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Abstract Peach palm (Bactris gasipaes Kunth) is culti-
vated for fruit and ‘heart of palm’, and is an important
component of agroforestry systems in the Peruvian
Amazon. In this study, AFLP was used to compare
genetic diversity among domesticated populations along
the Paranapura and Cuiparillo rivers, which are managed
by indigenous and colonist farming communities, respec-
tively. Gene diversity was 0.2629 for the populations in
indigenous communities and 0.2534 in colonist commu-
nities. Genetic differentiation among populations (Gy)
was 0.0377-0.0416 (P<0.01) among populations along
both rivers. There was no relation between genetic
differentiation and the geographical location of popula-
tions along the rivers. Since natural seed dispersal by
birds and rodents is thought to occur only across relatively
short distances (100-200 m), it is likely that exchange of
material by farmers and commercial traders is responsible
for most of the ‘long-distance’ (over more than 20 km)
gene flow among populations along the two rivers
studied. This exchange of material may be important to
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counteract the effects of selection as well as genetic drift
in small groups of trees in farmers’ fields, much as in a
metapopulation, and may account for the weak genetic
differentiation between the two rivers (G4=0.0249,
P<0.01). A comparison with samples from other lan-
draces in Peru and Brazil showed the existence of an
isolation-by-distance structure up to 3,000 km, consistent
with gene flow on a regional scale, likely mediated by
trade in the Amazon Basin. Results are discussed with
regard to practical implications for the management of
genetic resources with farming communities.

Electronic Supplementary Material Supplementary ma-
terial is available in the online version of this article at
http://dx.doi.org/10.1007/s00122-003-1581-9

Introduction

Peach palm, Bactris gasipaes Kunth, was an essential
food crop for many pre-Columbian Amerindian commu-
nities in the lowland, humid Neotropics, especially in
western Amazonia. Today, peach palm, also known
as pijuayo (Peru), pejibaye (Costa Rica) or pupunha
(Brazil), is cultivated by both indigenous and non-
indigenous communities for two commercially valuable
products: fruit and ‘heart of palm’. The nutritious fruit can
be consumed after cooking or processed into a variety of
products, including flour for infant formula and baked
goods, cooking oil and animal feed (Clement and Mora-
Urpi 1987; Mora-Urpi et al. 1997). The gourmet heart of
palm has potential in the international export market
(Villachica 1996; Mora-Urpi and Echeverria 1999).
Farmers in the Peruvian Amazon rank peach palm as a
priority species for agroforestry (Sotelo Montes and
Weber 1997).

Domesticated peach palm consists of a diverse com-
plex of landraces separate from the wild ancestor species
(defined as var. chichagui; Clement 1988; Mora-Urpi et
al. 1993, 1997; Rodrigues et al. 2003). Sixteen landraces



have been characterised in the Amazon Basin and Central
America, based upon morphological characteristics such
as the size and shape of fruits and seeds, and abundance of
spines on the stems. Rojas-Vargas et al. (1999) and
Miranda (unpublished data) were the first to use isozymes
to analyse genetic diversity in peach palm, and Clement et
al. (1997) used isozymes to examine relations among
progenies and populations of spineless peach palm. Sousa
et al. (2001) used RAPDs and Clement et al. (2002) used
AFLPs to evaluate relationships among three Brazilian
landraces. Rodrigues et al. (2003) validated the morpho-
logically defined landraces in Central America and
Amazonia using RAPDs and also suggested that the
effective size of peach palm populations was relatively
high in Brazil, at least at the level of landraces.

Each landrace consists as a number of ‘populations’,
usually (for convenience) named after municipalities or
communities. In this paper, we follow this definition.
Within each population, there may be numerous small
sub-populations of 10-50 palms in farmers’ fields and in
areas that were once cultivated and then abandoned,
although palms in these abandoned areas tend to disap-
pear as the forest returns (Clement 1990). The plant is
pollinated mainly by small, curculionid insects (in the
Amazon Basin by several species of Phyllotrox), by
gravity and by wind to nearby trees (Mora-Urpi and Solis
1980; Mora-Urpi et al. 1997). The pollinators are thought
to have a flight range of only 100200 m between palms,
and the pollen they carry has a short viability period
(Miranda and Clement 1990). As a consequence, gene
flow through pollen between peach palm individuals and
populations, which often occur scattered across an area,
may be quite limited and local. Peach palm is predom-
inantly allogamous, having separate pistilate and stami-
nate flowers and protogynous development. Self-fertil-
isation occurs, however, and there is considerable vari-
ation in self-fertility (Clement and Arkcoll 1984). Patterns
of seed dispersal produced by wild animals have not been
investigated, but the dispersal distance is thought to be
limited. Given these conditions, effective size of breeding
populations might be small, and in the absence of other
processes the populations in different communities and
the sub-populations in farmers’ fields may become
genetically differentiated.

