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ABSTRACT

Despite extensive habitat fragmentation, the Neotropical region possesses 30% of the world’s bird species.
Microsatellites have remained one of the most popular genetic markers and have been used in ecological
and conservation studies since the 1990°s. We conducted a literature review comparing the number of
papers published from January 1990 to July 2015 that used microsatellite markers for studies of wild birds
in the Neotropical region, USA and some European countries. We assigned the articles to three categories
of studies: population genetics, animal behavior/kinship analysis and the development of species-specific
bird microsatellite markers. We also compared the studies in the Neotropics that used heterologous versus
species-specific markers and provide a list of heterologous markers of utility in multiple birds. Despite the
rich bird fauna in the Neotropics, the number of articles published represents only 5.6% of that published
by the USA and selected European countries. Within the Neotropical region, Brazil possessed 60.5% of
the total papers published, with the remaining 39.5% shared between five countries. We conclude that the
lack of specialized laboratories and resources still represents a limit to microsatellite-based genetic studies
of birds within the Neotropical region. To overcome these limitations, we suggest the use of heterologous
microsatellite markers as a cost-effective and time-effective tool to assist ecological studies of wild birds.
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INTRODUCTION

Microsatellites, also referred to as simple sequence
repeats (SSRs), are characterized by short tandem
repeats (STRs) of 1 to 6 nucleotide motifs widely
spread in a random nature throughout the eukaryotic
genome (Weber and May 1989, Weber 1990, Katti
et al. 2001, Dakin and Avise 2004, Ellegren 2004).
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Mutations in microsatellite repeat regions are
frequent (Goldstein and Schlbtterer 1999) and the
loci present in vertebrates, invertebrates and plants
are therefore highly variable and characterized
by high heterozygosity due to the presence of
multiple alleles (Barbara et al. 2007, Tang et al.
2008). The variation found in microsatellites is
normally assessed by comparing the length of the
alleles as opposed to the sequence base nucleotide
composition itself (Ellegren 2004) and this allele
size variation is identified by PCR amplification

(Primmer et al. 1996). The codominant nature and
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the fact, that, generally, these markers are located
in non-coding regions where mutations possibly
do not interfere in the individual’s fitness, allows
multiple different alleles to persist in the genome,
and be transmitted to future generations (Ellegren
2004). These factors contributed to the exponential
increase in the use of these markers during the
1990s and 2000s, and nowadays, they are the most
popular choice for studies of population structure,
kinship analysis and individual identification
(Selkoe and Toonen 2006).

However, the identification of new polymor-
phic microsatellite loci for each species to be stud-
ied requires staff expertise, specialized laboratories
and is expensive (the consumables required for se-
quencing and oligonucleotides for a single popu-
lation/parentage study can cost more than 2,900
US dollars per species) and despite some advances,
isolating and validating a microsatellite marker set
remains a relatively time consuming task (Prim-
mer et al. 1996, Dawson et al. 2013). Although
it is a relatively common practice in the United
States of America and many European countries,
the isolation and development of such markers in
the Neotropical region remains limited (Dawson
et al. 1997, Gibbs et al. 1999). Seeking to over-
come these limitations, the development of mic-
rosatellite primer sets has focused on methods to
extend and enhance the utility of microsatellites
to a wide range of species. These are called heter-
ologous primers and their usefulness is to enable
cross-species amplification (Primmer et al. 2005,
Dawson et al. 2010).

Inmost cases, areduction of the allelic diversity
is expected when heterologous primers are used
(FitzZSimmons et al. 1995). This observation is,
in part, due to the occurrence of variation in the
flanking sequences of microsatellite loci between
species, leading to base mismatches between the
primer and target species and so failure of some
alleles to amplify. These primer-target mismatches
increase as the phylogenetic distance between
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the target and the source species from which
the primers were designed increases (Moore
et al. 1991, Schlbtterer et al. 1991, Primmer et
al. 1996, Barbara et al. 2007). However, recent
studies in birds have identified a large number of
microsatellite sequences which were sufficiently
conserved between species that primer sets could
be designed to perform cross-species amplification
in very distant species, such as Taeniopygia guttata
(zebra finch, Passeriformes order) and Gallus
gallus (domestic chicken, Galliformes order),
whilst displaying a high rate of polymorphism
(Dawson et al. 2010, 2013).

