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Microsatellite or so-called simple sequence repeat (SSR) markers have been one of the 
most reliable molecular markers derived from the DNA molecule, which were widely 
and successfully used for more than 25 years in the genetic studies of environmental, 

agricultural, and biomedical sciences. The objective of this Microsatellite Markers 
book is to rehighlight and provide some updates on previous and recent utilization 

of microsatellite markers for various applications in agriculture and medicine, which 
void emerging opinion on “full death” of microsatellites as useful genetic markers. 
Chapters presented here demonstrate the future benefit of SSRs in many genetic 

studies as well as disease diagnosis and prognosis.
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Preface

The Actinomycetes or Actinobacteria are a group of Gram-positive bacteria with high gua‐
nine and cytosine content in their DNA. They are morphologically diverse, ranging from
coccoid, fragmenting hyphal forms to those with a highly differentiated branched myceli‐
um. Many of these bacteria produce external spores and are widely distributed in terrestrial
( Streptomyces spp.) and aquatic (freshwater – Micromonospora sp. and Nocardia sp. and ma‐
rine – Micropolyspora sp.) ecosystems, where they play a crucial role in decomposition of or‐
ganic materials, thereby contributing in organic matter turnover and carbon cycle. This
replenishes the supply of nutrients in the soil and is an important part of the humus forma‐
tion. Actinobacteria also inhabit a vast array of plants (commensals – Leifsonia sp.; nitrogen-
fixing symbionts – Frankia sp.) and animals (gastrointestinal tract resident – Rhodococcus sp.
and Bifidobacterium sp.). Furthermore, several pathogenic species ( Mycobacterium sp., Nocar‐
dia sp., Tropheryma sp., Corynebacterium sp., and Propionibacterium sp.) are often encountered
among the phylum of Actinobacteria.

Actinobacteria hold a prominent position as targets in screening programs due to their di‐
versity and their proven ability to produce novel metabolites. They are universally re‐
nowned as secondary metabolite producers and hence are of high pharmacological and
commercial interest. Approximately, 23,000 microbial secondary metabolites with tremen‐
dous economic importance have been identified so far, in which 12,000 compounds are pro‐
duced by Actinobacteria. Interestingly, 7600 bioactive compounds are reported from the
members of the genus Streptomyces with antibacterial, antifungal, antiviral, antiprotozoan,
antihelminthic, antialgal, antimalarial, anticancer, anti-inflammatory, antithrombotic, and
neuritogenic activities. In addition, they also employed as insecticides, herbicides, and fun‐
gicides and as growth promotants for certain plants and food animals (probiotics). Further‐
more, the ability of Actinobacteria in biodegradation of agricultural wastes and their
extensive distribution in soil, compost, water, and elsewhere in the environment make them
very important to the agricultural industries.

This book presents an introductory overview of Actinobacteria with three main divisions:
taxonomic principles, bioprospecting, and agriculture and industrial utility, which covers
isolation, cultivation methods, and identification of Actinobacteria and production and bio‐
technological potential of antibacterial compounds and enzymes from Actinobacteria. More‐
over, this book also provides a comprehensive account on plant growth-promoting (PGP)
and pollutant degrading ability of Actinobacteria and the exploitation of Actinobacteria as
ecofriendly nanofactories for biosynthesis of nanoparticles, such as gold and silver. This
book will be beneficial for the graduate students, teachers, researchers, biotechnologists, and
other professionals, who are interested to fortify and expand their knowledge about Actino‐

Foreword

Molecular marker technologies are efficient, accurate, and extensively exploited tools to solve puz-
zles of genetics and life forms, helping us understand the basis of genetic process in living organ-
isms. The development of molecular markers has shed light into many features of genomes and bi-
ological complexities in early studies without recently available “omics” platforms.  Among most 
favored and widely used molecular markers are microsatellites.  This Microsatellite Markers book, 
edited by a distinguished plant genomics scientist Prof. Ibrokhim Y. Abdurakhmonov, provides 
an excellent addendum on the utilization of microsatellite markers in the era of current abundance 
of many molecular marker technologies and in the period of emerging high-throughput platforms.

Microsatellites are short tandem DNA repeats that detect polymorphisms in both prokaryotes 
and eukaryotes.  Over the past decades, microsatellites were at the frontier of DNA-based investi-
gations into genetics and molecular biology worldwide.  They have facilitated numerous applica-
tions, including genetic mapping, molecular breeding, and studies of evolutionary relationships 
among species and populations.

This Microsatellite Markers book, composed of research studies and review chapters from an in-
ternational group of researchers, covers the basics of microsatellite markers, their development 
and utilization. It highlights continuous benefits of microsatellite markers to genetic studies and 
applications despite recent misperception on decreased use as a genetic marker of choice.  The 
book provides useful information to all life science researchers, educators, students, and others 
who are interested in applications of molecular markers.  There is no doubt that all, as this volume 
emphasizes, will enjoy the benefits of microsatellite markers far into the future.

John Z. Yu, Ph.D. 
Research Geneticist 

USDA-ARS
Adjunct Professor of Genetics

Texas A&M University
College station, Texas, USA





Preface

The pattern and “spelling” of DNA variations among individuals, contributing beneficial
and diseased phenotypes, are very useful to differentiate organisms in molecular level. One
of such abundantly dispersed DNA variations in a genome is variable number of tandem
repeats (VNTRs) that include both minisatellite and microsatellite repeat arrays. The VNTRs
with more than nine nucleotide core repeats are categorized into minisatellites, while those
repeats less than nine nucleotides (usually 2–6 bp) arrays belong to microsatellites.

According to the field of usage (i.e. plant science or biomedical fields), microsatellites are
also called simple sequence length polymorphisms (SSLP), simple sequence repeats (SSRs),
or short tandem repeats (STRs), which are used interchangeably among researchers. As a
genetic marker, microsatellites have been widely applied for almost three decades to com‐
plete a numerous type of genetic tasks. These include the construction of genetic linkage
groups and integrated maps; correlation of phenotypic and genotypic variations; analyses of
parentage and/or ancestry; DNA barcoding for plant varieties and germplasm; evaluation of
gene flow and variety/seed purity; breeding using marker-assisted selection tools; analyses
of genetic diversity; conservation and restoration of biodiversity; assessment of molecular
evolution, taxonomy, and phylogenetic features of biological species; population genetics
including analyses of genetic strata, kinship, and differentiation of native plant populations
and crop germplasm resources, origin, and domestication of crop species, migration, and
demographic process, that is, changes in population size and structure through time; and
forensic and disease diagnostics.

The emergence of cost-effective and large-scale next-generation sequencing, SNP detection,
and genotyping methodologies has circumvented a rapid shift of SSR-based molecular marker
studies toward SNP-based marker studies. However, microsatellite markers will continue to be
useful and favorable markers because of their multiallelic nature, simplicity of genotyping
procedures, cost-effectivity, and their suitability, especially for small-scale laboratories with
limited budget. Therefore, the objective of this Microsatellite Markers book is to rehighlight and
provide some updates on previous and recent utilization of microsatellite markers for various
applications in environmental, agricultural, and biomedical sciences, which invalidate emerg‐
ing opinion on “full death” of microsatellites as useful genetic markers.

Addressing these, in this edited volume, we gathered 11 chapters including an introductory
chapter that described and discussed the basic characterization and exploitation of microsa‐
tellites in various genetic studies, which covered previous efforts and recent updates, advan‐
tages, and disadvantages as well as future perspectives of microsatellites in plants and
genetic diversity research, animal genetics and breeding, and cancer research. I trust that,
being a useful addendum to published literature worldwide, the chapter materials present‐



ed in this book should be useful for university students, life science researchers, and inter‐
ested readers.
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1. Introduction

A genome is written in four chemical letters (nucleotides designated as A, T, G, and C). Various
combinations of these letters as a stretch of DNA molecule provide specificity and uniqueness
of each gene sequence, cell types, and each individual genotype. Magic is that the order of
each triplet (known as genetic code) of these four‐letter DNA sequence stretches corresponds
to one of 20 amino acids.  A “spelling” order of nucleotides encodes the specific protein
sequences determining a life function. Therefore, variations in these four‐letter DNA sequen‐
ces in a genome make the meaning and differentiation of the living organisms on Earth that
generated biological diversity. Because of degeneracy of genetic code, some spelling changes
in coding parts of a sequence (exons) may have no meaning and still code the same amino acid
although changes may have evolutionary role and contribute to the biodiversity levels of
populations. However, other changes may lead to generate novel proteins with new function
and characteristics, stop the gene function and protein synthesis, or generate a partial protein
sequences that is not sufficient for its functional activity—all these alter the function of the cell
and generate a difference.