Human activities have significant effects on many
domesticated plant species, and this may also be true for
peach palm. The process of domestication and selection
tends to decrease the genetic variation of crop species’
populations (Tanksley and McCouch 1997; Weber et al.
1997; Ajmone-Marsan et al. 2002). On the other hand,
farmers also collect seed from selected palms on neigh-
bouring farms and select fruits in the local markets for
planting on their farms (Weber et al. 1997), and this may
counteract genetic erosion on farm. Louette (2000) found
in Mexico that farmers were constantly looking for new
types of maize in neighbouring fields as well as on local
markets and in other villages and were testing them next
to ‘established’ landraces. The Mexican landraces did not
suffer from genetic erosion, and in the authors’ opinion,
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the trafficking of potential useful genotypes produces the
gene flow that is responsible and necessary for the
restoration of diversity in seed lots subjected to genetic
drift. This process resembles, in its genetic effects,
migration within a meta-population (Louette 2000). If
the genotypes were drawn from several pools, this process
would also prevent an isolation-by-distance model (Giles
and Goudet 1997). We do not know to what extent
farmers’ practices lead to a reduction or maintenance of
genetic diversity in peach palm, or whether the practices
(and the genetic consequences) vary among ethnic groups
(which is a relevant issue, since the Peruvian Amazon is a
patchwork of ethnic groups). As a consequence, it is
difficult to implement a conservation-through-use ap-
proach for peach palm.

For a systematic study of genetic diversity in peach
palm on a fine scale, i.e. among palms in farmers’ fields
and among groups of farmers’ fields in communities that
make up a landrace (Louette 2000), we focussed on
populations of the Pampa Hermosa landrace along two
rivers in the Peruvian Amazon in the area near the city of
Yurimaguas. We employed AFLP to answer three ques-
tions:

1. How much genetic diversity is present within and
among populations of peach palm?

2. Is there a difference between two groups of popula-
tions, one group managed by indigenous farming
communities along the Paranapura River and the other
managed by non-indigenous farming communities
along the Cuiparillo River?

3. Is there an isolation-by-distance type of genetic struc-
ture as a result of local exchange of genetic material?

For comparison, we included a few samples taken from
populations of different landraces in Peru and Brazil. The
results are discussed with regard to practical implications
for the management of genetic resources within farming
communities.

Materials and methods
Sample collection

Seeds were collected from peach palm in two river systems in the
Peruvian Amazon (see Fig. 1 for collection region, Table 1 for
geographic coordinates of peach palm populations). Peach palm in
this region has been classified as the Pampa Hermosa landrace
(Mora-Urpi et al. 1993). Seed collections were conducted in four
farming communities along the Cuiparillo River in 1997 and in 12
farming communities along the Paranapura River and associated
tributaries in 1999. Farmers along the Paranapura River belong to
an indigenous ethnic group (Chayahuita), while those along the
Cuiparillo River are non-indigenous in origin (referred to below as
‘colonist’). In all cases, farmers selected their preferred peach palm
based primarily on fruit characteristics (such as oil and starch
content, texture and size). Although this is not a random sample of
the palms present in these communities, we believe it is a
representative sample of the next generation, since farmers select
during every generation cycle, and selection is an essential activity
which maintains the (phenotypic) identity of a landrace (Louette



1566

— _
000  008Z 008 OOVE  00ZZ  000Z 0081

nogL 0av L QOZL 0001
S|

oog 008 OOF

s

w08
3
)

soda

s&RE

=
L

H ke |
s q\{\\) J
o :

midr Mgy MI5 MID

Ry

mas M

T S Y Ty oy e

pre PR rRRY e

5068

Fig. 1 Study area and location of populations sampled
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Table 1 Location of peach

