
follow the same tendency of increase observed in wild plants (MS ~ MF°#; Niklas,
1994). Seeds contain proteins and oils, which are energetically more “expensive” than
carbohydrates (Lopes et al., 1999). Therefore, it is likely that seed mass does not
increase in the same proportion as fruit mass in domesticated plants, because the highest
selective pressure is on the fruit, which responds with more carbohydrates, and not on
the seed, which needs to retain a balance of proteins, carbohydrates and oils to
guarantee good germination.

The combined effects of environmental conditions and human selection

In this study, we observed that the domestication of the Pourouma cecropiifolia
cultivated populations is strongly associated with the domestication of the cultivated
landscapes (Clement, 1999). When we evaluated the environment in an integrated way
(the full set of environmental variables), it was not possible to clearly separate the effect
of human selection from the effect of environmental conditions. The fact that wild
populations are in flooded areas and the domesticated populations are in upland areas
certainly increases the difference between the environments. However, we believe that
even if we were comparing upland areas, there would still be strong differences between
cultivated and wild landscapes, due to changes in the environmental conditions resulting
from human management, which are inherent to the process of plant domestication
(Clement, 1999). Therefore, the observed domesticated phenotype is a result of a
combination of human selection and the environmental conditions of the sites where the
plants develop.

Contrary to expectations for the variation in size and mass of fruits and their
components in response to edaphic conditions (Janick and Paull, 2008), we found fruits
with larger masses and sizes, and larger masses of seed and pulp in the domesticated
populations, that occur in soils 16x poorer in nutrients and 63 % sandier than floodplain
soils, where wild populations occur. Having larger fruits with larger seeds and pulp
mass in poorer and sandier soils is an indication that the domesticated phenotype is
mainly a result of alterations in the genotype resulting from domestication, considering
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that for P. cecropiifolia the fruit characteristics are the most important for humans and
are under direct human selection.

The subtle variations in vegetative characteristics indicate that they are not under
direct selection. These changes are possibly results of changes in the environmental
conditions caused by human management, an indirect effect of domestication. Due to
the high light availability in cultivated landscapes, the plants of the domesticated
populations invested less in growth in height, because the competition with other plants
for light is smaller when compared to the individuals who are in forest landscapes that
have smaller canopy openings (Cannell, 1985). With the greater light availability in the
cultivated environment, domesticated plants possibly grow faster than wild plants, and
consequently have lower wood density (Poorter, 1999; Poorter et al., 2008). The plant
height:DBH in domesticated plants is also affect by the sandier soils of the cultivated
areas. Sandy soils maintain less water and nutrients due to their lower surface areas
(Tarboton, 2003), which affects the water supply in the dry seasons. The sandy soils
also provide lower anchorage for the roots of the trees, making it difficult to maintain
plants with greater heights and larger diameters.

Under natural conditions, wild P. cecropiifolia plants produce proportionately
larger seeds due to the difficult conditions of establishment in the shaded understory, as
observed in other forest species (Salisbury, 1974; Westoby et al., 1996). In cultivated
landscapes where the P. cecropiifolia domesticated plants grow, the low fertility of
cultivated soils (Westoby et al., 1990; Hammond and Brown, 1995) and the high light
availability promote reduction of the seed mass (Eriksson et al., 2000; Moles et al.,
2005). In contrast, human selection for larger fruits and the positive correlation between
fruit mass and seed mass promote an increase in seed mass in the domesticated plants.
Therefore, the combined but contrasting environmental effects and human selection lead
domesticated populations to have a proportionately smaller increase in seed mass than
wild populations.

By evaluating individually the variables not correlated with landscape
domestication, it was possible to observe which morphological changes are effectively
responding to environmental variations. The positive correlation between wood density
and potassium content in the soil, and the existence of one domesticated population with
wood density similar to the wood density of the wild populations, in a site with a high
potassium content, shows the environmental effect on the phenotypic plasticity of the P.
cecropiifolia individuals. This suggests that, although the effect of environmental
conditions in cultivated landscapes can be superimposed on the domestication effect, we
cannot ignore the plastic capacity of individuals in explaining the morphological
variations of plants under human selection.

Due to the difficulty in dissociating the effect of environmental conditions from
the effect of human selection, mainly on the characteristics of fruits, we suggest that
reciprocal transplant experiments of domesticated plants to uncultivated landscapes and
wild plants to cultivated landscapes will also be needed to effectively differentiate the
domestication effects from the environmental effects. In addition, we also consider that
in future studies it will be necessary to evaluate experimentally the effect of luminosity
on fruit mass, seed mass and in seed:fruit allometry considering the high light
availability in cultivated landscapes and because it is expected that there is a positive
correlation between light intensity and fruit mass (Moles et al., 2005; Janick and Paull,
2008), but a negative correlation with seed mass (Eriksson et al., 2000; Moles et al.,
2005).
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Conclusions

Addressing ecological aspects in plant domestication studies provides us with a
more integrated understanding about the evolution of cultivated plants, because the
domesticated phenotypes are the result of the combined effects of human selection and
natural selection on plant populations. We quantified modifications in numerous
components of the domestication syndrome of Pourouma cecropiifolia populations in
Western Amazonia. The domesticated plants presented substantial changes in the
morphology of the fruits and seeds, and more subtle changes in vegetative
characteristics. The combined effect of natural selection and human selection modified
the expected pattern in the allometric relations between seed mass and fruit mass, due to
the contrasting effects of environmental filters, which promote seed size reduction, and
human selection, which promotes seed size increase. The strong correlation between
domestication and the environmental gradient due to changes in the landscape generated
by human management made it difficult to separate environmental effects from human
selection effects. However, when analyzing individually the variables not correlated
with landscape domestication, it was still possible to observe an increase in wood
density in response to an increase in the potassium content in the soil, which shows us
the responses of the Pourouma cecropiifolia individuals to variations in environmental
conditions.

The evaluation of the effects of environmental conditions and of human
selection and management in cultivated landscapes are important for a better
understanding of the domestication syndrome. We suggest that the allometric
differences between fruits and seeds of wild and domesticated plants can be used in
future studies, as an additional parameter of the domestication syndrome.

Authors' Contributions

HC: contributed to conception and design of the study, was responsible for field
collections and laboratory analyses, conducted the statistical analyzes, contributed to the
interpretation of the results, wrote the first version of the manuscript, and approved the
final version to be published. CR: contributed to conception and design of the study and
statistical analyzes, participated substantially in the interpretation of the results and
drafting of the manuscript, and approved the final version to be published. JS:
contributed to conception and design of the study, participated substantially in the
statistical analyses, interpretation of the results and drafting of the manuscript, and
approved the final version to be published.

Acknowledgements

We thank the Ticuna people for their permission to work with them and for their
assistance in various Indigenous Territories of the upper Solimdes River and the
Fundacdo Nacional do indio (FUNAI) for their authorization (process
08620.046540/2015-39). The research was funded by the Fundacéo de Amparo a
Pesquisas do Estado do Amazonas (FAPEAM) Universal
19776.UNI1472.1978.20022014 and FAPEAM/Newton Fund 062.00831/2015. We thank
Dr. Hans ter Steege and the Amazon Tree Diversity Network (ATDN) for the
availability of Pourouma cecropiifolia occurrence and abundance data in their
permanent plots. Their contact is: http://atdn.myspecies.info/. We also thank the field
assistants Claudia Reis Mendonca and Bernardo Cruz Gabriel.



http://atdn.myspecies.info/

15

Data accessibility

Data for this paper have been archived in figshare:
https://figshare.com/articles/data_Pcecropiifolia_xIsx/5306380

References

Bentos, T. V., Mesquita, R. C. G., Camargo, J. L. C., and Williamson, G. B. (2012).
Seed and fruit tradeoffs — the economics of seed packaging in Amazon pioneers.
Plant Ecol. Divers. 874, 371-382. doi:10.1080/17550874.2012.740081.

Browning, G. (1985). “Reproductive behaviour of fruit tree crops and its implications
for the manipulation of fruit set,” in Attributes of trees as crop plants, ed. J. E.
Jackson, M. G. R.; Cannell (Huntington, WV: Institute of Terrestrial Ecology),
409-425.

Can, N. D., and Yoshida, T. (1999). Genotypic and phenotypic variances and
covariances in early maturing grain sorghum in a double cropping. Plant Prod. Sci.
2, 67—70. d0i:10.1626/pps.2.67.

Cannell, M. G. R. (1985). “Dry matter partition in tree crops,” in Attributes of trees as
crop plants, eds. M. G. R. Cannell and J. E. Jackson (Huntington, WV: Institute of
Terrestrial Ecology), 160-193.