The  pattern  of  DNA  variations  among  individuals,  generating  beneficial  and  diseased
phenotypes, is very useful to differentiate organisms in molecular level and to understand the
evolutionary path of important genes as well as their functional and adaptive roles in the
different eco‐geographic environments. One of such abundant spelling variations in a genome
is the 5‐ to 50‐fold repetitions of the two to six nucleotide base pair (bp) motifs of DNA, such
as (GA)n or (GTACGT)n, which are called as microsatellites [1–4]. These tandem repeats are
referred to as microsatellites, simple sequence length polymorphisms (SSLP), simple sequence
repeats  (SSR),  or  short  tandem  repeats  (STR),  which  are  used  interchangeably  among
researchers. Microsatellites are abundantly found in all prokaryote and eukaryote genomes.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Litt and Luty [4] first coined the term “microsatellite” in 1989, where the word “satellite” was
used due to fact that density gradient centrifugation separates DNA fragments with repetitive
sequences into the upper “satellite” fraction with less density. As a genetic marker, microsa‐
tellites have been widely used in DNA‐based genetic analyses for the past 25 years. Since the
first paper by Litt and Luty [4] in 1989, as of October 2016, Pubmed [5] database search with the
quoted keyword “microsatellite” found almost 44,000 research publications that have used or
discussed microsatellites (Figure 1). Hodel et al. [1] reported that as of April 2016, they have
found almost 225,000 published articles by searching Web of Science (WOS) database.
Searching the WOS core collection for plant science‐related articles, Vieira et al. [2] reported
that for the past 5‐year period from 2010 to 2015, there were 993 unique crop‐related publica‐
tions using microsatellites that demonstrate a wide utilization of SSRs in plant sciences. In this
introductory chapter, I aimed to give an overview of definition, distribution, utility, and future
of microsatellites, briefly highlighting chapter contents of this book.

Figure 1. Number of publications retrieved with “microsatellite” keyword from PubMed [5].

2. Definition, occurrence, types, distribution, and density

A variable number tandem repeats (VNTRs) include both mini‐ and microsatellite DNAs.
Minisatellites are the heterogeneous array of 10–60/100 core bp repeat motif sequences such
as (GGGCAGGTNG)n that have repeat size of 1–15 kilobases (kb). In contrast, microsatellites,
commonly, consist of a homogeneous array of core mono, di, tri, tetra, penta, and hexanucleo‐
tide motifs with repeat size of less than or around 1 kb. Controversially, some reports include
all repeat arrays less than 9 bp into microsatellite category and those above nine core repeats
into minisatellite group [1–3, 6]. However, the suggested core array of repeat motifs for
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microsatellites are 2–6 bp, which non‐randomly distributed throughout the genome [7] and
vary largely in different regions of a genome or on different taxa [2]. Microsatellites can be
found abundantly in non‐coding parts of the genome such as introns, untranslated regions
(UTR), and intergenic spaces, but they also occur in coding exonic sequences. Microsatellites
also located within transposons and other dispersed repetitive elements [1–3, 6, 7].

Density of microsatellites considered to be highest in UTRs and in decreasing order in
promoters, introns, intergenic regions, and coding sequences. Microsatellite repeat lengths in
coding, non‐coding and intergenic regions are reported to be species specific. For instance,
generally, vertebrates (e.g., turtles) tend to have more and longer array microsatellites com‐
pared to plants and then invertebrates [6]. Although vary organism to organism and may not
be true for all genomes under consideration, commonly trinucleotide motifs are more frequent
than other types, being highest in plants to 61–73%, except Arabidopsis and potato (>30%) [6].
The distribution of di‐nucleotide repeat microsatellites is higher in mammals (31%) and
rodents (33%) than plants (in average ∼24%) although Arabidopsis and potato have >30 and
50% dinucleotide repeats [6]. Plants have less frequency of GA dinucleotide repeat SSRs, while
animal genomes abundantly contain these types of repeats. GC dinucleotide arrays are less
frequent in coding sequences, but GC‐rich trinucleotide arrays frequently occurred in exons,
while AT‐rich trinucleotides evenly distributed throughout all genomic regions. For example,
ATT repeats are abundant in introns of genes of most organisms although some genomes like
rodents tend to have AAG abundance in introns. Generally, ACG, ACC, ACT repeat SSRs are
rare in all organisms [6].

Interestingly, there is a predominance of tri‐ and hexanucleotides in coding regions that is
explained as a result of selection forces to keep reading frame not altered. However, microsa‐
tellites of such triplet expansions can cause harmful phenotypes such as Fragile X syndrome
(FXS) and Huntington's disease [7]. Tetranucleotide motif SSRs located predominantly in
noncoding regions with abundance of AT‐rich motifs. Mammals have more tetranucleotide
microsatellites compared to other organisms [6]. Similarly, pentanucleotide motif microsatel‐
lites abundantly represented in intronic regions of animal genomes compared to bacteria and
plants.

According to a repeat motif pattern, microsatellites can be classified as (1) perfect with
continuous repeat of single motif, (2) imperfect with a base pair disruption between repeats,
(3) interrupted with insertion of a stretch of sequence of few nucleotides within repeats, or (4)
composite with multiple SRR motif repeat types that vary among different taxa [2]. The density
of SSRs also vary among different taxa and occurred one SSR in about 6.04 kb for Arabidopsis,
6–7 kb in mammals and could be less than 1 kb in puffer fish [2] or up to 212–292 kb in hexaploid
wheat [8]. Microsatellites can be genomic, i.e., developed from genomic DNAs (gSSRs) or can
be expressed, referred to as EST‐SSRs, derived from expressed sequence tags (ESTs) [2, 9]. EST‐
SSRs have high power because of their associations with expressed genes, directly contributing
to a phenotype [10]. In plants, SSRs can also be classified as nuclear SSRs if they occurred in
nuclear DNA (nuSSRs) and chloroplast SSRs (cpSSRs), if they occurred in chloroplast DNA.
cpSSR loci were first introduced by Powel et al. [11, 12] in 1995 as useful genetic markers with

Introduction to Microsatellites: Basics, Trends and Highlights
http://dx.doi.org/10.5772/66446
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broad applications in plants, in particular for measuring the cytoplasmic diversity and
introgression in plant species, although there are some limitations highlighted below [12].

3. Origin, evolution, and mutation mechanisms and rates

Due to sequence mutation, the genesis of microsatellite locus can be started from a mutated
site with minimum of eight nucleotide repeats or from de novo points without repeat motifs
leading to formation of “proto‐microsatellites/SSRs” sites. Some reports discuss the potential
of minisatellites as a progenitor of SSRs, while others suggest the contribution of transposons
to the birth of SSRs although it is not evident in birds and plants [6]. Following the next
generation of DNA replication process, “proto‐SSR” sites can get expanded due to errors
caused by DNA polymerase strand slippage [2, 3, 6, 7]. Moreover, based on “transposon‐
mediated” microsatellite birth, SSRs can be born due to transposon movement, exemplified
by the origin of Alu element‐derived AT‐rich SSRs [3, 6, 7].

Replication slippage is considered the main mechanism [2, 3, 6, 7] of microsatellite genesis,
repeat expansion or reduction, and generating a variability that all are contributing to the
molecular evolution of microsatellites. Besides replication‐associated slippage, the birth of
microsatellites can occur during transcription‐coupled DNA repair and/or repair of double‐
stranded breaks where repetitive sequences are preferably used for filling the gaps [6]. Further,
insertion and deletions (indels) or single nucleotide substitutions, which occur in increased
rates [13, 14], can generate new repeat arrays in microsatellites. For instance, a comparative
human and primate genome analysis revealed that the repeat number change in short
microsatellites mostly occurs because of single nucleotide polymorphism (SNP) mutations
rather than slippage [15].

Microsatellite mutations can simultaneously change one, two, or more repeat unit(s), provid‐
ing a higher mutation rates of 10−2 to 10−6 per microsatellite locus per generation [6] than other
mutation types, such as point mutation rates, which is approximately 10−9 nucleotides per
generation for entire genome in eukaryotes [1]. The base position relative to the microsatellite,
genomic location, repeat type and number, base identity, flanking sequence, speed of recom‐
bination and transcription, and heterozygosity of microsatellite alleles greatly affect the
microsatellite mutation rates [6, 16]. In particular, microsatellites in noncoding regions tend to
mutate frequently than those in coding regions, and/or changes in perfect repeats can generate
new SSRs [6]. In addition, recombination with unequal‐length SSR alleles can increasingly
cause SSR instability during meiosis [15, 16]; dinucleotide repeats mutate frequently than tri‐
and tetra‐nucleotide arrays, and/or longer and purer repeats can mutate in high rate than
shorter repeats with low purity [2]. SSR mutation rate is species and gender specific where
human males have higher SSR mutation rate (0–7 × 10−3 per locus per gamete per generation)
compared to females [17].