The richness of bird species in the world
is centered mainly in the Neotropical region
(Neotropics). It covers the edge of the northern rain
forests of Mexico (20°N) up to Cape Horn (57°S)
in Chile, and includes all of South and Central
America and the Antilles. This region comprises
3300 bird species (Haffer 1987) of the 9700 species
extant in the world (Sibley and Monroe 1990).
South America is very rich in bird species, yielding
2920, almost a third of all species of birds found on
the planet. Peru and Colombia, although relatively
small, rival Brazil in terms of bird species and this
is probably because they share the species richness
of the Amazon and Andean fauna (Sick 1997).
According to the Brazilian Ornithological Records
Committee, Brazil has the second richest bird fauna
in the world, after Colombia, with 1919 species
(Piacentini et al. 2015), which represents more
than 50% of bird species that occur in the South
American continent (Marini and Garcia 2005). The
great richness of bird species in Neotropical region
allied to the high rate of threat to species in diverse
biomes emphasize the urgency of research focused
on conservation, such as the analysis of the genetic
diversity of natural populations and assessing
the capacity for the maintenance of gene flow.
According to Myers and collaborators (2000), 35%
of vertebrate species are contained in 25 regions of
the planet, called hotspots. Seven of these ‘species
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hotspots’ are located in the Neotropical region
(Mesoamerica, Caribbean, Western Ecuador,
Tropical Andes, Brazilian Cerrado, Central Chile
and Brazilian Atlantic Forest). Only 30% or less of
the natural vegetation of these areas persists which
means, that these regions represent threatened
ecosystems.

One possible consequence of extensive habitat
fragmentation is a reduction in genetic variability
due to a small effective population size (Hanski and
Gilpin 1997, Amos and Harwood 1998, Lowe et al.
2005). Other consequences are the genetic structur-
ing and morphological divergence of the popula-
tions due to reduced gene flow, enhanced by the
action of genetic drift, mostly in small populations,
and natural selection, which favors local adapta-
tions (Slatkin 1987, McDonald et al. 1999). How-
ever, for some bird species, genetic structuring is a
feature associated with the natural behavior of the
species and is not related to barriers to dispersal,
neither natural nor human-created barriers, such
as habitat fragmentation caused by deforestation
(Francisco et al. 2007, Francisco et al. 2009).

Reliable estimates of population genetic
structure are important considerations when creating
conservation management plans for endangered
species and protecting habitat (Balloux and Lugon-
Moulin 2002, Moritz 1994, Paetkau 1999, Paetkau
et al. 2004, Koskela et al. 2013). For this purpose,
microsatellite markers represent one of the most
important genetic tools. Therefore, our goal was to
conduct a literature review to evaluate the number
and main applications of scientific papers produced
by authors from the American and European
continents that used microsatellite markers in
studies of avian molecular ecology. Furthermore,
we present a list of published heterologous bird
markers displaying high cross-species utility.

MATERIALS AND METHODS

We performed a literature review of the use of
microsatellite markers for the genetic analysis of
wild birds made by researchers from the American

and European continents from January 1990 to July
2015 (see Supplementary Material). We selected
papers involving studies of free-living wild birds
that focused on population genetics, animal
behavior, kinship analysis, and we also identified
papers that only reported the isolation and
characterization of microsatellite markers. We used
a database of scientific papers — Web of Science.
The search was performed by the “advanced
search” option using a key sequence that included
the words: “TS= (bird* AND microsatellite*) AND
CU= (the country we wanted to verify, for example,
Brazil)”, with “TS” indicating the selected topic
(the asterisks allow variations of these two words,
like plural or compound words). The word “AND”
indicates that both of the words must be present.
The countries (“CU*) included in the search were:
Argentina, Brazil, Chile, Colombia, Costa Rica
and Mexico for the Neotropical region; the United
Kingdom (UK - England, Scotland, Northern
Ireland and Wales), France, Germany, Spain and
Sweden for the European continent; and the United
States of America (USA) in North America. In the
Neotropical region, we selected countries where at
least one article involving the selected topics was
found. We used this criteria due to the low number
of papers published relating to microsatellite-based
studies of birds in this region. According to the high
number of published papers in Europe, we included
the countries that presented at least 20 articles. We
considered these countries as the most productive.
We also included the USA due to the large number
of articles published by the researchers from this
country.