Chen, H., Felker, S., and Sun, S. (2010). Allometry of within-fruit reproductive
allocation in subtropical dicot woody species. Am. J. Bot. 97, 611-6109.
doi:10.3732/ajh.0900204.

Clement, C. (1989). A Center of Crop Genetic Diversity in Western Amazonia.
Bioscience 39, 624-631. doi:10.2307/1311092.

Clement, C. R. (1988). “Domestication of pejibaye (Bactris gasipaes): Past and
present,” in The Palm - Tree of Life. Biology, Utilization and Conservation, ed. M.
J. Balick (New York, NY: The New York Botanical Garden), 155-174.

Clement, C. R. (1999). 1492 and the loss of amazonian crop genetic resources. I. The
Relation Between Domestication and Human Population Decline. Econ. Bot. 53,
188-202. doi:10.1007/bf02866498.

Clement, C. R., de Cristo-Aratijo, M., D’Eeckenbrugge, G. C., Pereira, A. A., and
Picanco-Rodrigues, D. (2010). Origin and domestication of native Amazonian
crops. Diversity 2, 72-106. doi:10.3390/d2010072.

Dawson, I. K., Hollingsworth, P. M., Doyle, J. J., Kresovich, S., Weber, J. C., Sotelo
Montes, C., et al. (2008). Origins and genetic conservation of tropical trees in
agroforestry systems: A case study from the Peruvian Amazon. Conserv. Genet. 9,
361-372. d0i:10.1007/s10592-007-9348-5.

Ducke, A. (1946). Plantas de cultura precolombiana na Amazonia Brasileira. Notas
sObre as espécies ou formas espontaneas que supostamente lhes teriam dado
origem. Bol. do Inst. Agronémico do Norte 8, 1-24.

EMBRAPA (1997). Manual de métodos de analise de solos. Rio de Janeiro: Centro
Nacional de Pesquisas de Solo.

Eriksson, O., Friis, E. M., and Lofgren, P. (2000). Seed size, fruit size, and dispersal
systems in angiosperms from the Early Cretaceous to the Late Tertiary. Am. Nat.
156, 47-58. doi:10.1086/303367.

Fraley, C., and Raftery, A. E. (2002). Model-based clustering, discriminant analysis and
density estimation. J. Am. Stat. Assoc. 97, 611-631.
do0i:10.1198/016214502760047131.

Fraley, C., Raftery, A. E., Murphy, B., and Scrucca, L. (2012). Mclust version 4 for R:



16

normal mixture modeling for model-based clustering, classification, and density
estimation. doi:10.1.1.390.8640.

Gbmez-Posada, C. (2012). Dieta y comportamiento alimentario de un grupo de mico
maicero Cebus apella de acuerdo a la variacion en la oferta de frutos y artropodos,
en la Amazonia colombiana. Acta Amaz. 42, 363-372. doi:10.1590/S0044-
59672012000300008.

Gratani, L. (2014). Plant Phenotypic Plasticity in Response to Environmental Factors.
Adv. Bot. 2014, 1-17. doi:10.1155/2014/208747.

Hammond, D. S., and Brown, V. K. (1995). Seed Size of Woody Plants in Relation to
Disturbance , Dispersal , Soil Type in Wet Neotropical Forests. Ecology 76, 2544—
2561. doi:10.2307/2265827.

Harlan, J. R. (1992). Crops and man. Madison: American Society of Agronomy and
Crop Science Society of America.

Ibarra-Manriquez, G., and Oyama, K. (1992). Ecological correlates of reproductive
traits of Mexican rain forest trees. Am. J. Bot. 79, 383-394.

Janick, J., and Paull, R. E. (2008). The encyclopedia of fruits and nuts. Cambridge:
CABI.

Keeling, H. C., and Phillips, O. L. (2007). A calibration method for the crown
illumination index for assessing forest light environments. For. Ecol. Manage. 242,
431-437. doi:10.1016/j.foreco.2007.01.060.

Kleyer, M., and Minden, V. (2015). Why functional ecology should consider all plant
organs: An allocation-based perspective. Basic Appl. Ecol. 16, 1-9.
doi:10.1016/j.baae.2014.11.002.

Knogge, C., and Heymann, E. W. (2003). Seed dispersal by sympatric tamarins,
Saguinus mystax and Saguinus fuscicollis: diversity and characteristics of plant
species. Folia Primatol. 74, 33-47. doi:10.1159/000068392.

Levis, C., Costa, F. R. C., Bongers, F., Pefia-Claros, M., Clement, C. R., Junqueira, A.
B., etal. (2017). Persistent effects of pre-Columbian plant domestication on
Amazonian forest composition. Science 355, 925-931.
doi:10.1126/science.aal0157.

Li, L. F., Wang, H. Y., Zhang, C., Wang, X. F., Shi, F. X., Chen, W. N, et al. (2013).
Origins and domestication of cultivated banana inferred from chloroplast and
nuclear genes. PLoS One 8. doi:10.1371/journal.pone.0080502.

Li, X, Yan, W., Agrama, H., Jia, L., Jackson, A., Moldenhauer, K., et al. (2012).
Unraveling the complex trait of harvest index with association mapping in rice
(Oryza sativa L.). PLoS One 7, 1-10. doi:10.1371/journal.pone.0029350.

Lopes, D., Antoniassi, R., Souza, M. de L. M., and Castro, I. M. (1999). Caracterizacéo
Quimica dos Frutos do Mapati (Pourouma cecropiifolia Martius - Moraceae).
Brazilian J. Food Technol. 2, 45-50.

Martinez, 1., Garcia, D., and Obeso, J. R. (2007). Allometric allocation in fruit and seed
packaging conditions the conflict among selective pressures on seed size. Evol.
Ecol. 21, 517-533. d0i:10.1007/s10682-006-9132-X.

McCouch, S. (2004). Diversifying selection in plant breeding. PLoS Biol. 2.
doi:10.1371/journal.pbio.0020347.

Meyer, R. S., DuVal, A. E., and Jensen, H. R. (2012). Patterns and processes in crop
domestication: an historical review and gquantitative analysis of 203 global food
crops. New Phytol. 196, 29-48. d0i:10.1111/j.1469-8137.2012.04253.X.

Meyer, R. S., and Purugganan, M. D. (2013). Evolution of crop species: genetics of
domestication and diversification. Nat. Rev. Genet. 14, 840-52.
doi:10.1038/nrg3605.



17

Milla, R., and Matesanz, S. (2017). Growing larger with domestication: a matter of
physiology, morphology or allocation? Plant Biol., 1-9. do0i:10.1111/plb.12545.

Milla, R., and Morente-Lépez, J. (2014). Limited evolutionary divergence of seedlings
after the domestication of plant species. Plant Biol. 17, 169-176.
doi:10.1111/plb.12220.

Miller, A. J., and Gross, B. L. (2011). From forest to field: Perennial fruit crop
domestication. Am. J. Bot. 98, 1389-1414. doi:10.3732/ajb.1000522.

Moles, A. T., Ackerly, D. D., Webb, C. O., Tweddle, J. C., Dickie, J. B., Pitman, A. J.,
et al. (2005). Factors that shape seed mass evolution. Pnas 102, 10540-10544.
doi:10.1073/pnas.0501473102.

Nei, M., Maruyama, T., and Chakraborty, R. (1975). The Bottleneck Effect and Genetic
Variability in Populations. Evolution (N. Y). 29, 1-10. doi:10.2307/2407137.

Niklas, K. J. (2004). Plant Allometry: the scaling of form and process. Chicago:
University of Chicago Press.

Olobatuyi, M. E. (2006). “Useful Information in Applying Path Analysis,” in 4 User’s
Guide to Path Analysis, ed. M. E. Olobatuyi (Lanham: University Press of
America), 133-170.

Pickersgill, B. (2007). Domestication of plants in the Americas: Insights from
Mendelian and molecular genetics. Ann. Bot. 100, 925-940.
doi:10.1093/aob/mcm193.

Poorter, L. (1999). Growth responses of 15 rain forest tree species to a light gradient;
the relative importance of morphological and physiological traits. Funct. Ecol. 13,
396-410. d0i:10.1046/j.1365-2435.1999.00332.x.

Poorter, L., Wright, S. J., Paz, H., Ackerly, D. D., Condit, R., Ibarra-Manriquez, G., et
al. (2008). Are Functional Traits Good Predictors of Demographic Rates?
Evidence From Five Neotropical Forests. Ecology 89, 1908-1920. doi:10.1890/07-
0207.1.

Porter, L. M. (2001). Dietary differences among sympatric Callitrichinae in northern
Bolivia: Callimico goeldii, Saguinus fuscicollis and S. labiatus. Int. J. Primatol.
22, 961-992. doi:10.1023/A:1012013621258.