The rate of both repeat motif expansion and contraction is also species specific. For example,
repeat expansion mutations are faster in humans than chimpanzees, or there is a loss of two
repeat units per mutation in yeast compared to a loss of 1.4 repeats in Drosophila [6]. Repeat

Microsatellite Markers6
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expansion mutations predominantly found in primates, while bacteria have repeat contrac‐
tions. Longer repeat arrays in SSRs are considered to be recent origin and long repeat SSRs are
biased toward repeat expansion mutation. Statistically, the patterns of variation in SSR loci can
be studied and predicted using “Stepwise Mutation Model” (SMM) or its two‐step modifica‐
tion and “Infinite Allele Model” (IAM) [6].

4. Biological function

Due to common understanding that repetitive DNAs are “junk” and nonfunctional, tandem
repeat microsatellites have been considered as neutral elements in a genome without distinct
biological function although there were numerous observations that microsatellite mutations
can lead to many diseased phenotypes and change the function of proteins. The occurrence of
microsatellites in coding and regulatory gene regions (as well as introns or in intergene regions)
supported the biological function of microsatellites in such processes as (1) gene expression
including transcription and translation, (2) gene silencing, (3) alternative splicing and mRNA
transport, (4) chromatin organization, and (5) regulation of cell cycle [2, 6]. Involvement of
microsatellite repeat motives in these key biological processes of cell life not only leads to the
cell phenotype change and cause disease and unwanted traits but also determines the evolu‐
tionary fate, survival, plasticity, and adaptation of organisms in changing and potentially
harmful environments [2, 3, 6]. Discovery of the co‐localization of SSR with pre‐microRNAs
and influence of CUU repeat numbers to the loop size of pri‐microRNAs in orange plants [6,
18] or involvement of certain r(CGG)‐derived microRNAs such as miR‐fmr1s in FXS‐patho‐
genesis demonstrated a possible role of microsatellites in many developmental processes
regulated by microRNAs [19].

There are many examples for distinctive phenotypic changes that directly associated with the
increases or decreases of microsatellite repeat arrays. For instance, more than 40 neurological
diseases in humans, such as FXS and spinocerebellar ataxia (SCA1) with a polyglutamine
tracts, are caused by microsatellite motif length changes in trinucleotide arrays [20]. Microsa‐
tellite repeat changes determine morphological features, for example, repeat expansion of
microsatellite stretches in the aristaless-like 4 (ALX-4) and runt-related transcription factor 2
(RUNX2) genes of domesticated dogs (Canis familiaris) is associated with limb and skull
morphology [21] with interesting correlation between longer sequence lengths of RUNX2
microsatellites and longer faces of dogs, which is observed in 30 naturally evolving Carnivora
species [22]. Microsatellite repeat polymorphism in control regions of the Vasopressin 1a receptor
gene affects social behavior, level of monogamy [23], and autism and socialization skills [24]
in humans, and the courtship behaviors in other mammals [25]. Repeat number changes in
microsatellites control the duration of its circadian clock cycles in a fungus Neurospora crassa
[26]. SSR expansions in noncoding regions also generate diseased phenotypes. For instance,
Friedreich Ataxia is caused by a GAA triplet expansion in the first intron of the X25 gene that
is explained by its influence with transcription [27]. Repeat number expansions/reductions in
introns of several genes such as Asparagine synthetase, NOS3, and EGRF genes cause acute
lymphoblastic leukemia [28], hypertension [29], and osteosarcomas [30], respectively.
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5. Utility of microsatellites as genetic markers

As a genetic marker, microsatellites can be widely applied for solving a numerous type of
different tasks. These include the construction of genetic linkage groups and integrated maps;
correlation of phenotypic and genotypic variations using quantitative trait locus (QTL)
and/or linkage disequilibrium (LD)‐based association mapping approaches; analyses of
parentage and/or ancestry; DNA barcoding for plant varieties and germplasm; evaluation of
gene flow and variety/seed purity; breeding using marker‐assisted selection tools; estimation
of genetic diversity, phylogeography, conservation and restoration of biodiversity, molecular
evolution, taxonomy, and phylogenetic features of biological species; detection of genetic
structure of native plant populations and crop germplasm, origin and domestication of crop
species, migration, demographic process, population differentiation and kinship; assessment
of impacts of mutagenic contaminants; and application in forensics and disease diagnostics [1,
2, 31].

5.1. Marker development

Microsatellites are polymerase chain reaction (PCR)‐based markers and require a prior
knowledge on sequence structure before using them as a genetic marker. There are two ways
to develop SSR markers: (1) necessary genome or its part should be sequenced following
screening for microsatellite repeat arrays; or (2) preliminary sequenced genomes databases
can be mined using variety of in silico bioinformatics software packages. As further steps, both
approaches, however, require designing and synthesis of marker primers, genotyping, scoring,
and assessing the polymorphism levels in diverse genotypes under study using PCR to apply
for a specific genetic study. There are various methods and approaches [1, 2] available for
construction/enrichment (e.g., selective hybridization or biotin‐captured) and sequencing [e.g.,
Sanger or next generation sequencing (NGS)‐based] of genomic libraries for SSRs as well as
genotyping (e.g., agarose, polyacrylamide (PAG), and capillary electrophoresis with fluores‐
cent detection), which we skip the details here. These approaches have been historically well
optimized and used depending on the purpose of study, expertise, availability of necessary
equipment and reagents, and targeted types of SSR arrays.

When sequences are generated de novo or available as genome databases in the National
Center of Biotechnology Information NCBI [32], most important step is to efficiently screen
microsatellite containing sequences and design markers. For this purpose, there are many SSR
array searching algorithms available such as tandem repeat finder (TRF), MIcroSAtellite
identification tool (MISA), SSRFinder, and PALFinder [1, 2]. Besides there are several web
servers based online tools such as CID [33] and WebSat [34]. Each of these bioinformatics tools
has its advantages and disadvantages, can address various aspects of microsatellite mining
and marker development and be used according to study/task objectives, expertise and
availability. There is some recommended software for efficient screening microsatellite repeats
from DNA sequences such as MISA or Phobos [1]. Further, there is a list of many other useful
bioinformatics resources for the genetic analyses of microsatellite data [35].

Microsatellite Markers8



5. Utility of microsatellites as genetic markers

As a genetic marker, microsatellites can be widely applied for solving a numerous type of
different tasks. These include the construction of genetic linkage groups and integrated maps;
correlation of phenotypic and genotypic variations using quantitative trait locus (QTL)
and/or linkage disequilibrium (LD)‐based association mapping approaches; analyses of
parentage and/or ancestry; DNA barcoding for plant varieties and germplasm; evaluation of
gene flow and variety/seed purity; breeding using marker‐assisted selection tools; estimation
of genetic diversity, phylogeography, conservation and restoration of biodiversity, molecular
evolution, taxonomy, and phylogenetic features of biological species; detection of genetic
structure of native plant populations and crop germplasm, origin and domestication of crop
species, migration, demographic process, population differentiation and kinship; assessment
of impacts of mutagenic contaminants; and application in forensics and disease diagnostics [1,
2, 31].

5.1. Marker development

Microsatellites are polymerase chain reaction (PCR)‐based markers and require a prior
knowledge on sequence structure before using them as a genetic marker. There are two ways
to develop SSR markers: (1) necessary genome or its part should be sequenced following
screening for microsatellite repeat arrays; or (2) preliminary sequenced genomes databases
can be mined using variety of in silico bioinformatics software packages. As further steps, both
approaches, however, require designing and synthesis of marker primers, genotyping, scoring,
and assessing the polymorphism levels in diverse genotypes under study using PCR to apply
for a specific genetic study. There are various methods and approaches [1, 2] available for
construction/enrichment (e.g., selective hybridization or biotin‐captured) and sequencing [e.g.,
Sanger or next generation sequencing (NGS)‐based] of genomic libraries for SSRs as well as
genotyping (e.g., agarose, polyacrylamide (PAG), and capillary electrophoresis with fluores‐
cent detection), which we skip the details here. These approaches have been historically well
optimized and used depending on the purpose of study, expertise, availability of necessary
equipment and reagents, and targeted types of SSR arrays.

When sequences are generated de novo or available as genome databases in the National
Center of Biotechnology Information NCBI [32], most important step is to efficiently screen
microsatellite containing sequences and design markers. For this purpose, there are many SSR
array searching algorithms available such as tandem repeat finder (TRF), MIcroSAtellite
identification tool (MISA), SSRFinder, and PALFinder [1, 2]. Besides there are several web
servers based online tools such as CID [33] and WebSat [34]. Each of these bioinformatics tools
has its advantages and disadvantages, can address various aspects of microsatellite mining
and marker development and be used according to study/task objectives, expertise and
availability. There is some recommended software for efficient screening microsatellite repeats
from DNA sequences such as MISA or Phobos [1]. Further, there is a list of many other useful
bioinformatics resources for the genetic analyses of microsatellite data [35].

