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Abstract Germplasm collections play a significant role
among strategies for conservation of diversity. It is common
to select a core collection to represent the genetic diversity
of a germplasm collection, in order to minimize the cost of
conservation, while ensuring the maximization of genetic
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variation. We aimed to solve two main problems: (1) to
select a set of individuals, from an in situ data set, that is
genetically complementary to an existing germplasm collection, and (2) to define a core collection for a germplasm
collection. We proposed a new multi-objective optimization (MOO) approach based on principles of systematic
conservation planning (SCP) incorporating heterozygosity
information; therefore, optimization takes genotypic diversity and variability patterns into account as well. As a case
study, we used Dipteryx alata microsatellite loci information from two sources, an ex situ germplasm collection
located at the Agronomy School of the Federal University of Goiás (UFG-AS), and an in situ data set composed
of 642 sampled individual trees. We were able to identify
within a population of several individuals, the exact accessions/samples that should be chosen in order to preserve
the species diversity. We found that material from nine in
situ individual trees are enough to complement the UFGAS germplasm collection as it is, and that it is possible to
define a core collection of 20 individual trees representing
all studied genetic diversity. Moreover, we defined a method
(a protocol) to deal with large amounts of accessions in the
context of MOO. The proposed approach can be used to help
constructing collections with maximal allelic richness and
can also be extended to the in situ conservation. As far as
we know, this is the first time that principles of SCP and the
MOO approach are applied to the problem of complementing a germplasm collection and of finding a core collection
for a germplasm collection.
Keywords Biodiversity · Conservation planning · Core
collection · Genetic variability · Germplasm ·
Multi-objective optimization
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Introduction
Germplasm corresponds to the living tissues from which
new plants can be grown, and thus are an important component for maintenance of plant genetic resources (Roederer
et al. 2000). Plant germplasm can be stored as seed collections, pollen storage, in a nursery (field), in vitro (Engels
et al. 2003) constituting what is called germplasm bank
or collection. These germplasm collections are kept to
represent the genetic diversity of plants, their wild relatives, and/or plants present and unique in a local region
(Dawson and Were 1997). They play a significant role
among strategies for conservation of diversity (Rao et al.
2006). Additionally, to commonly occurring species, rare,
threatened, or endangered species are made available for
study or for habitat restoration projects.
Core collections are useful tools for organizing and analyzing representative sets of genotypes in a germplasm
collection and can be defined based on several criteria,
including explicit evaluation using molecular markers. A
core collection is a subset from a larger collection of a
particular species that represents, with a minimum level of
repetitiveness, the genetic diversity of that species and its
wild relatives (Frankel 1984; Brown 1989). A core collection should not be considered a substitute of the whole
collection, but it captures the complete diversity of the
entire collection it was derived from. Therefore, a core
collection should correspond to a set representing all of
the species alleles, while ensuring minimum redundancy
of those alleles and high reproducibility of entries. Core
collections are being adopted as a useful instrument to
improve conservation, accessibility and the use of plant
genetic resources (Zhang et al. 2011). In this conservation
context, one could understand that remaining natural populations of the species could be viewed as in situ genetic
resources, whereas a core collection could be an ex situ
sample that could be stored for further conservation applications. In this conservation context, the use of molecular
markers to achieve the representativeness definition of a
core collection is important because population persistence
and resilience to environmental changes are usually positively correlated with genetic diversity. Methodologically,
efforts to create germplasm core collections commonly use
statistical and clustering methods (Holbrook et al. 1993; Li
et al. 2004; Laghetti et al. 2008; Wang et al. 2011; Zhang
et al. 2011; Belaj et al. 2012; Mei et al. 2012; Rao et al.
2012).
There is always a cost involved in maintaining germplasm collections such as maintenance of storage space,
controlled temperature, and relative humidity (Rao et al.
2002). Various studies for estimating the costs of conservation have been carried out adopting different methodologies
(Gupta et al. 2002). Germplasm collection operations and
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facilities vary substantially in size, capacity, types, and
amount of equipments. These factors depend on the quantities of germplasm to be stored in the germplasm collection,
which will in turn depend upon several circumstances that
vary from objectives of the germplasm collection, range of
species and breeds to be conserved, to financial resources
available for the conservation program.
Cerrado is a large biome in Central Brazil, occupying about 1, 500, 000 km2 and includes significant environmental heterogeneity. It is a typical tropical savanna
environment, but actually has different types of vegetation,
ranging from open grasslands to dense woodlands and dry
forests. Cerrado has been considered one global biodiversity hot spot (Myers et al. 2000), because of the strong
plant endemism and high rates of habitat loss and fragmentation due to a recent expansion of soybean cultures and
cattle ranching (Diniz-Filho et al. 2008). The conservation
of indigenous plant species germplasm is important since
considerable material has been identified as unique to the
Brazilian Cerrado biodiversity. In this context, germplasm
collections exist to conserve, increase utilization, and
catalogue germplasm of plants that might otherwise be
lost.
At the Agronomy School of the Federal University
of Goiás (UFG-AS), Brazil, there is a large accessible germplasm collection for Dipteryx alata (also known
as baru, a Fabaceae tree species widely distributed and
endemic to Brazilian Cerrado), composed of 178 fully
grown adult trees. Besides, data from D. alata was collected
in situ for a total of 642 individual trees sampled in 25 local
populations throughout species’ geographic range (Fig. 1).
In this context, using data from D. alata as a case study
for our method, we aim to solve two main general problems:
1. To select a set of individuals from in situ collected
data that is genetically complementary to an existing
germplasm collection;
2. To define a core collection for a germplasm collection.
In both problems, we look for minimizing the overall
cost of conservation while maximizing the allele representation. On the one hand, these problems can be mapped
to the systematic conservation planning (SCP), a widely
accepted biodiversity-focused approach to selecting priority
areas for protection. In a simplified way, SCP is the problem
of finding a minimum set of sites (in this case, individual trees) with the maximum representation of some feature
(Margules and Pressey 2000). On the other hand, the SCP
problem can be modeled by the minimum set covering problem, that was shown to be NP-hard (Cormen et al. 2001),
i.e., there is no known efficient exact solution for the problem, therefore, when the input grows arithmetically, the time
to find a solution increases exponentially. Clearly, there are
two conflicting objectives (minimize selected individuals
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Fig. 1 Dipteryx alata, also
known as baru, is a widely
distributed tree species in the
Cerrado biome, Central Brazil,
although restricted to seasonal
savannas that grow in eutrophic
and drained soil. Fruits have a
very woody endocarp with an
edible nut that is eaten and
dispersed by mammals, e.g.,
bats and monkeys. The D. alata
is used as lumber, for charcoal
production, shade in pasture,
and it is a source of raw material
for handicraft, cosmetics, and
food industries, playing an
important role in the local
economy (Correa et al. 2008;
Collevatti et al. 2013). a The
UFG-AS D. alata germplasm
collection (nursery), composed
of 178 fully grown adult trees. b
Baru fruit in situ. c–e Ripe baru
fruits are collected from the
ground. f Individual tree in situ.
g In situ collected samples
(samples were collected for a
total of 642 individual trees in
25 local populations distributed
throughout species’ geographic
range)
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while maximizing allele representation), making the problem a perfect candidate for multi-objective optimization
(MOO).
Optimization problems with more than one objective
are called vector optimization or multi-objective problems
(MOP) (Brockhoff 2009; Deb 2008; Coello Coello 2001;
Coello Coello et al. 2007; Zitzler 2002). In these cases,