Preece, C., Livarda, A., Christin, P. A., Wallace, M., Martin, G., Charles, M., et al.
(2017). How did the domestication of Fertile Crescent grain crops increase their
yields? Funct. Ecol. 31, 387-397. d0i:10.1111/1365-2435.12760.

Purugganan, M. D., and Fuller, D. Q. (2009). The nature of selection during plant
domestication. Nature 457, 843-848. doi:10.1038/nature07895.

R Core Team (2016). A language and environment for statistical computing. Available
at: https://www.r-project.org/.

Rindos, D. (1984). The origins of agriculture: An evolutionary perspective. San Diego:
Academic Press.

Salisbury, E. (1974). Seed Size and Mass in Relation to Environment. Proc. R. Soc.
London. Ser. B, Biol. Sci. 186, 83-88. d0i:10.1098/rspb.1974.0039.

Scheiner, S. M. (1993). Genetics and Evolution of Phenotypic Plasticity. Annu. Rev.
Ecol. Syst. 24, 35-68. doi:10.1146/annurev.es.24.110193.000343.

Schlichting, C. D., and Levin, D. A. (1986). Phenotypic plasticity: an evolving plant
character. Biol. J. Linn. Soc. 29, 37-47. doi:10.1111/j.1095-8312.1986.th01769.x.

Shiels, A., and Drake, D. (2011). Are introduced rats (Rattus rattus) both seed predators
and dispersers in Hawaii? Biol. Invasions 13, 883-894. d0i:10.1007/s10530-010-
9876-7.

Smith, B. (2011). A Cultural Niche Construction Theory of Initial Domestication. Biol.
Theory 6, 260-271. doi:10.1007/s13752-012-0028-4.



18

Spiess, A. N. (2014). gpcR: Modelling and analysis of real-time PCR data. Available at:
https://cran.r-project.org/package=qpcR.

Tanksley, S. D. (2004). The Genetic , Developmental, and Molecular Bases of Fruit
Size in Tomato and Shape Variation. Plant Cell 16, 181-189.
d0i:10.1105/tpc.018119.5182.

Tarboton, D. G. (2003). “Soil properties,” in Rainfall-Runoff Process, ed. D. G.
Tarboton (Logan, UT: Utah State University), 45-75.

Westoby, M., Leishman, M., and Lord, J. (1996). Comparative ecology of seed size and
dispersal. Philos. Trans. R. Soc. London Ser. B-Biological Sci. 351, 1309-1317.
doi:10.1098/rsth.1996.0114.

Westoby, M., Rice, B., and Howell, J. (1990). Seed Size and Plant Growth Form as
Factors in Dispersal Spectra A. Ecology 71, 1307-1315. doi:10.2307/1938268.

Zohary, D. (2004). Unconcious selection and the evolution of domesticated plants.
Econ. Bot. 58, 5-10. doi:10.1663/0013-0001(2004)058[0005:USATEQ]2.0.CO;2.

Zou, J. S., Yao, K. M., Lu, C. G, and Hu, X. . (2003). Study on individual plant type
character of Liangyoupeijiu rice. Acta Agron. Sin. 29, 652—657.

Supplementary material

Figure S1. PCA of the environmental variables that generated the environmental

gradient.

Table S1. Mean values per group (domesticated and wild) of the 10 morphological
characteristics evaluated in the study.

Table S2. Morphological caracteristics and environmental variables by population,
including the values of pH, soil nutrients, soil texture and Crown Illumination Index.
Table S3. Matrix of regression analysis by characteristic.

Figure S2. Correlation matrix among the morphological charcateristics.

Figure S3. Correlation matrix between domestication and the environmental variables and
among the environmental variables.

Figure S4. Correlation matrix among the morphological characteristics, among the
environmental variables and between the morphological characteristics and the environmental
variables.



10°0'0"N+

0°0'0"4

10°0'0"S

20°0'0"84

80°00°W 70°00'W 80°00'W 50°00W
1‘ > /
- - // / “ L Feov's
v A ol commti | e
; i > // a5
4 ) o 5 /’ s
ofe j ¥ } P [e00's
| o i Pent 5
e N N K2R gt
5 AT ] AT . ‘ 100
& 9. o > ? <
e o . : & " . -
X . T0°0'0W 88°0'0'W asoow
‘\\’ » -
° ..’. % o
W’ W 5 .
Y . %3 2/ o
. o3 & ° ; 3 o
’: . ) & x Pourouma cecropiifolia
S Yl Cultivated landscapes
o 5 ~— .7 ) - e Unspecified ecosystems
- . f s Humid areas — Abundance
8 . 9 A ®  Without abundance data
L RN ; oo [ @ 1-5
‘oqdiVe! ® s
@ /g g @ -7
‘ e o B ‘ Terra firme — Abundance
% ® ® Without abundance data
~ B > .' e — ® 15
. @® s-15
600 = @ -3
I} I ATDN plots without P. cecropiifolia
80°00'W 70°00W 60°00"W 50°00"W

Figure 1. Pourouma cecropiifolia distribution and abundance in Greater Amazonia,
and study area. Large map: abundance in humid areas (orange) and upland (terra
firme) areas (green) from the Amazon Tree Diversity Network (with permission);
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ecosystems (black) and cultivated systems (yellow) without abundance data from
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Figure 2. Density curves of the variation of the morphological characteristics of
domesticated (dark gray) and wild populations (light gray) of Pourouma cecropiifolia.
Domesticated populations (n = 8, 80 individuals) were collected in cultivated
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floodplain forests, both along the upper Solimdes River, Amazonas, Brazil. The curves
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Figure 3. Principal Component Analysis of 10 morphological characteristics of
Pourouma cecropiifolia wild and domesticated plants (n = 160). Fruit length (97.9 %),
fruit diameter (98.4 %), fruit mass (98.2 %), seed mass (97.3%), pulp mass (97.2 %)
and pulp ratio (96.7 %) were highly and positively correlated with axis 1. The seed:fruit
mass ratio was negatively correlated with axis 1 (84.2 %). Plant height:DBH ratio was
negatively correlated with axis 1 (64.5 %) and positively with axis 2 (28.2 %). Wood
density was negatively correlated with axis 1 (50.5 %) and positively with axis 2 (80.4
%). Number of fruits per bunch was negatively correlated with axis 1 (52.0 %) and axis
3 (82.7 %, not illustrated).



Table 1. Importance of eight reproductive and two vegetative characteristics in a cluster analysis of 16 Pourouma cecropiifolia populations
sampled in cultivated landscapes (8) and floodplain forests (8) along the upper Solimdes River, Brazil. Normal Mixture Modeling cluster
analysis discriminates between groups, and estimates means and variances of each characteristic for each group. The model presented one, two
or three means and variances according to the number of groups that can be discriminated based on the morphological characteristics used.
Group 1 is composed of wild populations, except when there is only one group, and groups 2 and 3 are composed of domesticated populations.

# of Means Variance Variances

Trait groups Gl G2 G3 type Gl G2 G3
Fruits per bunch 1 44.06 - - - 102.9505 - -
Fruit length (cm) 2 152 253 - Equal 0.0079 0.0079 -
Fruit diameter (cm) 2 1.04 271 - Unequal 0.0052 0.0239 -
Fruit mass (g) 2 045 941 - Unequal 0.0300 2.3066 -
Seed mass (Q) 2 0.16 167 - Unequal 0.0045 0.0204 -
Pulp mass (g)* 3 0.16 498 7.22 Unequal 0.0044 0.0198 0.8104
Pulp:fruit mass ratio 2 034 064 - Equal 0.0023 0.0023 -
Seed:fruit mass ratio 2 033 018 - Unequal 0.0025 0.0003 -
Plant height: DBH ratio (m/cm) 1 0.80 - - - 0.0573 - -
Wood density (g/cm?) 1 0.21 - - - 0.0009 - -

* By difference (fruit mass — seed mass — peel mass = pulp mass)
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Figure 4. Allometric relations between seed mass (SM) and fruit mass (FM) in fleshy fruits with only one seed (drupes) in 74 wild species and in
domesticated Pourouma cecropiifolia. (A) The red curve represents the adjusted equation of Niklas (1994) using the mean values of 74 non-
domesticated species (data compiled from the literature) and the mean value of wild P. cecropiifolia (gray square). The black curve represents the
equation using fruit and seed mass values of domesticated P. cecropiifolia individuals (n = 80). (B) Correlations between the values predicted by
the general allometric equation of wild species (A) and the observed seed mass values of wild and domesticated P. cecropiifolia individuals.
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conditions caused by human management of the landscape). The top of the figure shows
the positive effects (blue) and the bottom of the figure shows the negative effects (dark

grey).
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Figure 6. Relations between the morphological characteristics and the
environmental gradient in wild populations (circles) and domesticated populations
(triangles) of Pourouma cecropiifolia. The x-axis represents the environmental
gradient (axis 1 of the PCA; Figure S1), where higher values indicate higher sand
content and light availability typical of cultivated areas on the terra firme. Lower
gradient values indicate higher soil fertility, and silt and clay contents typical of
floodplain forests.