. . a b . .
palm populations collected in Group Region Name of population Code Population ~ Population
colonist and indigenous com- latitude® longitude®
munities in Peru, and other land
races in Peru and Brazil °S) (W)

Colonist Cuiparillo River,  Corazén de Jesds Coll 5°53' 75°55'
Communities  Peru Gloria Col2 5053’ 75°57
Cerro de Céndor Col3 5054/ 75°59’

Libertad de Cuiparillo Col4 5°54 76°00

Indigenous Paranapura River, Panan Indil 5040/ 76°29
Communities  Peru Naranjal Indi2 5039 76°30/
Maranatha Indi3 5°40/ 76°29'

Irapay Indi4 5042/ 76°27

Bellavista Indi5 5°46 76°31'

San Jose de Caballito Indi6 5045’ 76°30/

Nva. Esperanza Indi7 5°45' 76°29'

Nva. Chazuta Indi8 5042/ 76°28

San Gabriel de Varadero Indi9 5042’ 76°25'

Loma Linda Indil0 5044’ 76°24'

Moyobambillo Indill 5°45' 76°24

Santa Rita Indil2  5°44 76°29’

Other land Loreto, Peru Iquitos Putl 3055’ 73°11
races Amazonas, Brazil Benjamin Constant Put2 4022/ 70°22/
Amazonas, Brazil Fonte Boa Sol3 2038/ 65°55'

Amazonas, Brazil Tefé Sol4 3022/ 64°44’

Amazonas, Brazil ~Coari Sol5 4°8' 63°18

Amazonas, Brazil Itacoatiara Par6 308/ 58°3(0/

Para, Brazil Alenquer Par7 1°57 54°46

Para, Brazil Gurupa Par8 1°27 51°35

#Populations are named after towns located nearby. The locations of these towns are shown in Fig. 1.
The latitude and longitude of the populations sampled do not correspond exactly with the latitude and

longitude of these towns

b Col Colonist communities along Cuiparillo River, Indi indigenous communities along Paranapura
River (both from the Pampa Hermosa landrace), Put Putumayo landrace, So/ Solimdes landrace in
western Brazil, Par Para landrace in eastern Brazil

¢ Mean latitude and longitude of indigenous and colonist populations are calculated from latitude and
longitude of all individual palms collected in that population. For out-group populations, latitude and
longitude are based on the location of the town used to name the population.

2000). Phenotypic characteristics and geographic location of these
selected plants were recorded. In total, 402 palms were thus
identified and sampled—100 in the non-indigenous farming com-
munities and 302 in the indigenous communities (Table 1).
Seedlings from these plants were grown in a nursery and planted
in progeny tests in two locations (Huallaga and Aguaytia water-
sheds) 1 year after the seed collections. Tissue samples were
collected from these seedlings, one for each of the selected palms,
in December 2001. For each sample, 25 cm? of leaf tissue was
taken from young basal offshoots. Tissue samples were sealed
individually in airtight bags filled with a silica desiccant.

In addition, for comparison, leaf tissue samples were collected
from one seedling of each of 39 mother plants representing seven
populations in Brazil and one population in Peru (Fig. 1). These
39 plants were sampled in a germplasm bank (Instituto Nacional
de Investigaciéon Agraria, Yurimaguas, Peru) in May 2002. The
germplasm bank was established in the 1980s following an
extensive seed collection in Amazonia; the exact geographic
location of the 39 mother plants was not recorded during the seed
collection, but all were identified to municipality. These ‘landrace’
samples probably represent three different landraces (Mora-Urpf et
al. 1993): the Putumayo landrace in Peru and western Brazil, the
Pard landrace in eastern Brazil and the Solimdes landrace in
between (Table 1). Recent research using molecular markers
suggests that the Solimdes landrace may not be a distinct landrace
(Sousa et al. 2001; Clement et al. 2002; Rodrigues et al. 2003),
although Iriarte-Martel et al. (2003) have questioned this based on a
new morphometric analysis of these three landraces. Mora-Urpi and
Clement (1988) proposed that Iquitos may be a hybrid population
with Putumayo, Pampa Hermosa and Tigre.