there is no single optimal solution, but rather, a set of solutions that should be considered equivalents in the absence of
information about the relevance of each objective related to
the others (Fonseca and Fleming 1995). These solutions are
known as Pareto optimal solutions (Fig. 2), and their plot
form what is called Pareto front (Fig. 3) (Coello Coello et al.
2007).
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Fig. 2 Pareto optimality. In multiobjective problems (MOP) there is
not only one objective function to optimize, but many, thus, the aim
is to find good trade-offs rather than a single solution. The notion of
optimum is based on the Pareto dominance: considering two objective
functions (f1 and f2 ), a solution (a point) can be better, worse, equal,
or also indifferent to another solution with respect to the objective values computed from functions f1 and f2 . “ Better” means that a solution
is not worse in any objective and it is better in at least one objective;
this solution is also said to dominate the other ones. Using this concept, an optimal solution is not dominated by any other solution. Such
a solution is called Pareto optimal, and the entire set of optimal tradeoffs is called the Pareto optimal set, which is represented here by points
A, B, C, and D. Considering a minimization problem, taking solution
E as reference, solutions located in: area 2 are dominated by E (are
worse than E); area 3 dominate E (are better than E); areas 1 and 4 are
indifferent (it is not possible to compare them, since if E is better in
f1 , it is worse in f2 and vice versa)