CAPITULO I1.

Pedrosa H. C.; Schietti J.; Gaglioti, A. L.; Rodrigues, D.
P.; Gongalves, T. C. & Clement C. R.

Diversidade do DNA cloroplastidial sugere centro de
origem de domesticacdo de Pourouma cecropiifolia na
Amazonia Ocidental. Manuscrito formatado para Acta

Amazonica.



28

Diversidade do DNA cloroplastidial sugere centro de origem de domesticacéo de

Pourouma cecropiifolia na Amazoénia Ocidental

Hermisia C. PEDROSA™ 2, Juliana SCHIETTI 2, André L. GAGLIOTI °, Doriane

P. RODRIGUES ¢, Thamiles C. GONGCALVES e Charles R. CLEMENT ¢

@Programa de Pos-Graduacdo em Ecologia, Instituto Nacional de Pesquisas da
Amazonia, INPA, Avenida André Araujo, 2936, Manaus, AM, Brasil
b Programa de P6s-Graduacio em Biologia Evolutiva, Universidade do Centro-Oeste do
Parana, UNICENTRO, Rua Simedo Camargo Varela de Sa, 03, Guarapava, PR, Brasil
¢ Departamento de Biologia, Universidade Federal do Amazonas, UFAM, Avenida
General Rodrigo Otavio, 3000, Manaus, AM, Brasil
dPrograma de Pds-Graduacdo em Genética, Conservacao e Biologia Evolutiva, Instituto
Nacional de Pesquisas da Amazonia, INPA, Avenida André Araudjo, 2936, Manaus,
AM, Brasil
¢ Coordenacdo de Tecnologia e Inovacdo, Instituto Nacional de Pesquisas da Amazonia,

INPA, Avenida André Aradjo, 2936, Manaus, AM, Brasil

* Autor correspondente: hermisia.pedrosa@gmail.com

Resumo

A Amazonia Ocidental é um centro de diversidade de fruteiras domesticadas. Uma das
especies com populagdes provavelmente domesticadas na Amazonia Ocidental é a uva-

da-Amazonia (Pourouma cecropiifolia Mart., Urticaceae), uma especie frutifera
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arborea, muito cultivada no alto rio Solimdes, a regido fronteirica entre o Brasil, a
Colémbia e o Peru. Como resultado do processo de selecdo humana séo esperadas
mudancas na diversidade genética e diferenciacdo entre as linhagens domesticadas e
silvestres de P. cecropiifolia. O objetivo deste estudo foi quantificar a diferenca na
diversidade genética entre as populacdes silvestres e domesticadas e identificar o centro
de origem de domesticacao de P. cecropiifolia, com base na diversidade cloroplastidial.
Analisamos sequéncias de duas regides intergénicas do DNA cloroplastidial em 43
individuos domesticados de P. cecropiifolia, 69 individuos silvestres de P. cecropiifolia
e 3 individuos de outras espécies de Pourouma. Comparamos 0 nimero de haplétipos, o
numero de sitios polimorficos, a diversidade haplotipica e a diversidade nucleotidica
entre as populacdes e avaliamos as relac@es entre as linhagens por meio de uma rede de
haplotipos. As populacdes domesticadas apresentaram aproximadamente 4x menos
sitios polimorficos (S) e 34 % menos diversidade nucleotidica () que as populagdes
silvestres. O hapl6tipo mais comum do grupo domesticado é compartilhado com
individuos silvestres de P. cecropiifolia do alto rio Solimdes. As linhagens mais
préximas do grupo domesticado sdo as linhagens do grupo silvestre do alto rio
Solimdes. A reducdo na diversidade genética cloroplastidial encontrada nas populacdes
domesticadas em comparacgdo com as populacdes silvestres indica a ocorréncia de um
gargalo genético decorrente da domesticacdo. A relagdo proxima entre as linhagens
domesticadas e silvestres do alto rio Solimdes sugere que o0 centro de origem de
domesticacdo de Pourouma cecropiifolia € a préopria regido do alto rio Solimdes, na

Amazonia Ocidental.
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Palavras — chave: centro de origem de domesticacao, diversidade genética, DNA

cloroplastidial, selecdo humana.

Introducéo

A domesticacao de plantas € um processo evolutivo (Harlan 1992), no qual a
selecdo humana leva populac6es de plantas cultivadas a divergir de seus progenitores
silvestres (Clement 1999; Pickersgill 2007; Miller & Gross 2011). Apds muitos ciclos
de selecdo-reproducéo, as populacfes sob selecdo experimentam mudancas genéticas e
fenotipicas (Zohary 2004). Ao longo de algumas centenas ou milhares de anos,
mudancas ambientais impulsionadas pelo cultivo humano também selecionam novas
adaptacdes (Rindos 1984; Harlan 1992; Zohary 2004).

O processo de domesticacdo produz um continuo de populacGes de plantas,
desde populacdes silvestres exploradas, a popula¢fes de domesticacao incipiente, até
populagdes cultivadas que ndo podem sobreviver sem intervencdo humana (Clement
1999). A domesticagdo comeca com a exploracdo de plantas silvestres, continua por
meio do cultivo de plantas selecionadas a partir das silvestres, mas ainda nao
geneticamente diferentes das plantas silvestres, e termina na fixagao, por meio da
selecdo humana, de diferencas morfoldgicas e, portanto, de diferengas genéticas que
distinguem o domesticado de seu progenitor silvestre (Rindos 1984; Pickersgill 2007;
Miller & Gross 2011). As caracteristicas mais comuns da sindrome de domesticagao, o
conjunto de caracteres morfologicos modificado pela selecdo humana (Harlan 1992),
incluem perda de dispers@o, aumento de tamanho (especialmente da parte colhida da

planta), alteracGes na morfologia das partes vegetativas aéreas, perda de dorméncia de
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sementes e perda de protecdo quimica ou mecanica contra herbivoros (Pickersgill 2007;
Meyer et al. 2012).

A domesticacao leva a reducdo na diversidade genética nas populacées
domesticadas em comparacgdo com as populacdes silvestres. Nas espécies de reproducao
sexual, as sementes de um numero limitado de plantas silvestres, que representam
apenas um subconjunto da diversidade genética encontrada no progenitor silvestre, sao
utilizadas para gerar as populacdes domesticadas (Zeder et al. 2006). O evento
fundador, juntamente com a selecdo continua de sementes do pool inicial dos genotipos
cultivados, produz um gargalo genético, reduzindo a variabilidade genética nas
populacdes domesticadas (Zohary 2004).

Diversas arvores frutiferas amazonicas comumente cultivadas tém caracteristicas
de longos periodos de selecdo e propagacdo (Miller & Nair 2006). Clement (1989)
sugere um centro de diversidade de culturas na Amazonia Ocidental, com base na
diversidade genética de populacdes domesticadas de arvores frutiferas, como abiu
(Pouteria caimito), sapota sul-americana (Quararibea cordata), pupunha (Bactris
gasipaes), biriba (Rollinia mucosa), mapati ou uva-da-amazonia (Pourouma
cecropiifolia) e araca-boi (Eugenia stipitata). O mapati ou uva da Amazonia é cultivado
principalmente no oeste do Estado do Amazonas e areas adjacentes de Coldmbia e Peru
(Lopes et al. 1999). Em comunidades indigenas na regido do alto rio Solimdes, no
estado do Amazonas, foram encontrados individuos de Pourouma cecropiifolia
domesticados com diferencas marcantes no tamanho e na massa dos frutos e sementes e
na proporc¢ao de polpa de polpa comestivel, em comparacdo com as populacées

silvestres (Clement 1989).
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Considerando as diferencas morfologicas encontradas em populagdes
domesticadas de Pourouma cecropiifolia, também € esperado que mudancas genéticas
tenham ocorrido devido a sele¢cdo humana, levando a reducéo na diversidade genética
das populacdes domesticadas (Miller & Gross 2011; Meyer & Purugganan 2013).
Também é esperado que sejam encontradas diferencas no DNA, tais como inserc¢oes,
delecdes ou substitui¢cdes de nucleotideos, entre as populaces domesticadas e
populacgdes silvestres (Doebley et al. 2006; Flint-Garcia 2013). Baseada nas
similaridades genéticas entre as linhagens silvestres e domesticadas, também é possivel
identificar o centro de origem de domesticacao, a regido geografica de onde sdo
provenientes os progenitores silvestres que deram origem as popula¢fes domesticadas
de Pourouma cecropiifolia.