Microsatellite Markers8

5.2. Advantages

Among all other type of molecular markers, for past three decades, microsatellite markers
were the marker of choice because they are PCR based; abundant and dispersed throughout
a genome; highly mutagenic, polymorphic, and informative; co‐dominant, suitable for de‐
tecting heterozygotes, and multi‐allelic; experimentally reproducible; transferable among re‐
lated taxa; cost‐effective and easy to detect; amplified from low quality and low quantity of
DNAs; and presumably neutral markers. In addition, microsatellites are of particularly use‐
ful to construct a genetic map of large genomes when a reference genome is absent [1]. They
are favored markers for small‐scale genetic studies with limited budget, potentially detect‐
ing large genetic information and physiological parameters of a genome [3], do not require
high marker density, especially if LD block sizes of a genome are long [31] and benefit from
inclusion of additional samples for the project without significant costs [1]. Microsatellites
can be also used for testing non‐neutrality and subjected to automated florescent dye‐based
band scoring through multiplexed genotyping for large‐scale studies, which help to cut the
time and cost of the study [2]. Unipartental cytoplasmic inheritance with presumably no
recombination history of cpSSR [12] further provide a great advantage to develop universal
primers to genotype and genetically analyze distantly related plant taxa although there are
some limitations, too (see below). Importantly, EST‐SSR markers developed from coding
genes can be a great tool to directly tag and map‐based cloning of functionally meaningful
“candidate genes” through genotype to phenotype correlations in genetic mapping studies
[10].

5.3. Disadvantages

There are various concerns and caveats to use microsatellites, too. Some of these include but
not limited to (1) need for a priori genomic sequence information that is not available for most
prokaryotes where specific effort can be costly and time consuming; (2) PCR failure due to
point mutations in primer sequences resulting in ‘null’ alleles and falsely hiding the reality
when applying PCR primers across different species with mutated primer binding sites, or
because of environmental degradation of long repeat arrays; (3) PCR stutters of short SSR
arrays giving multiple bands from single locus; (4) abundance for rare, private or minor alleles;
(5) issues with assigning of multiple band SSRs alleles in the absence of correct parentage and
pedigree information; and (6) size homoplasy, heteroplasmy and cytoplasmic introgression (in
particular with cpSSR) due to back mutations during replication slippage [1, 2, 3, 9, 12]. All
these complicate and bias downstream genetic analyses, inflate F‐statistics or p‐values, falsify
the diversity levels, relatedness, divergence, and true evolution or phylogenetic grouping. Due
to homoplasy and high rate of polymorphism in SSRs, phylogenetic studies should be carried
with cautiousness for distantly related species [1].

However, these all do not void the usefulness of SSR markers, rather call attention of research‐
ers using this marker system. There are several approaches to take into consideration of these
caveats when SSRs are used that include verification of size homoplasy, heteroplasmy and
primer site point mutations using additional cloning and re‐sequencing including NGS [12];
exclusion of problematic, rare, and private alleles from the analyses based on specific objective
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[29] (e.g., haplotype networks due to high potential of repeated evolution [12]); use of more
samples and markers for genotyping rather concluding based on few samples and small
number of markers; and reanalysis of the results with or in combination of different type DNA
markers such as RFLPs, SNPs, etc. [12].

5.4. Future utilization

Because of past 5 years’ successful and wide application of SNP markers for genome‐wide
applications and the emergence of cost‐effective and large‐scale sequencing, as well as SNP
detection and genotyping methodology such as NGS, NGS‐based genotyping by sequencing
(GBS), and restriction site–associated DNA sequencing (RAD‐Seq) techniques circumvented
a rapid shift of SSR‐based molecular marker studies to SNP‐based research. This was evi‐
denced by sharp decrease of a number of publications using microsatellites in crop species
during 2010–2015 [2]. However, as discussed and highlighted by Hodel et al. [1], microsatellite
markers will continue to be useful and favorable markers. This is due to the fact that (1) not
all studies require in‐depth genotyping as provided by NGS‐based approaches where SSRs
remain a suitable choice, and (2) sample size can be largely expanded without significant cost
when SSRs are used, which is costly with NGS‐based approaches. Further, (3) additional large
sample inclusion can increase the power of microsatellite‐based studies, which perform
similarly with SNPs; (4) existed SSR‐marker data can be readily incorporated and used with
new studies; (5) multi‐allelic nature of SSRs makes them highly suitable for studying small
subpopulations; and (6) microsatellites are the best markers of choice for small‐scale labora‐
tories with limited budget.

Additionally, SSRs are still efficient markers for (1) marker‐assisted selection (MAS) programs
to mobilize QTL blocks using small number of SSR markers based on LD information, (2)
germplasm characterization using evenly spaced core set of few SSRs, (3) seed or variety purity
testing, and (4) SSR indexing of cultivars (barcoding) and plant germplasm resource. All these
invalidate any emerging opinion on prospective total “death” of microsatellites as useful
genetic markers and demonstrate the future benefit of microsatellites in many genetic studies.
Highlights and some updates on advantages, disadvantages, and usefulness of SSRs for
various applications in agricultural and biomedical fields have been presented in following
book chapters of this book, which I provide a brief information below to introduce them to
readers.

6. Highlights from chapters

In this context, with the objective to provide current updates on microsatellite applications
in genetic studies as well as re‐highlight the usefulness of microsatellites in current and
future genetic analyses, in this edited volume, we compiled 10 chapters describing the
wide utilization of microsatellite markers in different biological taxa. Generally, chapters
presented research studies and review discussions on following three directions: (1) micro‐
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satellite markers in plants and genetic diversity research, (2) microsatellite markers in ani‐
mal genetics and breeding, and (3) microsatellites in cancer research.

In the first section, the chapter by Jamila Bernardia and her team, Universita Cattolica del
Sacro Cuore, Piacenza, Italy, presents the use of microsatellites in livestock and illustrated
exploitation and versatility of microsatellites for the characterization of agricultural diversi‐
ty and food traceability. Authors studied the assessment of genetic diversity in apple, pear,
and sweet and sour cherry trees and explored the molecular authentication of wheat food
chain of plant cultivars and farm animals. The chapter discusses that a small number of
SSR markers can be efficiently used to differentiate and link each tree cultivar to its corre‐
sponding genotypic profile and be useful for molecular traceability of the whole produc‐
tion chain from durum wheat raw material to processed pasta despite food processing
degrades DNAs.

Further, the chapter by Maria Eugenia Barrandeguy and Maria Victoria Garcia, Universidad
Nacional de Misiones, Instituto de Biologia Subtropical Nodo Posadas, Argentina, has cov‐
ered the development of microsatellite markers, genotyping, data analysis, and interpreta‐
tion of obtained results in the examples of nuSSRs and cpSSRs. The chapter discusses the
usefulness of microsatellite markers for the analysis of past and present microevolutionary
forces in native forest pant populations and making inferences about future of these natural
populations.

In their chapter, Rodolphe Laurent Gigant and his team from France have assessed the
mating system of the natural populations of Vanilla mexicana (Orchidaceae) in the island of
Guadeloupe. Using only six transferable SSRs out of 33 developed in other Vanilla species,
authors successfully genotyped a set of 51 V. mexicana samples, which helped to differenti‐
ate V. mexicana samples, assess the genetic diversity and other genetic characteristics, deter‐
mine a heterozygote deficiency, and estimate self‐pollination rates. Results showed that “V.
mexicana is mainly reproducing by autogamy via spontaneous self‐pollination in Guade‐
loupe,” which is reported as a useful trait for interspecific breeding of Vanilla species. Justy‐
na Anna Nowakowska, from Forest Research Institute, Poland, has studied genetic
structure of fourteen Scots pine populations from North‐eastern Poland using SSR markers
that revealed high genetic indices for the mean polymorphic information content, genetic
diversity and heterozygosity. There was low population differentiation identified among
stands, which were clustered into one genetically similar group. The chapter concludes that
the present distribution of genetically related populations of Scots pine in North‐eastern
Poland seems to reflect the historical events such as post‐glacial colonization of Poland
from different European refugia and/or human management carried out in the past.

The last chapter in this section by Beyene Amelework, University of KwaZulu‐Natal, South
Africa, and Ethiopian Institute of Agricultural Research, Ethiopia, reviewed the use of mi‐
crosatellite markers in genetic diversity analysis and heterotic grouping of sorghum and
maize through the estimation of molecular‐based genetic distance. The chapter also discuss‐
es the existing challenges with the use of SSR markers in heterotic grouping in studied
crops.
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The second section of the book covers microsatellite marker application in animal sciences.
The chapter by Yuta Seki and his colleagues, Tokyo Metropolitan Institute of Medical Science
and Tokyo University of Agriculture, Japan, has provided a review on the currently available
studies on domestic goat (Capra hircus) breeding using microsatellite markers to demonstrate
exploitation of these markers for the assessment of intra‐ and inter‐population genetic
diversity, QTL mapping, and marker‐assisted selection of favorable phenotypes. Authors also
stated that despite SNPs may be favorable marker for animal studies because of their large‐
scale genomic converge, microsatellites remain as a marker of choice for small scale genetic
studies, owing to economic concerns such as cost, time and labor as well as because of their
genotyping simplicity.