SCP has been generally used at species level (or hierarchically higher), but has also been applied to conservation
genetics, aiming to maximize molecular variation within
populations (Diniz-Filho and Telles 2002; 2006; DinizFilho et al. 2012b). To properly use this method to organize
germplasm collections, it would be important to improve the
approach to analyze individuals and their genotypes.
In a previous work, our group solved a problem that
looked for the smallest set of local populations of D.
alata that might be preserved in order to represent the
genetic diversity of this species to its in situ conservation
(Schlottfeldt-Santos et al. 2012; Schlottfeldt et al. 2014).
That study was pioneer in the use of information about allele
frequency, heterozygosity, and Hardy-Weinberg equilibrium
as objectives for simultaneous optimization.
Diniz-Filho et al. (2012b) used a mono-objective
approach (in particular, simulated annealing) to find the
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Fig. 3 Pareto front. An example of a problem with two objective
functions to be simultaneously minimized: f1 and f2 . Observe that
for points B and C, it is not possible to obtain an improvement
in one objective without a degradation of the other objective, i.e.,
f1B < f1C , f2B > f2C . The solutions (points) A, B, C, and D are
optimal when f1 and f2 are considered. The Pareto front (or trade-off
surface) is indicated by the curve

minimum amount of populations, not specifically individuals, needed to represent all diversity in in situ conservation
of D. alata. Here, we propose a multi-objective optimization approach for the conservation of genetic resources
based on individual molecular variability aiming to inform
ex situ conservation strategies, and to guide sampling for
germplasm collections. We represented the known alleles, but incorporated individual heterozygosity information,
thus optimization also takes genotypic diversity and variability patterns into account. By including these characteristics, individuals can better represent the genetic diversity,
allowing to identify sets of individuals with a higher probability of persistence throughout time.
As far as we know, this is the first time that a
SCP approach dealing with multi-objective optimization
is applied to the problems of finding a core collection
for a germplasm collection and complementing this core
collection using heterozygosity information as well.

Material and methods
Data
As a case study for our method, we used data from D. alata
(data available on Supplementary File S2, and Supplementary File S3):
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1. An ex situ data set corresponding to the germplasm collection for D. alata, composed of 178 fully grown adult
trees, located at the Agronomy School of the Federal
University of Goiás. These 178 individuals came from
several locations in the state of Goiás, Brazil.
2. An in situ data set composed of 642 individual trees
sampled in 25 local populations throughout D. alata’s
geographic range (Fig. 4). Sample sizes within local
populations ranged from 12 to 32 (see Diniz-Filho
et al. (2012a) and Soares et al. (2012) for sampling
methodological details).
The D. alata samples were genotyped for nine
microsatellite loci (Bm164, DaE06, DaE12, DaE20, DaE34,
DaE41, DaE63, DaE67, DaE46) (Soares et al. 2012; DinizFilho et al. 2012b) finding a total of 55 distinct alleles. All
55 alleles are represented among the in situ sampled trees.
The ex situ germplasm collection has 40 from the 55 studied
alleles.
Based on these data, we produced three matrices:
1. Matrix A: an allele-by-tree matrix for the ex situ data
set. In matrix Atxa , t = 178 (UFG-AS adult trees) and