Embora a reducédo na diversidade genética gerada pela domesticacdo seja mais
forte nos genes diretamente relacionados com as caracteristicas selecionadas, também é
possivel identificar sinais da domesticacdo em regides nao codificantes, que ndo estéo
sob selecdo direta e que ndo contribuem para as mudancas fenotipicas (Ross-Ibarra et al.
2007). Isso ocorre devido aos efeitos do gargalo genético sobre os niveis de
polimorfismo em todo o genoma da planta (Doebley et al. 2006; Liu & Burke 2006).
Portanto, a analise de regides ndo codificantes do genoma, como sequéncias
intergénicas de DNA cloroplastidial, podem nos mostrar mudancas genéticas associadas
a domesticacdo. O DNA do cloroplasto é quase sempre herdado maternalmente nas
angiospermas (Avise 2004). Devido ao seu carater hapléide (sem recombinacdo), o
DNA de cloroplasto é bastante conservado, pois possui uma taxa mutacional baixa,
quando comparado ao DNA nuclear (biparental) (McCauley 1995). Isso faz com que 0s

marcadores de cloroplasto sejam bons indicadores de gargalos histéricos, efeitos
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fundadores e deriva genética (Provan et al. 2001). Um estudo com amostragem de
populacdes domesticadas e silvestres, usando marcadores de cloroplastos, pode fornecer
informacdes sobre o processo de domesticacdo em plantas, incluindo as origens
geograficas, as populagdes ancestrais e 0 impacto da domesticacao na diversidade
genética populacional (Chen et al. 2014; Daniell et al. 2016).

Os objetivos deste estudo foram (i) quantificar a diversidade e a diferenciacao
genética cloroplastidial em populacdes silvestres e populacGes domesticadas de
Pourouma cecropiifolia, (ii) identificar a distribuicdo geografica da diversidade genética
cloroplastidial em populac@es domesticadas e silvestres de P. cecropiifolia, e (iii)

identificar a provavel origem geografica da domesticacao de P. cecropiifolia.

Material e métodos
Amostragem

Coletamos fragmentos de folhas em areas cultivadas (rogas, quintais, capoeiras),
em florestas de terra firme e em florestas de varzea em 11 municipios (Figura 6)
distribuidos ao longo do alto rio Solim&es (Amazonas/Brasil e Amazonas/Colémbia), e
em pontos proximos ao rio Madeira (Rond6nia/Brasil), rio Jurua (Acre/Brasil), rio
Purus (Acre/Brasil), rio 14 (Amazonas/Brasil) e rio Japurd (Amazonas/Colémbia). Os
fragmentos de folhas (n = 117) foram conservados em silica-gel até a extracdo de DNA
gendmico total. Na regido do alto rio Solimdes, considerado o provavel centro de
origem de domesticacao de populacdes de Pourouma cecropiifolia, realizamos uma
amostragem pareada, como feito com Inga edulis na Amazonia Peruana (Dawson et al.
2008). Na mesma localidade, coletamos amostras de plantas cultivadas e, em uma area

de floresta adjacente, coletamos as amostras de plantas silvestres. A amostragem de
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plantas muito préximas dentro uma populacéo foi evitada para captar a maxima
variabilidade genética possivel. Contudo, no alto rio Solimdes, as populagdes silvestres
ocorrem exclusivamente em floresta de varzea e as popula¢des cultivadas ocorrem
exclusivamente em terra firme (Figura 6). Por isso, as populacdes domesticadas e
silvestres estdo sempre separadas pelo rio Solimdes, pois, nessa regido, as areas de terra

firme e varzea sdo situadas em margens opostas do rio.

Analises Genéticas

O DNA gendmico total foi extraido a partir das folhas secas (n = 117) utilizando o
kit NucleoSpin Plant Il (Macherey-Nagel) com o tampéo de lise 1, conforme o
protocolo do fabricante. A quantificacdo do DNA extraido foi realizada por eletroforese
em gel de agarose (0.8 %), corado com brometo de etidio e visualizado em
transluminador sob luz ultravioleta. A concentracdo de DNA foi estimada por
comparag0es visuais da fluorescéncia de sua banda no gel com aquelas de padrées de
massa molecular conhecida (fago A). Ap6s a quantificacao, as amostras foram diluidas
em agua ultrapura para concentracéo padréo de 5 ng/pL.

Apos a triagem preliminar de 10 regides nao-codificantes (espagadores
intergénicos) do DNA cloroplastidial (dados nao apresentados), duas regides (3’trnV-
ndhC e atpl-atpH) foram selecionas por terem maiores niveis de polimorfismo, e
amplificadas com primers desenvolvidos por Shaw et al. (2007). As reacdes de PCR
foram conduzidas utilizando-se volume final de 20 pL contendo tampé&o 1x (200 mM
Tris-HCI, pH 8.4, 500 mM KClI), 2.5 mM de MgClz, 3 mM de dNTP, 2 mM de cada
primer, 1 U Taq DNA Polymerase (Invitrogen) e 5 ng/uL de DNA. As amplificacdes

foram realizadas via PCR (Polymerase Chain Reaction) em termocilador Veriti 96 Well
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Thermal Cycler (Applied Biosystems) nas seguintes condi¢cdes: desnaturacdo inicial a
80 °C por 5 minutos, posteriormente 30 ciclos de 95 °C por 1 min., 55 °C por 1 min. e
65 °C por 1 min., por fim uma etapa de extensao a 65 °C por 5 min. Os produtos
amplificados foram visualizados por meio de eletroforese em gel de agarose 2 % corrido
por 40 minutos a 80 Volts. Apos os fragmentos serem separados, estes foram corados
com brometo de etidio e visualizados em transluminador sob luz ultravioleta. O
resultado foi avaliado de acordo com a presenca ou auséncia de banda. A estimativa dos
tamanhos dos produtos amplificados foi feita a partir de comparacdo com o marcador
padrdo ladder 1 Kb.

Apds a obtencao dos produtos referentes as regides de cpDNA, foi realizada a
purificagdo. Para isso utilizou-se a enzima ExoSAP-ITM (USB Corporation) conforme
protocolo do fabricante. A reacdo de sequenciamento foi realizada com o kit BigDye
Terminator v3.1 Cycle Sequencing (Applied Biosystems) com volume final de 10 uL
contendo 2 pL de tampéo BigDye 5X, 5 mM de primer e 0,3 pL de BigDye v3.1. Esta
foi conduzida em termociclador Veriti 96 Well Thermal Cycler (Applied Biosystems)
seguindo o programa: 96 °C por 2 min., 35 ciclos de 96 °C por 30 segundos, 55 °C por
20 s. e 60 °C por 4 min. O sequenciamento foi realizado em sequenciador automético

por eletroforese em capilar ABI 3130 Sequence Analizer (Applied Biosystems).

Anélise dos dados

A qualidade das sequéncias foi analisada por meio do eletroferograma no
programa Bioedit v.7.1.9. As sequéncias consenso foram obtidas no programa Geneious
v.9.1.8 e foram validadas por meio da ferramenta BLASTn do NCBI

(http://www.ncbi.nlm.nih.gov). Estas foram editadas e alinhadas no programa AliView
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v.1.18.1. Apds o alinhamento, as duas regides foram concatenadas no programa Bioedit
v.7.1.9.

Para as analises de diversidade, dividimos as sequéncias cloroplastidiais em
cinco grupos: (i) o grupo domesticado do alto rio Solimdes (provavel centro de origem
de domesticacgéo), que inclui todos os individuos cultivados do alto rio
Solimdes/Amazonas/Brasil (n = 43), dividido em seis populac¢bes/localidades
geograficas (Tabatinga 1, Tabatinga 2, Benjamin Constant, Sdo Paulo de Olivenca,
Amatura e Santo Anténio do Ica); (ii) o grupo silvestre do alto rio
Solimdes/Amazonas/Brasil (n = 59), dividido em seis populac¢@es/localidades
geograficas (as mesmas localidades das populacdes domesticadas); (iii) o grupo
silvestre de outros sitios (n = 10), que inclui os individuos do Acre/Brasil (Varzea), rio
Madeira/Brasil (Terra Firme), Leticia/Colémbia (V), Leticia (TF) e La
Pedrera/Colémbia (V); (iv) o grupo silvestre de Pourouma cecropiifolia (n = 69) que
inclui todos os individuos silvestres de todas as regides geograficas amostradas; (v) o
grupo Pouroumas sp (n = 3), que inclui os individuos de outras espécies do género
Pourouma (P. cucura, P. guianenesis e P. mellinonni). Desta analise os individuos
cultivados do Acre e de Manaus foram excluidos por ndo sabermos a origem das
progénies. A diversidade genética dos grupos foi determinada a partir da estimativa dos
seguintes parametros: namero de insercGes e delecBes (#InDels), nimero de
substituicdes (#Subs), nimero de haplétipos por populacdo (h), nimero de sitios
polimorficos (S), diversidade haplotipica (Hd) e diversidade nucleotidica (), estimadas
com o software DNAsp 5.10.1 (Librado & Rozas 2009).