We emphasize that the search was based on the
address provided for the first author. This means
that if the institution of the first author is listed as
Germany, we considered it as a German paper. In
cases where the first author was from an institution
of a country not included in our analysis, we used
the institute of the second author. When an author
presented multiple addresses, we choose the ad-
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dress provided for correspondence. If this informa-
tion were not clear or available, we used the first
cited address. We considered these first or second
authors as principal investigators (PIs). Using this
approach, we intend to standardize and organize
the papers into their respective countries, as many
studies included authors with multiple addresses.
The number of papers published by Pls
employed in the Neotropical region was compared
to the number published in the USA and selected
European countries. We also recorded the main
application of the microsatellite markers by
Neotropical Pls and whether they used species-
specific or heterologous primer sets. Finally, we
provided a list of heterologous microsatellite
markers of high cross-species utility in multiple
passerine and non-passerine bird species.

RESULTS

We found 774 scientific papers published between
January 1990 and July 2015 that used microsatellite
markers for bird studies where the PI was based
in the American or European continents (Fig.
1), according to the selected topics. The highest
number of bird microsatellite studies was published
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Figure 1 - Total number of scientific articles published
between January 1990 and July 2015 by authors from selected
European countries, USA and from six countries of the
Neotropical region that used microsatellite markers for studies
of birds, involving population genetics, behavior/kinship and/
or the characterization of microsatellites markers.
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by European Pls, representing 447 papers in total.
In second place with 284 publications were those
papers with a PI based in the USA. Much lower
in the rankings, with a total of 43 scientific papers
were those publications where the PI was based
in the Neotropical region (see Supplementary
Material). For this region, in descending order,
the main productive countries were: Brazil (26),
Argentina (6), Mexico (4), Chile (3), Costa Rica
(3) and Colombia (1) (Fig. 2). Among the European
countries, we found the following number (in
brackets) of published papers for each country: the
UK (194), Germany (79), Sweden (74), Spain (54)
and France (46). Brazil stands out from the other
Neotropical countries with 60.5% of the total papers
found for this region, although the publications by
Neotropical countries represented only 5.6% of all
papers found, compared to 36.7% from the USA,
and 57.7% from European countries.

Regarding the main application of the
microsatellite markers for studies of birds in the
Neotropical region, from the 43 articles: 55.8%
[Brazil (12), Argentina (4), Mexico (3), Chile (2),
Costa Rica (2) and Colombia (1)] involved studies
of population genetics, whereas 30.2% [Brazil
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Figure 2 - Total number of scientific articles published between
January 1990 and July 2015 by authors from the Neotropical
region that used microsatellite markers for studies of birds,
involving population genetics, behavior/kinship and/or the
characterization of microsatellites markers.
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(9), Argentina (2), Costa Rica (1) and Mexico (1)]
focused on behavior and/or kinship studies and 14%
of the articles [Brazil (5) and Chile (1)] reported
the isolation and characterization of species-
specific microsatellite loci (Table I). According to
our research, there are no microsatellite studies of
birds published by authors from other Neotropical
countries than those we listed above. The same
pattern was observed for the publications from the
USA and Europe. From the 284 articles authored
by North American Pls, 65.5% (186) involved
population genetic studies, 20.1% were related to
behavior/kinship (57) and 14.4% (41) described the
isolation and characterization of microsatellite loci.
In Europe, from the 447 papers, we found 57.9% of
the articles (90 from the UK, 58 from Sweden, 42
from Spain, 36 from Germany, and 33 from France)
were studies of population genetics, 26.6% (30
from Germany, 60 from the UK, 14 from Sweden,
nine from France and six from Spain) involved
behavior and/or kinship studies and 15.5% (44
from the UK, 13 from Germany, six from Spain,
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four from France and two from Sweden) concerned
the isolation and characterization of microsatellite
loci (Table I).