Fig. 4 Geographic location of
the 25 sampled local
populations of Dipteryx alata in
Central Brazil. Regions shown
in dark tone are still covered by
natural remnants of Cerrado
vegetation. It is worth to note
that the studied region is
comprised of small fragments or
isolated individuals in a matrix
of pastures and crops, notably
maize and soybean. The only
populations connected by
continuous original vegetation
are RAGO and RAMT. The
names and geographical
coordinates of the populations
can be found in Supplementary
file S1. Modified from
Diniz-Filho et al. (2012b)
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a = 55 (alleles), aij represents the occurrence of allele
j in tree i.
2. Matrix B: an allele-by-tree matrix for the in situ data. In
matrix Ctxa , t = 642 (sampled individual trees) and
a = 55 (alleles), bij represents the occurrence of allele
j in tree i.
3. Matrix C: an allele-by-population presence-absence
matrix for the in situ data. In matrix Cpxa , p = 25
(populations) and a = 55 (alleles), cij represents the
occurrence of allele j in population i.
In these matrices, alleles in homozygosity received lower
score compared to alleles in heterozygosity. By doing this,
we benefited solutions with higher content of heterozygosity.
The problem
The overall problem is to maximize the number of alleles while minimizing the number of individuals required
to represent all alleles, maximizing at the same time heterozygosity. A candidate solution for the problem is a vector
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−
→
x = x1 , ..., xk , where k is the number of accessions (individual trees), xi ∈ {0, 1}, such that xi = 1, if the individual
tree i is selected to compose the solution; or 0, otherwise.
The aim is to obtain:

 k

(1)
min
xi
i=1

Subject to:

∀j ∈ {1, 2, ..., n},

k


aij xi ≥ 1

(2)

i=1

Where n = 55 (alleles).
Regarding the multi-objective optimization (MOO),
there are three objectives to be optimized:
1. Minimize the number of selected individuals (3);
→
→
x )) = min(individual trees(−
x ))
min(f1 (−

(3)

2. Maximize the number of alleles (4). For simplicity,
this second objective function was transformed into an
equivalent minimization objective function by using the
number of lacking alleles (those that are not present in
the solution);
→
→
→
max(f2 (−
x )) = max(alleles(−
x )) ⇔ min(lacking alleles(−
x ))
−
→
= min(55-alleles( x ))
(4)

3. Maximize the heterozygosity (5).
→
→
x )) = max(heterozygosity(−
x ))
max(f3 (−

(5)

Next, we describe the experiments used to select individuals from the in situ sample in order to complement the
germplasm collection and to select entries from the existing
germplasm collection to form a core collection.
Experiment 1: Complementing the UFG-AS germplasm collection. The optimization problem defined here is to find
the smallest set of D. alata individuals that better complement the genetic variability already preserved in the UFGAS germplasm collection, thus, representing the genetic
diversity of this species, aiming at its conservation and
persistence. This problem is similar to the one stated in
Schlottfeldt-Santos et al. (2012), but instead of treating populations as a unit, here we solved the problem at individual
level.
As mentioned before, from the 55 studied alleles, 40 were
already presented in the germplasm collection, therefore,
individual trees belonging to the in situ data set should be
selected in order to represent those 15 still lacking alleles.

Experiment 2: Defining the core collection (reducing the
existing germplasm collection). One of the challenges of
maintaining a germplasm collection is to keep the genetic
variability while reducing the maintenance costs, and this is
the objective of this experiment.
We have two scenarios:
1. Scenario 1: we addressed the problem of defining
a core collection by identifying, within the UFG-AS
germplasm collection, the minimal set of individuals
needed to represent all the genetic variability exhibited
by the germplasm collection.
For this first scenario, we optimized the three objectives stated in Eqs. 3 to 5 on the ex situ data set.
2. Scenario 2: considering that maybe within the universe
of all sampled trees (ex situ and in situ individual trees)
it could be found an even smaller core collection, we
performed the optimization joining information from
the ex situ data set (178 trees) and the in situ data set
(642 trees), in a total of 820 individual trees.
For this scenario, we tested two approaches in order
to define a protocol to deal with this optimization in
a more efficient way, aiming the attainment of better
results (a smaller, still representative, core collection):
(a) Method 1: to perform the MOO directly on the 820
individual tree data set.
(b) Method 2:
Step 1: to perform the MOO in population level,
by considering the 25 in situ data populations and
assuming that the germplasm collection was the
26th population. This step identifies the smallest set
of populations needed to represent all 55 alleles.
Step 2: considering only individual trees belonging to populations selected in step 1, to perform a
new MOO.