Anélises de variancia molecular hierarquica (AMOVA) foram realizadas a fim

estimar a particdo da variabilidade genética entre e dentro dos diferentes grupos. Os
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indices de diferenciacdo genética foram obtidos a partir da AMOVA, estimados por
meio de uma matriz de distancias baseada nas diferencas genéticas par-a-par entre as
populagdes. Quando particionada em dois niveis, a diferenciacéo genética entre as
populacgdes foi dada pelo indice 0st. Quando particionada em trés grupos, foram
estimados os indices de diferenciacdo genética entre grupos (0st), entre populac6es
dentro dos grupos (6sc) e dentro das populagdes (0ct). As significancias dos indices de
diferenciacéo genética foram testadas por meio de testes ndo-paramétricos com 20.000
permutacdes, utilizando o nivel de significancia 0.05, conforme Excoffier et al. (1992).
Ambas as andlises foram executadas no programa Arlequin 3.5 (Excoffier et al. 2005).
Uma rede de haplétipos baseada em 117 sequéncias foi construida utilizando o
algoritmo Median Joining (Bandelt et al. 1999), com o objetivo de conhecer as relacdes
filogenéticas entre as linhagens e identificar o grupo de individuos mais geneticamente
similares aos individuos domesticados do alto rio Solimdes, para inferir o centro de
origem de domesticacao das populacGes de Pourouma cecropiifolia. A rede foi
construida no programa POPART usando as amostras com menos de 5 % de dados
faltantes, de acordo com os requerimentos do programa (Leigh & Bryant 2015). Apenas

as substituicdes foram consideradas como mutagdes para construcéo da rede.

Resultados
Efeitos da domesticacdo sobre a diversidade genética

O alinhamento final da regido 3 '#rnV-ndhC resultou em 529 pares de bases, dos
quais 35 sitios foram polimorficos. A regido atpl-atpH resultou em um alinhamento

final de 695 pares de base, dos quais 29 sitios foram polimorficos. Com as duas regioes
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somaram-se 1.224 pares de bases com um total de 64 sitios polimorficos, contendo
34.31% de T, 9.65 % de C, 41.13 % de A e 14.91 % de G.

Encontramos uma maior diversidade genética nas populagdes silvestres de
Pourouma cecropiifolia e nos individuos de outras espécies de Pourouma em
comparagdo com as populacdes domesticadas de P. cecropiifolia (Tabela 1).
Encontramos 54 haplotipos nas populages silvestres de P. cecropiifolia e apenas 10
haplotipos nas populacGes domesticadas, o que representa uma reducdo de 81 % no
namero de haplotipos. As populacdes domesticadas apresentaram aproximadamente 4x
menos sitios polimorficos (S) e 34 % menos diversidade nucleotidica () que as
populacgdes silvestres.

As analises de variancia molecular hierarquica (Tabela 2) mostraram que a
distribuicdo da variacdo genética difere entre os grupos domesticado e silvestre. Nas
populacdes domesticadas do alto rio Solimd@es, a maior porcentagem da variagéo foi
encontrada entre as populagdes (0st = 0.779). Ja nas populagdes silvestres do alto rio
Solimdes, a maior porcentagem da variacdo foi encontrada dentro das populagdes (0st =
0.287). Ao compararmos 0s grupos domesticado e silvestre, considerando a variagdo em
trés niveis (entre 0s grupos, entre as populacdes dentro dos grupos e dentro das
populagdes), a divergéncia entre os grupos foi alta (6st = 0.665). Da variagéo total
encontrada entre os grupos, a divergéncia entre as populacfes dentro dos grupos é
levemente maior (6sc = 0.432) que a divergéncia dentro dos grupos (8¢t = 0.409).
Quando incluimos os individuos silvestres das outras localidades (fora do alto rio

Solimdes), a maior divergéncia é encontrada dentro das populacées (6ct = 0.339).
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Padrdes geograficos da diversidade genética

A rede de haploétipos (Figura 7) mostrou quatro, cinco e nove substitui¢fes entre
as sequéncias de Pourouma cecropiifolia e P. guianensis, P. cucura e P. mellinonni,
respectivamente. A diferenciacdo entre os individuos de P. cecropiifolia foi baixa, com
no maximo duas substituicdes nucleotidicas entre os diferentes haplotipos. No grupo de
P. cecropiifolia silvestre, 11 haplotipos foram identificados e sdo pouco diferenciados
entre si. O haplétipo mais comum desse grupo (H1) é compartilhado por 38 individuos,
sendo estes 33 individuos silvestres do alto rio Solimdes, quatro individuos do rio
Madeira e um individuo cultivado do Acre. No grupo domesticado do alto rio Solimdes,
trés hapldtipos foram identificados e também sdo pouco diferenciados entre si. O
hapl6tipo mais comum do grupo domesticado (H2) é compartilhado por 36 individuos,
sendo 30 individuos domesticados e seis individuos silvestres do alto rio Solimdes. Os
haplotipos H1 e H3, compostos majoritariamente por individuos silvestres do alto rio
Solimdes, sdo os mais relacionados com os hapldtipos dos individuos domesticados

(H2, H4 e H5).

Discusséo

As populacGes domesticadas apresentaram uma reducdo na diversidade genética
cloroplastidial em todos os pardmetros utilizados nesse estudo. No nimero de
hapl6tipos, a reducdo nas populaces domesticadas foi altamente significativa (81 %),
um percentual bem maior que o encontrado em ingé (Inga edulis), outra arvore frutifera
da Amazonia, onde foi observada uma reducao de aproximadamente 43 % no nimero
de haplétipos nas populagdes domesticadas (Dawson et al. 2008). A reducéo na

diversidade nucleotidica (z) em P. cecropiifolia (34 %) foi igual a encontrada em uma
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analise de duas regides ndo codificantes do DNA cloroplastidial em populac6es
domesticadas de feijdo-de-lima (Phaseolus lunatus) dos Andes e da Mesoameérica (34
%) (Motta-Aldana et al. 2010). A reducéo na diversidade genética encontrada nas
populacdes domesticadas de P. cecropiifolia sugere fortemente a ocorréncia de um
gargalo genético, decorrente do evento fundador na origem da domesticacao e da
selecdo posterior sobre o pool génico restrito, conforme esperado no processo de
domesticacdo (Miller & Gross 2011; Meyer & Purugganan 2013).

No caso das populacbes domesticadas, a maior variagdo genética encontrada
entre as populacdes do que dentro populagdes pode ser decorrente de selecdo humana,
considerando que o material genético sob selecéo foi compartilhado entre diversos
grupos humanos, com diferentes preferéncias alimentares e que selecionaram diferentes
caracteristicas, levando a maior diferenciacao entre as populactes (Meyer &
Purugganan 2013). Em contrapartida, no grupo silvestre, a maior variacdo genética foi
encontrada dentro das populagdes. E possivel que os dispersores (morcegos e primatas
de pequeno e médio porte, Porter 2001; Knogge & Heymann 2003; Gdmez-Posada
2012) de P. cecropiifolia levem as sementes a longas distancias, resultando em
populagdes espacialmente menos estruturadas. Mas, o fator mais importante para a
baixa estruturacdo espacial no grupo silvestre, em comparagao com o grupo
domesticado, deve ser a auséncia de diversificacdo que é gerada pela selecdo humana. A
grande divergéncia entre 0s grupos domesticados e silvestres é decorrente do efeito da
selecdo humana, mas também devido as distancias geograficas entre as populagdes
silvestres e domesticadas, que devem estar restringindo o fluxo génico entre as
populacdes (Wright 1940; Wright 1943). Especificamente na regido do alto rio

Solimdes, é possivel que o rio Solimdes seja uma barreira para o fluxo génico e
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contribua para diferenciacdo genética entre as populacdes da regido (Ferreira et al.
2010), que, embora proximas, estdo sempre situadas em margens opostas do rio.