AFLP protocol

For DNA extraction, a small piece (1 cm?) of dried green leaf tissue
was ground with four glass pearls in a Retch shaking mill, followed
by DNA extraction according to Fulton et al. (1995). The AFLP
method (Savelkoul et al. 1999) was performed essentially as
described by Vos et al. (1995) with some modifications (Arens et
al. 1998). Approximately 80 EcoRI/Msel primer combinations were
tested on four samples. Suitable combinations were selected based
on the number of unambiguously scorable polymorphic bands.
Finally, two primer combinations were selected for analysis:
EcoRI-AAC/Msel-CCC (78 polymorphic bands) and EcoR1-ACA/
Msel-CTG (66 polymorphic bands).

Data analysis

Presence (1) or absence (0) of each polymorphic band was scored
for all genotypes. AFLP-SURYV version 1.0 (Vekemans et al. 2002)
was used to calculate gene diversity statistics and estimate
significance of F estimates. Gene flow was estimated assuming
Nm=(1/F¢—1)/4 (Whitlock and McCauley 1999). One thousand
distance matrices were used as input into Neighbour and Compare
from Phylip (Phylogeny Inference Package) version 3.573c
(Felsenstein 1989) to infer bootstrap confidence on the dendrogram
tree. Principal coordinate analysis (PCO) was carried out based on
the similarity matrix using GENSTAT (5th edition, release 4.2,
Lawes Agricultural Trust, VSN International). IBD (Isolation By
Distance, version 1.3) (Bohonak 2002) was used to analyse for
presence of isolation by distance. Default settings were used, unless
described otherwise.
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Results

Genetic diversity within populations and landraces

A total of 203 progeny plants were analysed from 16
peach palm populations of the Pampa Hermosa landrace
in Peru (Table 1)—58 plants from four populations
managed by farmers in the colonist communities along
the Cuiparillo River and 145 plants from 12 populations
managed by farmers in the indigenous communities along
the Paranapura River and associated tributaries (Fig. 1). A
further 37 plants were analysed from three other landraces
to provide a comparison of genetic diversity (Fig. 1). A
total of 203 AFLP bands were scored, of which 144
(70.9%) were polymorphic. Eight fragments were unique
for the Pampa Hermosa landrace, and eight other frag-
ments were uniquely found in the samples from the three
other landraces [of which four in Solimdes (Sol) and Para
(Par) and one in Para only], which is noteworthy,
considering the small number of samples analysed for
these landraces.

The number of polymorphic loci varied directly with
population size (Table 2), but the correlation between
sample size and number of polymorphic loci (not shown)
was always comparable to those of the Paranapura River
populations sampled, except for the Para samples, which

contained much less polymorphic fragments than expect-
ed. For the two river systems analysed, the average value
per population was comparable—69.6% for populations
from colonist communities along the Cuiparillo river,
66.3% for populations from indigenous communities
along the Paranapura.

The populations managed by indigenous communities
along the Paranapura River had marginally higher gene
diversity levels (H; from 0.235 to 0.271, overall 0.2519)
than colonists’ populations along the Cuiparillo River
(from 0.228 to 0.265, overall 0.2439, Table 2). All
populations together are an approximation of the landrace
Pampa Hermosa, and for this landrace the gene diversity
was estimated at ~0.2480. This was marginally higher
than in the other three landraces (0.2373), but this may
well reflect the fact that the number of samples was
considerably greater for the Pampa Hermosa landrace.

Among the samples from other landraces, the popu-
lations from the Pard landrace in eastern Brazil (Itacoa-
tiara, Alenquer, Gurupd) had very low diversity levels
(only 0.0625-0.1458, Table 2). Two populations from the
Solimdes landrace had the highest diversity, which would
be consistent with the observation of Rodrigues et al.
(2003) that Solimdes has a higher heterozygosity than the
Putumayo and Pard landraces, perhaps as the result of
hybridisation between the Putumayo and Pard landraces.

Table 2 Gene diversity statistics within Peach palm populations along the Cuiparillo and Paranapura Rivers, Peru and samples from three
other landraces in Peru and Brazil. H; Expected heterozygosity under Hardy-Weinberg genotypic proportions; Nei’s gene diversity

Population Number of Number of Proportion of H;
individuals analyzed polymorphic loci® polymorphic loci (%)°