Further, Emil J. Hernandez‐Ruz and his colleagues, Federal University of Para (UFPA), Brazil,
presented a research study on microsatellite marker development and evaluation of the genetic
structure of the Amazonian fish Hypophthalmus marginatus from the Tocantins and Araguaia
River in the Eastern Amazonia. Although genetic analyses were performed using only two
polymorphic microsatellite loci out of 17 developed for this fish species, results not only
provided evidence on the existence of (1) low levels of genetic diversity in H. marginatus of
the Tocantis basin possibility related to the Dam construction and 2) a gene flow mainly in the
upstream or downstream directions but also were consistent with data from mitochondrial
markers. Authors recommend the use of more markers to validate the influence of dam for
reduction of genetic diversity of the Amazonian fish species.

In the chapter by Hongyu Ma and his colleagues, Shantou University and Chinese Acade‐
my of Fishery Sciences, China, authors presented a research study on the development and
characterization of microsatellite markers for genetic study of the mud crab (Scylla parama-
mosain). Efforts have helped to isolate and characterize 302 polymorphic microsatellite
markers. Authors have evaluated polymorphism and genetic differentiation of the mud
crab wild populations, established microsatellite‐based parentage assignment of the mud
crab offspring, identified a marker associated with growth performance, and constructed a
first preliminary genetic linkage map for S. paramamosain using microsatellite and ampli‐
fied fragment length polymorphism (AFLP) markers. The chapter concludes that these
findings should provide novel insights into genome biology, wild resource background,
and molecular marker‐assisted selection in S. paramamosain

The  third  section  of  the  book  includes  two  similar  topic  chapters  that  describe  the
impact  of  microsatellite  instability  (MSI)  in  causing  the  cancer  diseases.  In  particular,
Jeffery W. Bacher and his team from Promega Corporation and University of Wisconsin,
Madison,  USA,  provided  a  detailed  review on  the  role  and  significance  of  MSI  in
hereditary and sporadic type of cancers.  They have discussed the discovery of MSI and
its  association  with  colorectal  cancer  or  Lynch  syndrome,  and  the  use  of  SSR  marker
in  disease  screening.  In  addition,  emerging  and  alternative  NGS‐based  methods  in  de‐
tecting  both  tumor  MSI  status  and  germline  mutations  in  a  single  test  for  LS  are
reviewed. The chapter concludes that MSI detection is poised to take on an even greater
role  in  prediction  of  responses  to  the  new immunotherapies  targeted  at  MSI‐positive
tumors  Similarly,  the  following  chapter  by  Narasimha  Reddy  Parine  and  Mohammad
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Saud Alanazi,  King  Saud  University,  Saudi  Arabia,  described  the  role  of  genetic
instability,  including  MSI  in  colorectal  cancer.  Differing  from previous  chapter,  this
chapter  reviews  the  major  molecular  mechanisms  causing  genomic  and  microsatellite
instability,  including  a  mismatch  repair  (MMR)  system and  cancer  formation.

7. Conclusions

Microsatellite markers have been one of the most reliable molecular markers derived from the
DNA molecule, which were widely and successfully used for life science research directions
including agriculture and biomedical fields. As a molecular marker, microsatellites have many
advantages suitable for the wide types of genetic analyses, but do present concerns and caveats
that require attention and corrections for the results and their interpretation in specific
analyses, which were highlighted by chapters of this book. Although the trends of molecular
marker application and use for past 5 years show a decreased utilization of microsatellite
markers and present a shifted growth toward the use of SNP markers, that is due to the
emergence of novel generation NGS‐based genotyping technologies, microsatellite markers
remain to be useful and choice of marker system for the specific genetic studies. This is because
of multi‐allelic nature, simplicity of genotyping procedures, cost‐effectivity, and suitability of
microsatellite markers for small‐scale laboratories with limited budget. In this book, all
chapters re‐highlighted the usefulness of microsatellites in genetic analyses of various life
science fields, providing updated discussions and reviews on current use and future prospects
of these markers, which invalidate emerging opinion on “full‐death” of microsatellites as
useful genetic markers.
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Abstract

Molecular  markers  are  useful  tools  for  measuring  the  genetic  diversity  among
agricultural  species.  In  plants,  microsatellites  are  still  the  most  used  markers  for
germplasm  characterization,  conservation,  and  traceability  purposes,  while  in  the
livestock sector, although having represented the standard for at least two decades, they
are still used only for minor farm animal species. In this work, together with a review
on the use of microsatellites in livestock, we also illustrate the use of these markers for
the characterization of agricultural diversity and food traceability through two case
studies: (i) the analysis of genetic diversity in ancient fruit tree cultivars of apple (Malus
× domestica Borkh.), pear (Pyrus communis L.), sweet cherry (Prunus avium L.), and sour
cherry (Prunus cerasus L.) from Northern Italy and (ii) the molecular authentication of
wheat food chain. In the former case, a high genetic variability as well as the presence
of different ploidy levels were detected, while in the latter microsatellite markers were
shown to be useful for traceability and product authentication along the whole food
chain.  Overall,  the presented evidence confirms the versatility of microsatellites as
markers for both agrobiodiversity characterization and food traceability in cultivated
plants and farm animals.

Keywords: agrobiodiversity, fruit tree, livestock, microsatellites, traceability

1. Introduction

Molecular  characterization  has  various  purposes  in  plant  and  animal  genetic  resource
management, such as elucidating relationships between breeds/varieties, characterizing new
genotypes,  monitoring shifts  in  population genetic  structure,  and exploiting associations
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among traits and markers [1–3]. A well-recognizable molecular profile is a key factor for the
protection and conservation of any genetic resource. Researchers can properly exploit plant
and animal genetic resources if the materials are well characterized. Low assay cost, affordable
hardware,  throughput,  convenience and ease of  assay development,  and automation are
important factors when choosing DNA-based technology.

Microsatellites, or simple sequence repeats (SSRs), are polymorphic loci that derive from the
repetition of short sequence motives of one to six base pairs in length. Microsatellites are among
the most useful markers mainly because they are single locus co-dominant markers [4]. In the
plant field, the availability of co-dominant markers is important in the analysis of hybrids.
Furthermore, with respect to some categories of multi-locus markers (e.g. RAPD), microsatel-
lites are characterized by higher reproducibility. Microsatellites have been largely used for
DNA fingerprinting in several species, both wild and domesticated, although in recent years
they have been increasingly replaced by single nucleotide polymorphisms (SNPs), particularly
in the livestock genetic field [5].

Microsatellites have a series of characteristics that make them ideal to analyze plant genomes:
(1) co-dominance that makes possible the analysis of hybrids of plant commercial varieties; (2)
the amplified fragments are usually small in size (100 and 300 base pairs) resulting in positive
PCR amplifications even in highly degraded DNA; (3) because of the polyploid nature of the
genome of several important crop species, a small number of selected SSRs are able to provide
a high discrimination capacity, as reported in the section on plant biodiversity; (4) SSRs are
automatable, reproducible between different laboratories (provided that some precautions are
taken to uniform allele size scoring, such as sharing of standard samples between labs), easily
multiplexed, and easy to score; (5) SSRs usually show a high level of polymorphism and several
alleles can be detected for a single SSR locus. This latter aspect makes SSRs extremely useful
also for organisms with limited or no information on the genomic sequence because a small
number of markers can be enough to clearly discriminate between a large number of samples.
Compared to SNP markers, SSRs are less numerous in the genome but present a higher number
of alleles per locus (SNPs are usually bi-allelic); therefore, a small number of SSRs can result
in a discrimination capacity similar to that obtained with a large number of SNPs [6].

Biological diversity—or biodiversity—is a term used to describe the variety of life on Earth. It
refers to the wide variety of ecosystems and living organisms: animals, plants, their habitats,
and their genes [7]. While biodiversity can be considered as the foundation of life on Earth, it
is crucial for the functioning of ecosystems providing us with products and services without
which we could not live. Biodiversity is also the foundation of agriculture. In presence of
biodiversity, men can select the genetic material available and gradually improve varieties and
breeds. Preservation of biodiversity is, therefore, recognized worldwide as a topic of great
concern both in wild and agricultural species, and with respect to the latter, recently, there has
been an increasing interest in preserving local plant germplasms. Local varieties as breeds,
landraces, ecotypes, and ancient varieties, which have been rarely subjected to breeding, are
usually characterized by high genetic variability and genotypes. These germplasm resources
are well adapted to both local needs and environmental conditions with good fitness for the
anthropic and natural environments in which they have evolved [2, 3].
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Local germplasms, as ancient fruit tree cultivars or traditional livestock breeds, frequently face
strong genetic erosion starting from the twentieth century. Genetic erosion refers to “the loss
of individual genes and the loss of particular combinations of genes (i.e., gene complexes) such
as those maintained in locally adapted landraces” [8]. Therefore, the term “genetic erosion”
refers to both the loss of genes or alleles and the loss of varieties. Conservation of genetic
materials, both using in-situ or ex-situ strategies, is expensive and needs infrastructure not
always available. Because of these constraints, correct management of the different agricultural
resources strongly relies on molecular information that can be generated using molecular
markers.