The null model. We executed a null model in order to verify
if the same results would be found without the use of MOO.

Results
Table 1 summarizes the obtained results. It is worth noting
that here, we are dealing with solutions having a minimum
set of individuals, but since there was more than one optimized objective, we obtained a larger portfolio of solutions
that are equally good in the sense that none of them is better
when all the objectives are simultaneously considered (they
are all Pareto optimal).
We performed experiment 1 aiming at complementing
the UFG-AS germplasm collection. We found that the
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Table 1 Sets of selected populations identified by simultaneously optimizing three objectives, where the first objective is the minimization of
selected population/individuals set, the second objective is the minimization of lacking alleles, and the third objective is the maximization of
heterozygosity
Results

Data source
Experiment 1

Experiment 2

Scenario 1
Scenario 2
Method 1
Scenario 2
Method 2

In situ data set
Ex situ data set
(In situ + ex situ)
data set
Selected pop. from
(In situ + ex situ)
data set

Number of
accessions

Number of
alleles

Core
collection

Pop.
minimum

642
178
820

15
40
55

9
18
42

8
20

336
(in 8 pop.)

55

20

6

The column “Core collection” shows the minimal quantity of individuals found as solution to represent all the diversity (all the alleles) indicated
in the experiment. The column “Pop. minimum” shows the number of populations to which the individuals found as minimum solution belong

smallest set of individuals needed to complement the UFGAS germplasm collection has nine individuals selected from
eight populations (AMS, ABMT, CAMT, CMT, MAMG,
PMS, RAMT, SMS) (Fig. 5).
In experiment 2, we had the objective of finding a core
collection for the UFG-AS germplasm collection, trying
to reduce the number of individuals (and therefore, the
maintenance costs), but preserving the overall diversity. For
scenario 1, we found that 18 individuals were enough to represent all 40 alleles from the UFG-AS germplasm collection

(Fig. 6). For scenario 2 - method 1, we found that 42 individuals were enough to represent all 55 alleles taking into
account the 820 individuals trees from joined in situ and
ex situ data set (Fig. 7a). Finally, for scenario 2 - method
2, we found, in step 1, that the smallest set of populations
needed to represent all 55 alleles was 5, but among all the
obtained solutions, from the initial universe of 26 populations, 8 appeared in at least one solution with no lacking
alleles (AMS, CAMT, CMT, ENGO, PMS, RAMT, STGO,
UFG-AS). In step 2, MOO was performed considering only
individual trees belonging to those eight populations. In the
end of the process, we found that the smallest set of individuals needed to represent all 55 alleles is composed of
20 individuals (within six populations: AMS, CAMT, CMT,
PMS, RAMT, UFG-AS) (Fig. 7b).
Finally, we generated a null model as follows. We randomly produced the same amount of solution generated for
each previously described experiment. For each randomly
generated solution, we computed values for heterozygosity, number of lacking alleles, and number of populations/individuals, following the computations performed for
the MOO. For all the randomly generated solutions, the
comparison values were worse than solutions found with
MOO, as well as the number of lacking alleles (meaning
that less alleles were presented in the null model solutions).

Discussion

Fig. 5 Pareto front for experiment 1 (complementing the UFG-AS
germplasm collection with selected individuals from the in situ data
set)