Coll 20 109 53.7 0.2462
Col2 18 110 54.2 0.2367
Col3 6 74 36.5 0.2278
Col4 14 108 532 0.2648
All samples along Cuiparillo River 58 125 61.6 0.2439
Indil 8 93 45.8 0.2620
Indi2 10 88 433 0.2464
Indi3 14 97 47.8 0.2345
Indi4 6 85 419 0.2539
Indi5 17 107 52.7 0.2572
Indi6 18 114 56.2 0.2609
Indi7 18 113 55.7 0.2572
Indi8 20 112 552 0.2433
Indi9 19 116 57.2 0.2709
Indil0 6 80 394 0.2512
Indill 3 61 30.1 0.2510
Indil2 6 79 389 0.2350
All samples along Paranapura River 145 133 65.5 0.2519
Pampa Hermosa landrace 203 136 67.0 0.2499
Putl 8 91 44.8 0.2366
Put2 5 73 36.0 0.2347
Sol3 4 59 29.1 0.2138
Sol4 5 77 38.0 0.2467
Sol5 6 85 419 0.2548
Par6 2 28 13.8 0.1458
Par7 5 41 20.2 0.1400
Par8 2 12 59 0.0625
All other landrace samples 37 132 65.0 0.1918
All samples 240 144 70.9 0.2306

#Number of polymorphic loci at 5% level, i.e. loci with allelic frequencies lying in the range 0.05 to 0.95. Total number of loci scored was

203
b Proportion of polymorphic loci at the 5% level
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Table 3 Genetic differentiation among peach palm populations in Peru and Brazil. H,, Mean gene diversity within populations (Nei’s Hy),

H, total gene diversity, N,, estimate of gene flow among populations

Among populations within group Between groups Number of H,, H, Nei’s Gy Np*
populations or groups
Colonist 4 0.2439  0.2534  0.0377*%* 6.4
Indigenous 12 0.2519  0.2629  0.0416%* 5.8
Other landraces 8 0.1918  0.2964  0.3504%*%* -
Colonist and indigenous 16 0.2499  0.2630  0.0497+** 4.8
Colonist, indigenous and other landraces 24 0.2306  0.2887  0.2013** -
Colonist vs indigenous 2 0.2573  0.2639  0.0249%*%* -
Colonist vs indigenous vs 3 0.2676  0.2884  0.0720%* -
other landraces
Colonist and indigenous vs 2 0.2752  0.3005  0.0842%#%* -
other landraces
# Assuming that N,, = (1/Fy —1)/4 and calculated only for cases where it is reasonable to consider gene flow
Significance level: **P<0.01
Genetic diversity and differentiation T
025 4
The levels of genetic differentiation among populations 4 . Am |
(Gg) were low but significant (Table 3). Genetic differ- RS
§>nti_ation among pOpl.ll.atiOIlS was slightly higher for.the N A ;8%;-06%0 o
indigenous communities along the Paranapura River _ © B Jic?
. .- X N X o
(G=0.0416) than for the colonist communities along the 8 . % 20 0%%3 o
Cuiparillo River (G4=0.0377, both are significantly dif- « @ oo%g&?’ %&?o;g
ferent from zero, P<0.01). Genetic differentiation among & I . oA o 4? m° %%&%Wﬁz
the other landrace populations (Gy=0.3504, P<0.01) was § §>§°%53< x
notably greater than the differentiation among populations L8 © xx &‘%&9 @@Q@o
in the indigenous and colonist communities, consistent A g2 > & ox
with the fact that these populations represent three . . o5 %0 %
different landraces. onl
Taking the populations along each river as a panmictic X olorist Oinigenous ABrazi —iauos | ‘

population, we can calculate the genetic differentiation
between them as Gy=0.0249, which is low but signifi-
cantly different from zero (P<0.01). Assuming that gene
flow can be estimated from Fy or Gy values, while
recognising that the assumptions necessary for this
calculation are rarely met (Whitlock and McCauley
1999), these values correspond to considerable gene flow
among populations: Ny,=5.8 for indigenous communities
and 6.4 for colonist communities. When all these popu-
lations are considered as one group of populations, the
estimated average gene flow among them was N;,=4.8.
This is in the same order of magnitude as the estimates of
Rodrigues et al. (2003) in some of the Brazilian landraces.