Microsatellites have been used to evaluate crop germplasm and genetic diversity in several
species, including rye [9], grape [10], sugarcane [11], rice [12], and olive [13]. Agrobiodiversity
of fruit tree is of increasing concern mainly because repositories still remain a valuable source
of allelic variation for many traits and can be exploited for breeding in the near future. Studying
the genetic diversity of germplasm resources is not only significant for the protection of species,
but also necessary for the development and utilization of germplasm resources for crop
improvement and to face existing and future biotic and abiotic constraints with respect to
sustainable production in the context of global environmental change [14]. Examples include
apple landraces (Malus × domestica Borkh.) that represent the main fruit crop in temperate
regions. It is not surprising that many studies concerning apple biodiversity were performed,
both in Europe [3, 15] and in Asia [16].

In the livestock sector, microsatellite markers have been widely used for more than a decade
for the characterization and conservation of livestock biodiversity and for the traceability of
food products. In livestock, current genotyping standards are represented by standardized
SNP panels that allow the characterization of tens or hundreds of thousand markers per
sample [5]; but due to the low costs and to the possibility of in-house implementation of
genotyping protocols, microsatellite markers still represent a useful resource to characterize
livestock breeds in several developing countries, in which the access to SNP typing or other
high throughput technologies can be difficult or too expensive [17–19]. Some years ago, FAO
published recommendations for standardized sets of microsatellite loci to be used for studying
diversity in the major livestock species [20] in order to make possible the comparison of results
across different research projects [17–19].

The good resolution power and frequent occurrence of SSR within plant and farm animal
genomes make this type of marker very useful in the food sector also. Food traceability is a
milestone of EU food safety policy. The European Commission has agreed to establish a
‘Reference Centre’ to combat food fraud and ensure the “authenticity and integrity” of the EU
food supply chain [21]. EU enhances and supports projects related to food safety as the recently
approved project Food Integrity, comprising 38 participants from 18 European countries and
one from China [22]. Furthermore, the addition of products without prior declaration on the
label, besides representing fraud and adulteration, can also bring health risks, in particular to
allergic consumers. In recent years, food traceability has become a topical field mainly to
prevent fraud, adulteration, and sophistication. A database of food ingredient fraud issues was
developed by [23]. The food products more subject to fraud are, in order, olive oil, milk, honey,
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saffron, orange juice, coffee, apple juice and wine [23]. Most of the processed foods contain
very low quality and quantity of DNA, because thermal or chemical treatments determine its
degradation. Being microsatellites short repeats of 1–6 nucleotides, they are the most useful
markers for DNA recovered from a treated food matrix and combined with in vitro DNA
amplification (PCR); they allow the analysis of low amount of starting material. Indeed, as the
amplified fragments are short, they can also be obtained from highly fragmented DNA.

Apart from adulteration and fraudulent procedures, traceability is of great importance to
authenticate the quality and integrity of European high value food. A biochemical and genetic
approach using microsatellites was useful to discriminate the geographical origin of Italian
red wines obtained from Campania region native red grape varieties [10]. Several DNA-based
analytical methods have been developed and applied to identify and quantify cereal species
and to fingerprint and identify varieties to verify their authenticity [24, 25] developed a
microsatellite-based method to verify the presence of the four required durum wheat cultivars
in “Altamura” bread, and which are cultivated in a restricted geographical area close to the
town of Altamura. Altamura bread, according to its European mark of protected designation
of origin (PDO), at least 80% of the total flour used for Altamura bread preparation must derive
from the aforementioned traditional durum wheat cultivars used alone or in combination.

In livestock, breed discrimination is useful to detect fraud and to protect and valorize typical
productions. Girgentana goat (Capra hircus L.), an ancient breed reared in a restricted area of
Sicily (southern Italy) and its dairy products were traced by the use of a specific panel of
microsatellites [26]. The potential of microsatellites for determining the origin of meat products
was also important for traceability of nine Portuguese breeds with PDO products [27], while
four Italian cattle breeds were identified by microsatellite markers using different statistical
approaches to certify the origin of their typical products [28].

The aim of this paper is to highlight the utility of microsatellite markers to study both genetic
diversity of domesticated plants and animals and food traceability. Some examples have been
provided in the following sections.

2. Agrobiodiversity: the case study of fruit tree species in Northern Italy

Researchers [29] reported that 940 crop plants species are threatened globally and genetic
erosion was described in different crop groups, such as cereals and grasses or fruits and nuts
[8]. When a species, or the diversity within a species, is lost, the genes important for improving
crops are also lost. Preserving local germplasms, landraces, ecotypes, and ancient varieties,
means preserving not only our history and culture (such populations represented for centuries
an important source of food for local people) but also an extremely useful reserve of genes
usable to introduce new characteristics in modern varieties. In order to preserve the local
germplasm of ancient fruit tree cultivars, a systematic recovering and characterization of the
traditional material of the western part of the Emilia Romagna region was carried out. In this
area the tradition of pear (Pyrus communis L.), apple (M. × domestica Borkh.), sweet and sour
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approaches to certify the origin of their typical products [28].
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cherry (Prunus avium L. and Prunus cerasus L.) cultivation is well established. Seventeen
accessions belonging to ancient varieties of sweet cherry, 7 of sour cherry, 20 of apple, and 32
of pear have been sampled (Tables 1–3), and an example of some accessions is shown in
Figures 1–3.

Species Cultivar name—
accessions

Origin Microsatellite markers and size of the amplicons (bp)a

EMPA 015 EMPA
018 

UDP 97/402 UCDCH 17 UCDCH 31

P. avium Selvaticona di
Magnano

PC 253/219 101/92 140/118 187/185 141

Mora piacentina PC 253/219 101/92 140/118 187/185 141

Picaion acc.1 PC 238 92 118 185 141/130

Picaion acc.2 PC 238 92 118 185 141/130

Smirne PC 253/219 92 118 185/187 130/123

Pavesi acc. A PC 253/249 101/96 118 197/183 128/125

Pavesi acc. C1 PC 253/249 101/96 118 197/183 128/125

Pavesi acc. C2 PC 253/249 101/96 118 197/183 128/125

Mori PC 221/219 92 118 187/185 141/132

Raffaella PC 238 101 118 185 141

Flamengo acc.A PC 238 92 118 185 141/130

Flamengo acc.B PC 238 92 118 185 141/130

Flamengo acc.C PC 238 92 118 185 141/130

Duroncina della
goccia

PC 221/219 92 118 197/185 141

Prima PC 253/249 96/92 118/114 185 145/130

Mora di Vignola PC 221/219 101 126/114 197/185 128/123

Giambella PR 251/219 96/92 126/118 187/185 128/123

P. cerasus Marasca dal
peduncolo lungo 

PC 249/247/221/195 96 126/112 185/179/155 130/113

Marasca Villanova PC 249/238/225/195 92 126/112 195/185/175/169 141/130/123

Marinone I acc. A PC 251/225/195 105/92 140/126/114/112 195/185/175/167 141/130/123

Marinone II acc. A PC 225/221/195 92 126/118/112  193/185/175/167 141/130/123

Marinone II acc. C PC 251/225/195 105/92 140/126/114/112 195/185/175/167 141/130/123

Amarena Piacentina PC 249/247/225/195 92 126/112 193/185/175/167 141/130/123

P. ×
gondouini

Visciola PC 225/211/195 105/99 126/122/118/110 197/191/187/171 130/123

Microsatellite profiles are reported for each cherry cultivar. Columns from left to right indicate: (i) the species, (ii) the
local name, (iii) the accession, (iv) the origin of the accession, Piacenza (PC) or Parma (PR), and (v) the size of the PCR
amplified product.

Table 1. Molecular characterization of cherry varieties.
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In addition, DNA analysis was carried out using SSR markers in order to obtain a preliminary
fingerprint of each sampled accession and to eventually solve controversies of synonyms
(different names for a single genotype) and homonyms (a single name for different genotypes).
Genetic variability of the samples was evaluated using five SSR markers for each species:
EMPA015, EMPA018 [30], UDP97-402 [31], UCDCH17, and UCDCH31 [32] for sweet and sour
cherry; GD96, GD100 and GD162 [33] for apple; KA14, KA16 and BGT23b [34] for pear; GD142,
GD147 [33] for both apple and pear (Tables 1–3). DNA extraction from young leaves and PCR
amplification have been carried out as previously reported [35]. Analysis of PCR products was
performed using an ABI Prism 3100 Genetic Analyzer (Applied Biosystem—Thermofisher).
Expected heterozygosity and discrimination power were calculated as described in [35], while
observed heterozygosity was calculated as the ratio between heterozygous genotypes over the
total number of the samples (Nh/Ntot). Results are shown in Table 4.