Regarding the use of heterologous microsatel-
lite markers for the study of birds by PIs based in
the Neotropical region, we found 14 papers, most
of them published between the years 2000 and
2015 (eight from Brazil, three from Argentina and
one from each of Chile, Colombia and Costa Rica).
This number is slightly smaller than that found for
studies that used only species-specific microsat-
ellite markers, comprising 17 (eight from Brazil,
four from Mexico, two from Chile, two from Costa
Rica and one from Argentina). In seven papers (five
from Brazil and two from Argentina), the studies
were conducted using both types of markers, spe-
cies-specific and heterologous. Finally, five articles
from Brazil and one from Chile described only the
isolation and characterization of microsatellites
and did not use them for any other purpose in the
same article (e. g. population/parentage), thus we
did not include them in the total number of articles

TABLE I
Total number of scientific articles published by authors from the Neotropical Region, USA and most productive European
countries between January 1990 and July 2015 that used microsatellite markers for studies of birds, involving population
genetics, behavior/kinship and/or the characterization of microsatellites. * Neotropical countries: BR= Brazil, AR=
Argentina, ME= Mexico, CH= Chile, CR= Costa Rica, CO= Colombia. **United Kingdom (UK) countries: England,
Scotland, Wales and Northern Ireland.

Neotropical countries*

European countries

BR AR ME CH CR CO USA UK** Germany Sweden Spain  France
Population Genetics 12 4 3 2 2 1 186 90 36 58 42 33
Behavior and/ or Kinship 9 2 1 0 1 0 57 60 30 14 6 9
Isolation and Characterization 5 0 0 1 0 0 41 44 13 2 6 4
of Microsatellites
Total Number of Articles 26 6 4 3 3 1 284 194 79 74 54 46
TABLE 11

Number of scientific articles published between January 1990 and July 2015 by authors from six countries of the
Neotropical Region that used heterologous, species-specific or both types of microsatellites markers for studies of
wild birds, concerning population genetic studies or behavior/kinship*.

Brazil Argentina Mexico Chile CostaRica Colombia Total of Articles
Heterologous Markers 8 3 0 1 1 1 14
Species-specific Markers 8 1 4 2 2 0 17
Both Types of Marker 5 2 0 0 0 0 7
Total Number of Articles 21 6 4 3 3 1 38

*We did not include articles that only described the isolation and characterization of microsatellite markers.
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from these countries (Table II). According to the
data obtained we identified and list some microsat-
ellite markers with high rates of polymorphism in
multiple different bird species that are suitable for
genetic studies of a wide range of passerines and
non-passerines (Table I1I).

DISCUSSION

Our results showed a great disparity regarding the
number of papers published by PIs based in the
Neotropical region involving bird microsatellite
markers against the number published by Pls
based in Europe and the USA between January
1990 and July 2015. Nevertheless, Brazil has an

important position in the Neotropical region with
26 papers published by Brazilian Pls in this period
representing 60.5% of the total number published,
four times more than the second most productive
country, Argentina.

Regarding the number of papers published per
country, the USA was the most productive, with
almost 46.4% more papers than produced by the
UK which occupies second place. Despite the rich
avifauna in Colombia, we found only one paper
published by a PI from this country. For another
country possessing an extremely rich avifauna,
Peru, no papers were published by any Peruvian
PIs over this period.

TABLE III
Ranking of the most useful microsatellites markers for genetic studies of passerines and non-passerines, selected
according to their cross-utility in multiple species.

Recommended order
to test markers to find

those useful for genetic Marker name Reference Notes
studies in passerines
(a) Passerines
Engineered EST markers: both primers are a 100%
_ match to chicken and zebra finch, possessed no

! TG markers (n=33)  Dawson et al. 2010 degenerate bases, with a repeat in zebra finch. Test
all markers except TG01-092 and TG09-014 *
Engineered markers: both primers were a 100%

2 All 24 CAM markers Dawson et al. 2013 match to chicken and zebra finch, possessed 0-3

LOX1, Phtr2, ZL04,
3 Pca7, HrU2, FhU2,
Phtr4, Pca9, Pca4

Slate et al. 2007 (see Klein
et al. 2009, Martin-Galvez et
al. 2009, Simeoni et al. 2009,
Martin-Galvez et al. 2014)

4 Tgu6 (=Pte24)

GG-C25, Tgu-
ESTO09, 10, 13, 16,

Primmer et al. 2005

degenerate bases per set and included a repeat in
both chicken and zebra finch *

9 loci isolated from various passerines and tested
in many species*

Zebra finch EST locus known to be of utility
in distantly related species including multiple
passerines, an owl and a roller.