Principal coordinate analysis

In a PCO with all samples (Fig. 2), the first two axes
explained 5% and 3%, respectively, of the variation in the
matrix and differentiated the landrace samples from
eastern and western Brazil from the populations managed
by colonist and indigenous communities in Peru. There
was extensive overlap between colonist and indigenous
populations and the population from Iquitos in Peru
(Putl). Analysis of only the plants from populations
managed by colonist and indigenous communities in Peru
showed that plants from indigenous populations were

PCO Axis 1 (5.01%)

Fig. 2 Principal coordinate analysis of the AFLP profiles con-
structed using 144 polymorphic DNA fragments from all individual
samples of the peach palm populations managed by colonist and
indigenous communities in Peru, and other landraces in Peru and
Brazil

slightly more diverse, but both groups largely overlapped
and the plot explained only 6% of the variation (not
shown).

Cluster analysis

Cluster analysis based on genetic distances (Fig. 3)
revealed three major population clusters, which generally
reflected the Pampa Hermosa landrace (Col and Indi
samples), the Putumayo and Solimdes landraces com-
bined (Put and Sol) and the Pard landrace (Par). Popu-
lations of the Pampa Hermosa landrace managed by
colonist communities and indigenous communities in
Peru generally fell into one large group, with the colonist
samples loosely attached. The Santa Rita population
(Indi12) and the Putumayo population from Iquitos (Putl)
clustered somewhat intermediate. For the populations
along the two rivers bootstrap values were low, consistent



1570

Col1

Col2

Col3

1000 Col4

Indi8

Indi6
Indi7
Indi3

Indi5
Indi10
Indi9

Indi4

Indi11

Indi2

Indi1
Indi12

Put1

604 Put2

Sol3

Sol4

Par6

910 Par8

756
Par7

Fig. 3 Unrooted neighbour joining tree of Nei’s genetic distance
among populations of peach palm in colonist and indigenous
communities in Peru, and other landraces in Peru and Brazil.
Figures indicate bootstrap values (1,000 replications)

with the fact that only a small part of the diversity is
partitioned between populations. The cluster of western
landrace samples with Putumayo and Solimdes landrace
populations intermingled, supports the proposal by Sousa
et al. (2001), Clement et al. (2002) and Rodrigues et al.
(2003) that Solimdes is part of the Putumayo landrace.
The eastern cluster of Pard landrace populations is
supported by high bootstrap values. This is consistent
with the high pairwise Fy values between them and all
other samples (see Electronic Supplementary Material),
and it indicates that these samples are quite different from
the western landraces (cf. Rodrigues et al. 2003).

Isolation by distance

An isolation-by-distance relationship may exist among a
more or less continuous series of populations that have a
limited exchange of individuals with their neighbouring
populations. The mean Ny, of 4.8 for populations from the
colonist and indigenous communities would be sufficient
to keep populations from differentiating significantly.
Nei’s genetic distance between pairs of populations (see
Electronic Supplementary Material) was smallest for the
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Fig. 4 a Absence of isolation-by-distance relationship among
populations managed by indigenous communities along the Parana-
pura River and populations managed by colonist communities
along the Cuiparillo River. Correlation between pairwise Nei’s
genetic distance and geographical distance, R*> =0.0001 and Mantel
test of correlation, P<0.4910 for indigenous communities; R*> =
0.2611 and P<0.0890 for colonist communities. b Isolation by
distance among populations sampled across South America,
R?=0.6016, P<0.0010. In b, only Coll and Indil were included,
one population of each of the sampled rivers, for the Pampa
Hermosa landrace

colonist communities along the Cuiparillo River (up to
0.017) and somewhat larger between some populations
managed by indigenous communities along the Parana-
pura River (up to 0.043). These genetic distances are very
low and often not significant, indicating considerable
gene flow among these populations. When some of the
other landraces were involved, pairwise Fys went up to
0.301. Most of the genetic distances involving popula-
tions from other landraces were significant, provided the
number of samples tested was not too low.

Since the Cuiparillo and Paranapura populations were
at least 45 km apart, which is much more than the largest
distance between populations within each of these river
systems, we carried out the isolation-by-distance analysis
separately among populations within the two river sys-
tems. The results (Fig. 4a) show that there was no effect of
geographic distance on genetic distance for up to more
than 20 km along each river. This suggests that genetic
material has been exchanged regularly among commu-
nities along both rivers, but not specifically between
adjacent villages. Rather, exchange took place over
distances of more than 20 km. A good candidate mech-



anism would be trade at the markets in the major city in
the vicinity, Yurimaguas, which is less than 50 km away
from all populations, when measured as the crow flies.