Species Cultivar name—accessions Origin  Microsatellite markers and size of the amplicons (bp)a

GD96 GD100 GD147 GD162 GD142

Ruggine acc. I PC 178/172 230/222 150/129 219/210 138/132

Ruggine acc. II PC 178/172 230/222 150/129 219/210 138/132

Fior d’acacia PC 180/172 224 146/129 230 140/138

M. × domestica Verdone PC 176/172 234/224 148/135/129 228/210 144/126

Rustaio PC 178/174 224 135/129 228/210 131

Rustajò PC 176/174/168 226/224/222 135 230/228/210 154/144/126

Restajo PC 174/150 226/219 142/135 210 144/138

Carraia acc. I PC 170/168/150 234/230/224 148/146/135 234/230/222/210 140/138

Carraia acc. II PC 174/150 232/230 148/135 228/222/210 140/138

Salame PC 172 224 148/146 222/210 144

Rosa PR 178/174/168 230/226/224 148/137/135 230/219/210 148/144/138

Mela Rosa PR 187/185/164 NA 139 226/210 144/132/126

Bella di Maggio PR 174 226 127 219/210 144/140

Cavic PR 178/172 224 148/135 230/228 144

Seriana PR 176/170/168 226 148/137/129 230/226/210 148/144/126

Melo Olio PR 194/176 222 142/137 234/228 152/140

Cucumero PR 172 224 148 222/210 144

Ghiacciata PR 176/172 224 135/129 210 132/126

Musona PR 178/172 234/224 135/129 230/228 144/142

Codaro PR 172/166 224/222 135 228/210 152/126

Microsatellite profiles are reported for each apple cultivar. Columns from left to right indicate: (i) species, (ii) the local
name, (iii) the accession, (iv) the origin of the accession, Piacenza (PC) or Parma (PR), and (v) the size of the PCR
amplified product.
a: NA means null allele and it refers to the absence of the amplification product in a specific sample.

Table 2. Molecular characterization of apple varieties.
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Fior d’acacia PC 180/172 224 146/129 230 140/138

M. × domestica Verdone PC 176/172 234/224 148/135/129 228/210 144/126
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Rustajò PC 176/174/168 226/224/222 135 230/228/210 154/144/126

Restajo PC 174/150 226/219 142/135 210 144/138

Carraia acc. I PC 170/168/150 234/230/224 148/146/135 234/230/222/210 140/138

Carraia acc. II PC 174/150 232/230 148/135 228/222/210 140/138

Salame PC 172 224 148/146 222/210 144

Rosa PR 178/174/168 230/226/224 148/137/135 230/219/210 148/144/138

Mela Rosa PR 187/185/164 NA 139 226/210 144/132/126

Bella di Maggio PR 174 226 127 219/210 144/140

Cavic PR 178/172 224 148/135 230/228 144

Seriana PR 176/170/168 226 148/137/129 230/226/210 148/144/126

Melo Olio PR 194/176 222 142/137 234/228 152/140

Cucumero PR 172 224 148 222/210 144

Ghiacciata PR 176/172 224 135/129 210 132/126

Musona PR 178/172 234/224 135/129 230/228 144/142

Codaro PR 172/166 224/222 135 228/210 152/126

Microsatellite profiles are reported for each apple cultivar. Columns from left to right indicate: (i) species, (ii) the local
name, (iii) the accession, (iv) the origin of the accession, Piacenza (PC) or Parma (PR), and (v) the size of the PCR
amplified product.
a: NA means null allele and it refers to the absence of the amplification product in a specific sample.

Table 2. Molecular characterization of apple varieties.
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Species Cultivar name—Accessions Origin Microsatellite markers and size of the amplicons (bp)a

BGT23b KA16 GD147 KA14 GD 142
P. communis

Lauro acc. I PC 213/195 129 132/120 194/176 166/158

Lauro acc. II PC 213/195 129 132/120 194/176 166/158

Limone acc. I PC 209 129/115 118 184/178 156/152

Limone acc. II PC 209 129/115 118 184/178 156/152

Limone acc. III PC 209 129/115 118 184/178 156/152

Rossetto PC 193/191 147 118 184 158/148

Macagn PC 213/195 145/129 128/118 188 174/160

Sburdacen PC 191 129/123 128/118 184 182/180/176/174

Sburdacion acc. I PC NA 129/123 122/118 222/190/184 178/160/156

Sburdacion acc. II PC NA 129/123 120/118 190/184 178/160/156

Coda torta acc. I PC 505/488 147/129 124/118 194/176 174/172/146

Coda torta acc. II PC 505/488 147/129 124/118 194/176 174/172/146

Nigrò PC NA 129/125 134/128 194/184/166 174/164/146

Colar PC 213 147/129 126/120/118 194/186/184 174/160/146

Bianchetto PC 543/509 129 124/120 184/180 180/158

Nobile acc. I PR 213/195 129 132/120 194/176 166/158

Nobile acc. II PR 213/195 129 132/120 194/176 166/158

Butirra Polesine PR 235/231 145/129 138/118 190/176 166

San Giovanni PR 191 129/125 125/118 194/184 168/160

San Germano PR 209/203 147/131 118 186 160/158

San Pietro PR 209 139/129 122/118 184/186 164/136

Cipolla PR 209/193 145/129/123 132/118 186/184/176 166/150/136

Bergamotto PR 203 131/129 122/118 184 160/156

Nigrer PR 179 131/129 126/118 184 164/148

Carlet PR 179 139/129 128/118 194/186 148/146

Moscato PR 209 129 124/118 184 170/160

Spadone PR 179 151/115 136/126/120 184/176 178/174/164

Ingurien PR 169 129/125 118 NA 164/148

Svirgolato PR 223/213 129/119 126/120 184/176 166/158

Colar PR 213 147/129 120/118 194/186/184 174/160/146

Pavia PR 209/195 145/131/123 128/118 186 158/148

Ducale PR 209/195 129/125 118 184/176 164/136

Butirra Ruggina PR 195 129/115 128/120/118 NA 174/166

Microsatellite profiles are reported for each pear cultivar. Columns from left to right indicate: (i) the species, (ii) the
local name, (iii) the accession, (iv) the origin of the accession, Piacenza (PC) or Parma (PR) and (v) the size of the PCR
amplified product.
a: NA means null allele and it refers to the absence of the amplification product in a specific sample.

Table 3. Molecular characterization of pear varieties.
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Figure 1. Fruit morphology of some ancient varieties of sweet cherry.

Figure 2. Fruit morphology of some ancient varieties of apple.

Figure 3. Fruit morphology of some ancient varieties of pear.
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Figure 1. Fruit morphology of some ancient varieties of sweet cherry.

Figure 2. Fruit morphology of some ancient varieties of apple.

Figure 3. Fruit morphology of some ancient varieties of pear.
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Species Markers No. of alleles Expected heterozygosity Discrimination power

Prunus avium Prunus cerasus EMPA015 10 0.881 0.861

EMPA018 5 0.668 0.743

UDP97/402 7 0.753 0.712

UCDCH 17 13 0.815 0.712

UCDCH 31 8 0.775 0.854

Average 8.6 0.778 0.776

Malus domestica GD96 13 0.868 0.905

GD100 8 0.788 0.867

GD147 9 0.818 0.920

GD162 7 0.779 0.905

GD142 10 0.839 0.915

Average 9.4 0.818 0.902

Pyrus communis BGT23b 16 0.888 0.915

KA16 10 0.723 0.898

GD147 11 0.778 0.894

KA14 11 0.807 0.907

GD 142 18 0.921 0.935

Average 13.2 0.823 0.909

Table 4. Statistical analysis of the microsatellite markers.

Sweet cherry (P. avium L., Rosaceae, 2n = 16) is widely cultivated in temperate regions because
of the edible fruit. Likely originated in the area of the Caspian and Black Seas, sweet cherry
cultivation spread through Europe during the Roman Empire. The spread of sweet cherry
cultivation across Western Europe, initially, was probably the consequence of the domestica-
tion of wild individuals that were well adapted to each area of cultivation [36]. Sour cherry (P.
cerasus L.), originated in the same area as sweet cherry, is an allotetraploid (2n = 4x = 32), that
might have arisen from a cross between P. avium and P. fruticosa Pall. Finally, duke cherry is an
allotetraploid species originated subsequently from natural hybridization of sweet and sour
cherry. More precisely, it originated from the fertilization of sour cherry by unreduced gametes
of sweet cherry [37]. In the Northern Italy, the province of Piacenza has a long history of cherry
cultivation and several local varieties have been selected after centuries of use.