Zebra finch EST loci, Amplified in at least 7 of
8 species tested (7 passerines and an owl) and
polymorphic in at least 5 of 8 species.

5 32,46, 48, 62, 69, 75, Karaiskou et al. 2008
81, 85
Ppi2, Pdop5, Mjgl, Galbusera et al. 2000, (see
Mcy4 (Mcyu4), also Martin-Gaélvez et al.
Pcap3 (Pca3), Pcap9 2009 (Pdop5, Mcyu4);

6 (Pca9), Patl4 (PAT  Simeoni et al. 2007 (Ppi2,

MP 2-14), Pat43

Pca3, LOX1, plus AselS8,

Loci isolated from various passerines and display
cross-species utility in multiple species.

(PAT MP 2-43), Ls1, Man13-Gga), Simeoni et al.
Ls2, Phtr3. Gf4, Gf6, 2009, (PAT MP 2-14 and PAT

7104, LOX1. MP 2-43)

An Acad Bras Cienc (2017) 89 (1)
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TABLE III (continuation)

Recommended order to
test markers to find those
useful for genetic studies
in non-passerines

Marker name

Reference

Notes

(b) Non-passerines

CAM-06, CAM-13,
CAM-17, CAM-18,

1 CAM-20 and CAM- Dawson et al. 2013
24 (CAM set 1, n=6
markers)

2 TG markers (n=33) Dawson et al. 2010

Bbl111-TG, HvoB1-

3 TGG and TG04-061 Galvez et al. 2014
Slate et al. 2007 (see Klein
- et al. 2009, Martin-Galvez et
4 Teub (=Pte24) al. 2009, Simeoni et al. 2009,
Martin-Galvez et al. 2014)
5 Rest ofthe_CAM Dawson et al. 2013
markers (n=18)
BmaTATC317,
Mopl 6, 15, 21,
6 26, LarsZAP26/ Kiipper et al. 2008

K32, BmTATC403,
Calex-01, Calex-05,
SNIPE B2, Rbg 18

Klein et al. 2009, Martin-

Engineered markers: both primers are a 100%
match to chicken and zebra finch, possessed no
degenerate bases and included a repeat in both
chicken and zebra finch.

Engineered EST markers: both primers are a 100%
match to chicken and zebra finch, possessed no
degenerate bases, with a repeat in zebra finch. Test
all except TG01-092 and TG09-014*

Utility in distantly related species including owls,
eagle and roller. Homology to passerines and
Galliformes.

Zebra finch EST locus known to be of utility in
many distantly related species (including owl,
multiple passerines and roller).

Engineered markers: both primers were a 100%
match to chicken and zebra finch, possessed 1-3
degenerate bases per primer set and included a
repeat in both chicken and zebra finch*

Markers for shorebirds: markers that successfully
amplified and showed polymorphism in at least

2 of the 3 species tested (amplification success
>50%).

*to save funds and time we suggest researchers should initially test those markers found to be variable in species belonging to the
same family (/order) as the target species. TA marker set can usually be identified for passerines by testing existing microsatellite
markers, especially if the target species is genetically close to zebra finch from which most markers were developed (for typical
ranges of cross-species marker utility see Dawson et al. 2010, 2013). However, for some distant passerine families, for those
species displaying low variability and for most non-passerines, it is, at present, probably necessary to isolate new species-specific
markers (subject to the availability of other microsatellite markers of utility in closely related species).

Studies involving microsatellite markers
require specialized laboratories and equipment
(Primmer et al. 1996, Dawson et al. 2013), so it is
likely that the small number of such laboratories
in the Neotropical region has limited the number
of scientific publications related to the use of
microsatellites (Dawson et al. 1997, Gibbs et al.
1999). Furthermore, it is possible that authors from
the Neotropical region produce their papers in
collaboration with USA and European researchers,
due to the improved laboratory infrastructure and
greater governmental incentive to support science