For all samples across landraces, we do find a
significant isolation-by-distance for up to 3,000 km
(Fig. 4b). This is consistent with a regional exchange of
genetic material between these populations, even though
they are considered to be from different landraces.

Discussion

In this study, we compared genetic diversity in peach
palm populations managed by either indigenous or
colonist farming communities along the Paranapura and
Cuiparillo rivers in Peru. A case study of farmers’ use and
management of tree germplasm in the Peruvian Amazon
(Brodie et al. 1997) showed that farmers in an indigenous
community maintained more species and more individu-
als per species in their secondary forests, compared with
farmers in the colonist communities. In our study, genetic
diversity within populations of peach palm was only
slightly greater for the indigenous communities than for
the colonist communities, and this could also be due to the
larger sample size in the indigenous communities.

Genetic diversity within peach palm populations man-
aged by the indigenous and colonist communities in Peru
was slightly greater than diversity in the samples from
other landraces from Peru and Brazil. Although the
comparisons with landraces samples are confounded by
differences in sample sizes, it does suggest that farming
communities in the Peruvian Amazon are maintaining a
relatively broad genetic base in their peach palm popu-
lations. We did not assess diversity in the undomesticated
taxon, B. gasipaes var. chichagui. Undomesticated pop-
ulations may have relatively greater diversity than do-
mesticated populations (Ledig 1992). For example, in a
study of SSR allelic diversity in Inga edulis Mart., another
widely domesticated fruit-tree species in the Peruvian
Amazon, domesticated populations on farms had lower
genetic diversity than undomesticated populations in
nearby primary forests (T. Pennington et al., unpublished
data).

Most of the genetic variation in peach palm occurred
within populations rather than among populations. Al-
though the genetic differentiation among populations
managed by the indigenous and colonist communities in
Peru, i.e. among populations within the Paranapura and
Cuiparillo rivers, was significant, it accounted for only
about 5% of the variation. Similarly, the genetic differ-
entiation between these two groups of populations ac-
counted for only 2.5% of the variation. Even among the
samples from the other landraces collected across the
Amazon, genetic differentiation among populations ac-
counted for only about 12% of the variation. Rodrigues et
al. (2003) estimated genetic variation among a number of
peach palm landraces using RAPDs and reported values
close to 15%. Rodrigues et al. (2003) also recalculated
allozyme data from Clement et al. (1997) and found a
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nearly identical value. Relatively low genetic differenti-
ation among populations and high within-population
diversity also have been reported for undomesticated
populations of Calycophyllum spruceanum Benth. using
AFLPs (Russell et al. 1999), and for both domesticated
and undomesticated populations of I. edulis Mart. using
SSR (T. Pennington et al., unpublished data) in the
Peruvian Amazon.

The results showed considerable gene flow among
peach palm populations managed by the colonist and
indigenous communities in Peru and also between these
two groups of populations. Both pollen movement and
natural seed dispersal (by birds and rodents) are thought
to occur only across relatively short distances (100-200
m, Mora-Urpi et al. 1997). However, in their study of
population structure in heart of palm (Euterpe edulis) in
central Brazil, Gaiotto et al. (2003) found high levels of
gene flow and up to 22-km pollination distance, despite
that the main pollinator was thought to be a short-flying-
distance bee. To resolve this discrepancy, alternative
pollinators (birds) were proposed, and a series of bird
species appears to be potential seed dispersers. In the
domesticate peach palm, we do not know the actual
pollination distances. However, we do know that farmers
and commercial traders are causing ‘long-distance’ gene
flow through seeds. Within communities along the
Paranapura and Cuiparillo rivers, Weber et al. (1997)
observed considerable exchange of germplasm. Farmers
collect seed from selected palms on their farms and on
neighbouring farms and select fruits in the local markets
for planting on their farms. In addition, farmers from
communities along both rivers market most of their crop
in Yurimaguas (see Fig. 1), which is a major commercial
centre for the peach palm industry, either directly or
indirectly through commercial traders. Farmers select
desirable fruits/seeds in the Yurimaguas market and take
them back to their farms for planting (Sotelo Montes et
al., unpublished). Commercial traders from Yurimaguas
distribute fruits/seeds to other regions in the Amazon and
elsewhere in Latin America where demand exists for fruit
or heart-of-palm plantations. Such regional trade is
consistent with the absence of isolation-by-distance along
a stretch of 20-km river (Fig. 4). It will result in
immigration of propagules from several different source
populations into local populations, resembling the ‘mi-
grant pool model’ of immigration which leads to addi-
tional gene flow reducing population differentiation
(Giles and Goudet 1997). Trade with other regions in
the Amazon region is also consistent with the isolation-
by-distance structure found among the landraces that were
included in this study.