The proposed MOO approach based on principles of SCP
incorporating heterozygosity information can be used to
help construct collections with maximal allelic richness.
The most important contribution of this work is to identify, in the context of SCP, within a population of several
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Fig. 6 Pareto front for experiment 2 - scenario 1 (defining the minimal set of individuals needed to represent all the genetic variability
exhibited within the UFG-AS germplasm collection (ex situ data set))

individuals, the exact samples that should be chosen in order
to preserve the species diversity.
This approach can be extended to the in situ conservation. Previous approaches generally indicate a population to be preserved; the proposed method indicates
exactly which individuals within the population should be
sampled/kept.
Even if the aim is to obtain a minimum set, this method
identifies a portfolio of solutions, indicating sets with more
individuals that better fulfill the stated objectives, providing decision makers with more options for achieving their
conservation targets. These sets are optimal in the sense
that none of them can be considered the best when all the
objectives are simultaneously considered.
In the context of the case study carried out, most D.
alata diversity is found only in nature, and many such
populations are increasingly threatened by habitat reduction. In nature, there are many potential useful populations, yet, for practical purposes, only a fraction of this
material can be afforded protection or maintenance in
germplasm collections or in protected areas. Additionally, individual trees are often geographically wide ranging, making it costly to collect representative samples of
material.
Experiment 1 results show that samples of only nine ex
situ individual trees are necessary to complement the existing UFG-AS germplasm collection, completing the already
represented 40 alleles with the 15 lacking ones.
Moreover, using the proposed approach, it is possible to
include additional optimization objectives, such as the distance from in situ individual trees to the UFG-AS, reducing,
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(a) Method 1: performing MOO directly on all 26 populations (in-situ + ex-situ data set = 820 individual trees).

(b) Method 2: using previously selected populations.
Fig. 7 Pareto front for experiment 2 - scenario 2 (ex situ and in situ
data set altogether)

therefore, displacement costs associated with collection of
samples for complementing the germplasm collection.
Experiment 2 - scenario 1 found that from the 178 trees in
the UFG-AS germplasm collection, it is possible to preserve
the allele diversity (40 alleles) by keeping a core collection of 18 individual trees (only 10 % from the current
germplasm collection). Considering that the lifespan of a D.
alata tree is 60 years, the proposed method is important to
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define strategies to provide a set of genetically diverse material while selecting the most representative individual trees.
By maximizing genetic diversity in germplasm collections,
resources available for conservation of biodiversity can be
allocated to a larger number of species.
Associating results of experiment 1 (minimum set of 9
individual trees) and experiment 2 - scenario 1 (minimum
set of 18 individual trees), we obtained a core collection
of 27 individual trees (9 + 18 = 27) representing the
entire allelic richness of the nine coded microsatellite
loci.
Considering that within the universe of all the available data (ex situ and in situ data sets, e.g., 820 individual
trees) a smaller core collection could be found, we executed
experiment 2 - scenario 2 in order to verify this hypothesis. Experiment 2 - scenario 2 - method 1 found a minimum
set of 42 individual trees representing all the allelic richness. Likely, this result was not better because we have done
the same number of executions performed in the previous
experiments, but with a bigger input (820 individual trees).
As an alternative to overcome this issue, we proposed a
refining method that initially selected the main populations
integrating the optimum solutions, and within these populations we looked for the specific individuals that would
compose our minimum set. By doing so, experiment 2 - scenario 2 - method 2 was able to find a core collection with
only 20 individual trees representing all 55 alleles; less than
the numbers obtained for experiment 2 - scenario 2 - method
1 (42 individual trees) and experiment 1 associated with
experiment 2 - scenario 1 (27 individual trees), suggesting
that this is an adequate method to be applied.
We verified that, for all the experiments, there was a significant improvement in the retention of alleles found in
selected accessions.
Results from the null model assured that solutions
obtained with MOO have not emerged randomly.
An effective genetic strategy should maximize the retention of genetic variation associated with long-term species
survival, yet it is not easy to assess the level and properties
of such variation, not to mention which traits might become
important in future.
The new proposed approach using MOO and SCP for
the conservation of genetic resources based on individual molecular variability helps design ex situ conservation
strategies, and guide in situ sampling for germplasm core
collections aiming for effective conservation and future
species utilization.

Conclusion
Genetic diversity is basic for meaningful and effective conservation for the species-specific traits. This paper showed
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how principles of SCP and the MOO approach associated to microsatellite loci information can be applied to
successfully help construct germplasm collections having maximum allelic richness and minimum number of
accessions.
Having established that the approach is viable, our future
work will focus on applying this approach to other kinds of
genomic information (e.g., single nucleotide polymorphism
– SNP) in order to verify its feasibility for this kind of data.
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