in these regions. Of the 43 papers published
from the Neotropical region, 11 involved the
collaboration of North American authors and 13
publications involved at least one author from the
following European countries: Austria, Germany,
Hungary, Sweden or the UK. Of the 26 papers
published by Brazilian Pls, 11 involved only
Brazilian researchers and seven were produced in
collaboration of either UK or/and USA researchers.
Interestingly, we found that only two papers
involved collaboration between researchers from
different countries in the Neotropical region.
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However, we have to consider that some coun-
tries have specialized centers for the development
and application of molecular tools, such as the mi-
crosatellite markers. Therefore, the lack of studies
using microsatellites, especially in the Neotropical
region, can also be a result of more distant con-
nections to those who are experts in the field. For
example, from the 194 UK papers, 45 (23.2%) had
the collaboration of one researcher, Deborah Daw-
son (see Supplementary Material *). In Brazil, the
most productive country from the Neotropical re-
gion, three researchers (Silvia Del Lama, Carolina
Muiioz and Mercival Francisco) were involved in
17 (65.4%) of the 26 published papers (see Supple-
mentary Material**). That means that few special-
ized laboratories account for the great majority of
the papers published in in Brazil. So, in addition
to the need for funding to equip laboratories with
expensive sequencers, knowledge transfer from the
experts is essential to promote research develop-
ment within a country.

Of the 774 papers, we found that most of them
469 (60.6%) were related to studies of population
genetics. This is not surprising, since the knowledge
regarding the population genetics of birds currently
represents one of the most important sources of data
considered in design strategies for the management
and conservation of endangered species (Balloux
and Lugon-Moulin 2002, Moritz 1994, Paetkau
1999, Paetkau et al. 2004, McMahon et al. 2014).
Studies of behavior and/or kinship were the second
most commonly identified subject, comprising 189
papers (24.4%). We found only 116 papers (15%)
related to the isolation and characterization of
microsatellites, which is also expected, considering
that the development of polymorphic loci requires
specialist expertise and equipment and can be a
laborious (and so expensive) task.

The isolation and characterization of micro-
satellite markers for each new species is a slow
and relatively costly process, which hinders their
development (Primmer et al. 1996, Selkoe and
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Toonen 2006, Dawson et al. 2010, 2013). The cost
of primers that are fluorescently labeled is five to
ten times higher than the cost of the synthesis of the
unlabeled ones (Hayden et al. 2008). Additionally,
from the total number of microsatellite loci isolated
from a single species, only a proportion will be of
utility (Barbara et al. 2007, Dawson et al. 2013).
For this reason, studies have been conducted for
various taxa including birds with the purpose of
identifying primer sets which enable cross-ampli-
fication in different species, whilst maintaining a
high degree of polymorphism, which would then
dispense with the necessity for the development of
new markers specifically for each species (Prim-
mer et al. 2005, Dawson et al. 2010, Jan et al. 2012,
Butler et al. 2014, Jumpa et al. 2015). Heterologous
primers amplify more strongly and display a higher
degree of polymorphism when used to analyze spe-
cies closely related to that species from which the
primer was originally developed (FitzSimmons et
al. 1995, Primmer et al. 1996, Kiipper et al. 2008,
Dawson et al. 2010, 2013).

Considering the total number of papers
published, we conclude that the use of heterologous
markers in the Neotropical region is frequent.
If we analyze the papers that used exclusively
heterologous markers and those that used the two
classes of markers (heterologous and specific),
we found that, of the 43 papers published in the
Neotropical region, 21 (48.8%) used heterologous
markers. Brazilian PIs published eight papers using
exclusively heterologous markers, and five using
heterologous and specific markers, 13 papers in
total. This suggests that the use of heterologous
markers is a viable option for ecological studies
of birds.

The application of cross-species heterologous
microsatellite markers in birds allows the study of
individual traits of a species. Additionally, these
markers can be used as a powerful tool, providing
useful information that cannot be obtained using
species-specific microsatellite markers, such as



MICROSATELLITES IN NEOTROPICAL STUDIES OF WILD BIRDS 153

cross-species comparisons without ascertainment
bias and for studies of karyotype and genome
evolution (Primmer et al. 1996, Dawson et al.
2013).

Regarding the high number of bird species in
the Neotropical region (n=3300; Haffer 1987), the
isolation and characterization of new microsatellite
markers independently from each species would
be an ineffective task due to its high cost and time
(taking weeks-months per species; Dawson et al.
2010).

We consider that the identification and appli-
cation of heterologous microsatellite markers ob-
tained from Neotropical bird species will encourage
more studies in this field, enabling and hastening
new scientific discoveries in this region and im-
proving our knowledge of Neotropical species.
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