O baixo numero de substitui¢fes entre as sequéncias de cloroplasto de
individuos geograficamente distantes de Pourouma cecropiifolia e entre P. cecropiifolia
e as outras espécies congenéricas sugere que o género Pourouma se diversificou
recentemente. Gaglioti (2015) estimou que Pourouma se originou durante o Oligoceno,
ha 32.35 milhdes de anos, e que P. cecropiifolia divergiu das demais Pouroumas ha
2.53 milhdes de anos. A baixa diferenciacao entre as linhagens domesticadas e silvestres
do alto rio Solimd@es sugere que a origem da domesticacao é a Amazonia Ocidental,
mais especificamente na regido da triplice fronteira Brasil-Peru-Colémbia, conforme
sugeriu Clement (1989), reforcando a Amazénia Ocidental como um centro de

domesticacdo de arvores frutiferas (Clement et al. 2010).

Conclusdes

Conforme esperado em populacdes de plantas sob sele¢cdo humana, as
populagOes domesticadas de Pourouma cecropiifolia apresentaram menor diversidade
genética que as populacdes silvestres. O evento fundador e a sele¢do subsequente sobre
poucos individuos com caracteristicas de interesse levaram a redu¢do do nimero de
haplétipos, do nivel de polimorfismo e da diversidade nucleotidica em populacdes
domesticadas de P. cecropiifolia. Apesar das diferencas encontradas no DNA
cloroplastidial, encontramos um baixo nimero de substituicdes entre as populagdes
silvestres de diferentes localidades geograficas, que sugere uma diversificacdo recente
de Pourouma cecropiifolia. O baixo nimero de substituicbes encontrado também entre

populacgdes silvestres e domesticadas é possivelmente decorrente da domesticacao
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recente de populactes da espécie (menos de 10.000 anos) e devido ao longo tempo de
geracdo das arvores. A menor variacdo entre as linhagens foi encontrada entre as
populacdes silvestres e domesticadas do alto rio Solimdes, que sugere que a origem da

domesticacdo de P. cecropiifolia é no proprio alto rio Solimdes.
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Figura 6. Mapa da area de estudo contendo os pontos de coleta de 117 individuos de
Pourouma cecropiifolia e trés individuos de outras espécies de Pourouma, em 11
municipios, ao longo do alto rio Solimdes, e em pontos proximos ao rio Madeira, rio
Jurud, rio Purus, rio Ica e rio Japura. Os pontos amarelos representam os individuos
cultivados; os pontos verdes, os individuos silvestres de florestas de terra firme; os

pontos azuis, os individuos silvestres de florestas de varzeas.



Tabela 1. Diversidade do DNA cloroplastidial de 115 individuos de Pourouma
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cecropiifolia ao longo do alto rio Solimdes e outros pontos bacia Amazonica, baseada

em duas regides de DNA cloroplastidial (3’trnV-ndhC e atpl-atpH). N = nimero de

amostras, #Subs = numero de substitui¢cdes nucleotidicas, #InDels = nimero de

insercOes e delecdes, S = nimero de sitios polimérficos, h = nimero de hapldtipos, Hd =

diversidade haplotipica e 7 = diversidade nucleotidica.

Grupos/Populacdes N  #Subs #InDels S H Hd IT(x10?)
Domesticado do alto rio Solimbes 43 3 9 12 10 084 0.063
Tabatinga 1 7 0 0 0 1 0.00 0.000
Tabatinga 2 10 1 3 4 4 0.78 0.017
Benjamin Constant 5 0 1 1 2 040 0.000
Sédo Paulo de Olivenca 5 0 0 0 1 0.00 0.000
Amatura 11 0 3 3 0.63 0.000
Santo Antonio do I¢a 5 0 0 0 1 0.00 0.000
Silvestre do alto rio Solimdes 59 8 18 26 47 0.99 0.075
Tabatinga 1 9 0 9 9 7 092 0.000
Tabatinga 2 14 2 12 14 12 0.98 0.073
Benjamin Constant 6 1 7 8 6 1.00 0.028
Sdo Paulo de Olivenca 8 5 9 14 8 1.00 0.104
Amatura 15 1 9 10 13 0.99 0.040
Santo Antonio do Ica 7 0 1 1 2 029 0.000
Silvestre de outros sitios 10 5 27 32 7 087 0.154
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Silvestres 69 12 32 44 54 099 0096

Pouroumas sp. 3 8 14 22 3 1.00 0.445

Total 115 20 43 63 66 0.97 0.143
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Tabela 2. Analise de variancia molecular hierarquica de duas regides de DNA cloroplastidial de populagdes de Pourouma cecropiifolia, usando

diferentes modelos de agrupamentos

Fonte davariagdo = GL  Soma dos Componentes  Porcentagem  Indices de Valor de p

guadrados davariancia  devariancia  diferenciacéo genética

i) Populacgdes domesticadas do alto rio Solimdes

Entre populactes 5 50.848 1.397 Va 77.90 Ost =0.779 <0.0001
Dentro das 37 14.664 0.396 Vb 22.10

populacdes

Total 42 65.512 65.512

il) Populagdes silvestres do alto rio Solimbes

Entre populagtes 5 50.236 0.832 Va 28.67 Ost = 0.287 <0.0001



Dentro das 53 109.662 2.069 Vb 71.33
populacgdes
Total 58  159.898 2.901
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iii) Grupo domesticado do alto rio Solim@es vs. Grupo silvestre do alto rio Solimbes
Entre grupos 1 95.090 1.687 Va 40.94 Ost = 0.665
Entre populactes 10 101.084 1.052 Vb 25.53 0sc =0.432

dentro dos grupos

Dentro das 90 124.326 1.381 Vc 33.52 fct = 0.409
populacdes
Total 101  320.500 4.121

0.0002

<0.0001

<0.0001

iv) Grupo domesticado do alto rio Solimdes vs. Grupo com todos as populagdes silvestres de Pourouma cecropiifolia

Entre grupos 1 90.376 1.480 Va 33.90 Ost = 0.595

0.0007



Entre populactes 11
dentro dos grupos

Dentro das 99
populacgdes

Total 111

123.500

175.026

388.902

1.118 Vb

1.768 Vc

4.366

25.60

40.50

0sc = 0.387

oct =0.339

<0.0001

<0.0001

52



53

Acre Cultivated

Acre Floodplain

Altn Madeira Upland Forest
Alto Solim&es Domesticated
La Pedrera Floodplain
Leticia Upland Forest
Leticia Floodplain

Manaus Cultivated
Pourouma sp.

Alto Solim&es Floodplain

o] 1 Jof Jelel 6]

P11%

P11A

Figura 7. Rede de hapldtipos baseada nas sequéncias intergénicas 3 trnV-ndhC e atpl-atpH do genoma cloroplastidial, mostrando as relac6es
entre as plantas domesticadas e silvestres de Pourouma cecropiifolia, e entre essas e outras espécies de Pourouma (outgroup), coletadas em cinco
rios da Bacia Amazonica. Cada circulo corresponde a um haplotipo e sua area é proporcional a frequéncia de ocorréncia do hapl6tipo (nimero de

individuos que compartilnam o haplétipo). As cores representam a origem geografica de cada grupo ou individuo, conforme a legenda. As linhas



representam as relacGes entre as linhagens e os tragos verticais representam o numero de substitui¢fes entre as linhagens. Os circulos pretos

representam haplotipos hipotéticos que ndo foram amostrados.
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Sintese

Estudar o conjunto dos diferentes aspectos morfoldgicos, ecoldgicos e genéticos
que marcam as mudangas geradas com a selecdo humana nos fornece informacoes
integradas e robustas sobre a histdria da domesticacdo de plantas. Em nosso trabalho
aliamos uma abordagem ecologica e uma abordagem genética para estudar a
domesticacdo de Pourouma cecropiifolia, uma espécie arborea frutifera largamente
cultivada e consumida nas comunidades indigenas do povo Ticuna do Brasil, Peru e
Colbémbia. Por meio da abordagem ecoldgica avaliamos as caracteristicas que estdo e que
ndo estdo sob selecdo humana, as correlacdes entre caracteristicas e suas relacbes com o
ambiente. Ja, por meio da abordagem genética investigamos as diferencas e variacdes em
aspectos genéticos entre populagdes silvestres e populagdes domesticadas, a fim de
encontrar os sinais da domesticacao sobre o DNA cloroplastidial das plantas cultivadas e
identificar o centro de origem de domesticacao de Pourouma cecropiifolia.