The clear genetic differentiation among three of the
peach palm landraces in this study is consistent with
Mora-Urpi et al. (1993), who noted that there is consid-
erable genetic variation in morphological traits among the
landraces. In our study, cluster analysis generally grouped
the populations based on their landrace classification: the
Pampa Hermosa landrace (colonist and indigenous com-
munities in Peru), the samples from western Brazil in
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intermediate position, regardless of whether they are
classified as Putamayo or Solimdes landrace and, clearly
separate, the samples from the Para landrace from eastern
Brazil. As Benjamin Constant is essentially the type
locality of the Putumayo landrace, the western grouping is
consistent with them being either Putamayo landrace or
hybrids (Sousa et al. 2001; Clement et al. 2002; Rodrigues
et al. 2003). The intermediate position of Iquitos (Putl)
between Pampa Hermosa and Putumayo samples in Fig. 3
supports Mora-Urpi and Clement’s (1988) classification
of Iquitos as a hybrid population, with morphogenetic
variation from the Putumayo, Pampa Hermosa and Tigre
landraces and possibly from other landraces and wild
populations in Peru. Nevertheless, the isolation-by-dis-
tance study (Fig. 4b) is consistent with some exchange of
material between landraces. As a consequence, even if
such units would be morphologically stable due to
continuous selection, the genetic diversity in neutral
markers may change gradually.

Implications for genetic resource management
with farming communities

Strategies for genetic resource management should be
based on the genetic structure of the populations. Results
of this study suggest three features of the genetic structure
of peach palm in Peru: (1) most of the genetic diversity
occurs within rather than among the domesticated pop-
ulations, and current management practices have not led
to a considerable loss of diversity; (2) genetic differen-
tiation between groups of populations managed by com-
munities from different river systems is low but signif-
icant; and (3) genetic differentiation among individual
populations managed by communities within these river
systems is even lower but still significant. Management
strategies, therefore, should attempt to conserve the
diversity at all three levels within each landrace, but also
keep in mind that a landrace is not a fixed genetic unit,
but resembles a metapopulation in which drift and
selection in farmers’ fields are counterbalanced by traf-
ficking of genetic material (Louette 2000). From a
practical point of view, a conservation-through-use ap-
proach, in which farming communities are empowered to
both use and conserve their genetic resources, would
match very well the current practice. It may be more
effective than traditional in situ or ex situ approaches for
domesticated species (O’Neill et al. 2001; Weber et al.
2001). Considering the genetic structure of peach palm
populations as revealed in this study, the approach would
involve working with several, geographically discrete
farming communities located in different river systems
within different regions of the Peruvian Amazon. Regions
would be selected to capture diversity among landraces.
Within each region/landrace, several farming communi-
ties from different river systems should be involved,
because subdivided populations retain variation better
than a single panmictic population. In each river system, a
few phenotypically diverse populations in different com-

munities could be identified with farmers and targeted for
management. Community-based seed collections could be
coordinated for each population, and then the seeds could
be mixed together and distributed for establishing new
plantations in the community or for sale to seed traders.
We recommend at least 30 (but preferably 50, Brown and
Marshall 1995) different mother trees in each population
for collection. As the pollination distances are not known,
usually a minimum distance of at least 100 m between
each mother tree is used in such collections. For the two
rivers studied here in detail, data on significance of
genetic differences between populations (see bolded
figures in Electronic Supplementary Material) could be
used to select those populations that merit separate
conservation at that level.

The in situ conservation efforts may be complemented
by participatory research in the farming communities to
identify superior germplasm in terms of both adaptive
traits (e.g. drought, pest and insect resistance) and
economic traits (e.g. fruit quality and quantity), to
optimise the ‘selection’ process that is also inherent to
the usage of landraces. In this process, selection for
improved production has to be balanced with maintenance
of genetic diversity. One important piece of information
for this is the actual pollen dispersal distance (which
determines the size of the open-pollinated maternal
families). The current development of microsatellite
markers for peach palm will allow establishing this in
the near future.
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