Sob a perspectiva ecologica, encontramos um grande conjunto de modificacdes
morfolégicas que demonstram evidéncias fortes de que populagdes de Pourouma
cecropiifolia da Amazonia Ocidental foram domesticadas. A selegdo humana gerou
grandes alteracbes nas caracteristicas morfolégicas dos frutos de populacdes de P.
cecropiifolia, mas ndo alterou de forma significativa as caracteristicas vegetativas das
plantas. A atuagdo conjunta entre a sele¢do natural e a selecdo humana modificou o padrao
esperado na alometria entre a massa da semente e a massa do fruto, devido aos efeitos
contrastantes entre os filtros ambientais, que promovem a reducdo da semente e a selecédo
humana, que promove o aumento da semente. As variacdes ambientais tiveram efeitos
sutis quando comparadas aos efeitos da selecdo humana sobre as mudancgas morfoldgicas
associadas a domesticacdo. Sob a perspectiva genética, também encontramos mudancas
que marcam a domesticacdo de populacdes de P. cecropiifolia. As populagdes
domesticadas apresentaram menor diversidade genética que as populacdes silvestres. O
evento fundador e a selecdo subsequente sobre poucos individuos com caracteristicas de
interesse levaram a reducdo do nimero de hapl6tipos, do nivel de polimorfismo e da
diversidade nucleotidica em populacdes domesticadas. A menor variagdo entre as
linhagens foi encontrada entre as populacGes silvestres e domesticadas do alto rio
Solimdes, que sugere que a origem da domesticacdo de P. cecropiifolia € no proprio alto

rio Solimoes.
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Supplementary Table 1. Means and standard deviations per group
(domesticated and wild) of the 10 morphological characteristics evaluated

in the study.

Wild Domesticated
Trait mean sd Mean Sd
Fruits per bunch 50.30 9.90 37.82 6.96
Fruit length (cm) 1.52 0.07 2.53 0.12
Fruit diameter (cm) 1.04 0.08 2.71 0.17
Fruit mass (g) 0.45 0.19 9.41 1.62
Seed mass (Q) 0.16 0.07 1.67 0.15
Pulp mass (g) 0.17 0.07 6.11 1.38
Pulp:fruit mass ratio 0.34 0.03 0.64 0.03
Seed:fruit mass ratio 0.33 0.05 0.18 0.02
Plant height: DBH ratio (m/cm) 1.02 0.12 0.59 0.10

Wood density (g/cm3) 0.23 0.02 0.18 0.02




Supplementary Table 2. Mean values of environment variables and morphological characteristics by population.

Crow

Illumitation  Sand Clay Silt Ca Mg K P SB
Population ~ Group Index (CII) (%) (%) (%) (cmolc.kg)  (cmolc.kg)  (cmolc.kg)  (mg.kg)
1 Wild 2.70 0.16 23.42 76.42 1771 4.07 0.28 143.56 22.06
2 wild 2.95 10.12 35.10 54.78 14.52 2.26 0.26 83.12 17.04
3 wild 2.80 27.77 16.59 55.64 9.93 2.10 0.18 213.57 12.21
4 wild 2.80 12.33 23.38 6429 13.15 2.76 0.20 104.49 16.10
5 wild 2.75 35.52 12.95 5153 9.33 2.02 0.18 335.18 11.53
6 wild 3.05 15.69 22.62 61.69 12.85 2.92 0.25 129.55 16.01
7 wild 2.85 7.48 19.14 7338 1534 341 0.30 204.73 19.05
8 wild 2.60 8.48 17.33 7419 1297 2.96 0.15 9.29 16.08
9 Domesticated ~ 4.00 14.88 33.12 52.00 0.68 0.45 0.32 4.90 1.45
10 Domesticated  3.80 46.28 22.79 30.93 152 0.43 0.17 32.27 211
11 Domesticated ~ 3.90 30.28 30.72 39.00 0.97 0.50 0.16 391 1.63
12 Domesticated  3.80 2241 29.86 4773 0.15 0.24 0.16 2.47 0.55
13 Domesticated  3.90 47.91 2441 27.68 0.10 0.22 0.14 343 0.47
14 Domesticated  4.00 32.40 32.87 3473 0.36 0.32 0.20 8.55 0.88
15 Domesticated  4.00 28.98 33.99 37.03 0.10 0.24 0.16 7.22 0.50
16 Domesticated  4.00 93.23 6.41 0.36 0.21 0.23 0.10 7.26 0.54
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Supplementary Table 2. (Continued) Mean values of environment variables and morphological characteristics by population.

67

Plant height: Wood density
Fruits per  Fruit Fruit Fruit Seed Pulp Pulp:fruit Seed: fruit DBH ratio (m/cm) (g/cm3)

Population  Group bunch length (cm) diameter (cm) mass (g) mass (g) mass(g) massratio  mass ratio Height (m) DBH (cm)

1 Wild 65.52 1.60 1.02 0.32 NA NA NA NA 16.43 18.49 0.98 0.20

2 wild 60.70 1.50 1.06 0.60 0.25 0.21 0.32 0.41 17.11 16.27 1.19 0.21

3 wild 50.62 151 1.03 0.46 0.15 0.18 0.39 0.32 17.10 21.17 0.94 0.22

4 wild 39.84 1.59 1.09 0.54 0.21 0.19 0.36 0.37 19.37 24.43 0.85 0.22

5 Wild 42.16 1.56 1.20 0.79 0.23 0.28 0.33 0.35 15.10 20.36 0.90 0.23

6 Wild 57.66 147 1.02 0.34 0.12 0.11 0.31 0.33 21.22 21.55 1.08 0.26

7 wild 44.92 1.40 0.94 0.26 0.07 0.08 0.31 0.26 17.86 18.45 1.05 0.24

8 Wild 40.98 151 0.99 0.28 0.08 0.10 0.35 0.28 18.05 17.14 1.15 0.24

9 Domesticated ~ 32.82 2.55 2.86 10.16 1.74 6.84 0.67 0.17 9.36 16.52 0.65 0.23
10 Domesticated  46.84 2.34 2.55 7.51 1.37 475 0.63 0.18 9.42 14.42 0.74 0.20
11 Domesticated  35.44 2.66 271 9.72 1.75 6.21 0.63 0.18 8.58 14.06 0.65 0.15
12 Domesticated ~ 30.12 2.67 2.97 12.20 1.86 8.58 0.69 0.15 7.84 14.76 0.63 0.17
13 Domesticated  30.82 2.61 2.86 10.92 1.75 7.35 0.67 0.16 11.42 24.01 0.53 0.18
14 Domesticated ~ 41.92 2.45 2.64 8.57 1.66 5.10 0.59 0.20 8.05 16.94 0.52 0.17
15 Domesticated  36.76 243 254 8.17 1.67 4.99 0.61 0.21 751 17.18 0.48 30.18
16 Domesticated  47.84 2.52 257 8.04 1.53 5.09 0.62 0.19 9.35 20.96 0.47 3.38




Supplementary Table 3. Matrix of the regression analysis by characteristic. The adjusted R-squared, coefficients and p-values are presented for
the environmental gradient and for the domestication dichotomy. The effect of domestication by environment was obtained by multiplying the
domestication effects on the environmental conditions, and the direct effects of the environment on the morphological characteristics.

Domestication on Domestication via
Environmental gradient Domestication environmental gradient environment

Trait r2 Coefficient p-value r2 Coefficient p-value Coefficient Coefficient
Fruits per bunch 029 0.583 0.018 033  -0615 0.011 0.96 0.549
Fruit length (cm) 0.85 0.925 <0.001 0.97 0.985 <0.001 0.96 0.871
Fruit diameter (cm) 0.85 0.926 <0.001 0.98 0.990 <0.001 0.96 0.872
Fruit mass (g) 0.80 0.899 <0.001 0.94 0.972 <0.001 0.96 0.847
Seed mass (g) 0.86 0.991 <0.001 0.98 0.989 <0.001 0.96 0.933
Pulp mass (g) 0.76  0.935 <0.001 0.90 0.953 <0.001 0.96 0.880
Pulp:fruit mass ratio 0.86  0.989 <0.001 0.96  0.980 <0.001 0.96 0.931
Seed:fruit mass ratio 0.63  -0.859 <0.001 0.81 -0.906 < 0.001 0.96 -0.809
Plant height: DBH ratio <0.001 <0.001 0.96 -0.845
(m/cm) 0.79  -0.897 0.80  -0.903

Wood density (g/cmd) 049  -0.725 0.001 052  -0.745 <0.001 0.96 -0.683
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Supplementary Figure 1. PCA of the environmental variables that generated the
environmental gradient. The gradient is composed of the Crown Illumination
Index (CII), values of soil texture (sand, silt and clay content) and valies of soil
fertility (phosphorus, magnesium, calcium, potassium and sum of bases). The
circles represent floodplain sites (wild populations) and the triangles represent
terra firme sites (domesticated populations).
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Supplementary Figure 4. Correlation matrix among the morphological characteristics, among the environmental variables
and between the morphological characteristics and the environmental variables. We present here only the least correlated
morphological characteristics. The wild populations are represented by circles and domesticated populations by triangles.