The microsatellite analysis revealed a different scenario regarding sour, sweet, and duke cherry
accessions (Table 1). The number of different alleles detected is reported in Table 4, the average
number of alleles is 8.6, the lowest number of alleles is 5 for EMPA018, and the highest is 13
for UCDCH17. The expected heterozygosity ranged between 0.668 (EMPA018) and 0.881
(EMPA015) (Table 4). Based on the frequencies of the different alleles, the probability to obtain
a particular genotype by chance was evaluated. Despite the use of a small set of markers, we
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had very low probability values ranging from 10−6 to 10−9 for diploid varieties and 10−12 to 10−19

for polyploid varieties. The smallest value was obtained for the variety Visciola, this is likely
a consequence of its hybrid nature (data not shown). These results confirm what had already
been shown in the case of Vitis vinifera L., in which a small set (six) of SSR markers was able to
successfully discriminate between varieties and to identify the starting material used to
produce the must [38].

The three accessions belonging to the sweet cherry cultivar Pavesi have the same molecular
profile, indicating that they derived from a unique mother plant. The same could be noted for
the accessions of the cultivars Flamengo and Picaion. Two cultivars, namely Mora piacentina
and Selvaticona di Magnano, have the same SSR profile. This situation, with all the caution
due to the small number of markers used, could be a typical case of synonymy and the two
names could be two different local designations for plants anciently derived from the same
genetic material and then vegetatively propagated. Concerning sour cherry, the cultivars
Marasca and Marasca di Villanova, despite a similar name, had a different genetic profile
suggesting that they belong to two different cultivars and they are a case of homonymy. A
similar situation was found within the three accessions belonging to Marinone: Marinone I
acc. A and Marinone II acc. C had the same profile while Marinone II acc. A was clearly
different. Very likely, the first two accessions derived from the same mother plant while the
last one had a different origin resulting in a case of homonymy. Comparing the profiles of the
different markers in sweet and sour cherries, sweet cherries had a simple profile with the
different loci having just one (homozygous) or two (heterozygous) alleles. On the contrary,
sour cherries had a more complicated allelic combination and it was common to find, for each
marker, the presence of single loci having three or four different alleles. This high number of
alleles at the level of the single locus could be a consequence of local duplications of genomic
regions or, more likely, of different ploidy levels. In this respect it is reported that sweet cherries
are diploids while sour cherries are polyploids (such as tetraploids).

To have a better representation of the relationships among the different accessions analysis,
principal component analysis (PCA) was carried out (Figure 4). Two clearly separated groups
could be defined: the first including sweet cherry accessions and the second including sour
cherry accessions. Among the sour cherry accessions, the one being closest to the sweet cherry
group was the variety Visciola. The term Visciola is used to refer to a variety of duke cherry
that originated by natural hybridization between a sweet and a sour cherry variety. This hybrid
nature can determine the intermediate position of this sample between the sweet and sour
cherry groups.

Apple and pear are among the most economically important fruit tree crops of the temperate
zones. According to the FAO report on the state of world’s plant genetic resources for food and
agriculture, at least 97,500 apple accessions and 1140 pear accessions are present in worldwide
ex-situ collections [35]. Moreover, apple is the most common fruit crop of temperate areas. The
wild Central Asian species Malus sieversii (Ledeb) M. Roem was identified as the main
contributor to the genome of the cultivated apple [39] but, recently, it has been demonstrated
that multiple species have contributed to the genetic makeup of domesticated apples [40].
Concerning pear, there are two centers of domestication and primary origin, one located in
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zones. According to the FAO report on the state of world’s plant genetic resources for food and
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China and the second in the area stretching from Asia Minor to the Middle East, in the Caucasus
Mountains. Also, a third secondary center is located in Central Asia [41].

Figure 4. Principal component analysis of the cherry varieties based on the SSR profiles. The PCA based on SSR results,
clearly evidence the differences between the groups of sweet and sour cherries. It is interesting to note that, in the sour
cherry group, the accession of Visciola (P. × gondouini) is the closest to the sweet cherry group. This can be a conse-
quence of the hybrid nature of the species, likely a cross between P. avium and P. cerasus.

The provinces of Parma and Piacenza have a long tradition of apple and pear cultivation, and
a wide diversity of cultivars, well adapted to the local environmental conditions, was grown
in this area since ancient times. In apple, as in cherry, the number of alleles highlighted at a
single locus in the different samples, ranged from one to four supporting the presence of
different ploidy levels (Table 2).

Along with cultivars having just one or two alleles at each locus, such as Ruggine, Fior d’Acacia,
and Salame, there were some cultivars with three alleles per locus, such as Seriana, Rosa, and
Rustajò. These results supported diploidy and triploidy as the main ploidy levels in local apple
germplasm and they agree with what is generally reported in literature concerning apple
varieties: most of the apples grown commercially are diploid (2n), although there are many
triploid varieties (3n) [42]. The presence of four different alleles, in a single locus, was a rare
event and it was found just in a single case (marker GD162, first accession of variety Carraia).
While the high number of currently cultivated varieties is diploid or triploid, the presence of
tetraploid forms not cultivated but useful for breeding was reported too [43]. It cannot be
excluded that after centuries of vegetative propagation, some tetraploid forms could be
originated and unintentionally cultivated. The number of different alleles detected by the five
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SSRs is reported in Table 4; the average value was 9.4, the lowest value was 7 for GD162, while
the highest was 13 for GD96. The expected heterozygosity ranged between 0.779 (GD162) and
0.868 (GD96). The probabilities to obtain a particular genotype by chance were very low
ranging from 10−7 to 10−10 for diploid varieties and 10−9 to 10−16 for polyploid varieties (data not
shown). Also in apple there were cases of homonymy: i) the two accessions of the variety
Carraia were clearly different at the genetic level and, very likely, they originated from different
mother plants, ii) despite very similar denominations, the varieties Rustaio, Rustajò, and
Restajo had different genetic profiles, so they can be effectively considered as different
cultivated varieties.

In pear, as in the previous species, it was possible to detect the presence of loci with more than
two alleles (Table 3). As for apple and cherry, this evidence suggested the presence of different
ploidy levels in the local pear germplasm. Based on the results, diploid varieties were the most
diffused followed by triploids. Tetraploidy was rarer, being evidenced just a single time in
cultivar Sburdacen with marker GD142. The presence of varieties of pear characterized by
different ploidy level, diploids, triploids, and tetraploids was already reported in the litera-
ture [44]. The number of different alleles detected by the five SSRs is reported (Table 4): the
average value was 13.2, the highest among the three species, while the average expected
heterozygosity and discrimination power were similar to the values of apple. The lowest allele
number was 10 for KA16 while the highest was 19 for GD142. The expected heterozygosity
ranged between 0.723 (KA16) and 0.921 (GD142) (Table 4). Based on the frequencies of the
different alleles, we evaluated the probability to obtain any particular genotype. Once again,
the probability values were very low ranging from 10−8 to 10−11 for diploid varieties and 10−10

to 10−14 for polyploid varieties (data not shown).

A clear case of synonymy was present concerning the two names Lauro and Nobile. By
comparing the genetic profiles, it was possible to see that the different accessions had the same
alleles showing that they derived from a common mother ancestor. In this case, the two names
are linked to the different provinces, with the name Lauro diffused in the province of Piacenza
and the name Nobile in the province of Parma. The three accessions belonging to the variety
Limone had the same genetic profile, confirming that they derived from the same mother plant.
The same was found for the two accessions of the variety Coda torta. On the contrary, the two
accessions of the variety Sburdacion were slightly different, being a case of homonymy.
Probably these accessions derived from a common ancestor that encountered some genetic
changes (as somatic mutations). Despite the similar names, varieties Nigrò and Nigrer and
varieties Butirra Polesine and Butirra ruggina had different genetic profiles and they can be
considered as different cultivars. With respect to cherry and apple, in pear a higher frequency
of null alleles, i.e. five cases in pear against one case in apple and none in cherry, was observed.
To verify this, the amplifications were replicated at least five independent times and the
amplicons were always absent. The two accessions of the variety Sburdacion with the marker
BGT23b were both characterized by the absence of amplification, supporting close genetic
relationships.

This study confirmed the utility of microsatellite markers for biodiversity evaluation and for
all conservation actions that can follow the preliminary analysis of genetic variability. Despite
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the use of a small number of markers, several cases were highlighted: (1) synonymy in sweet
cherry (Mora piacentina and Selvaticona di Magnano) and pear (Lauro and Nobile); (2)
homonymy inside the Marinone and Marasca (sour cherry), Carraia (apple), and Sburdacion
(pear); (3) accessions belonging to the same cultivated variety characterized by high genetic
uniformity as a consequence of the derivation from a common ancestor; (4) high biodiversity
in the old local germplasm; (5) different levels of ploidy: diploidy in sweet cherry, apple, and
pear; triploidy in apple and pear; tetraploidy, rare in apple and pear, and mainly present in
sour cherry.

3. Microsatellite markers in the livestock sector

For more than a decade, microsatellites have been one of the most popular types of markers
used in the livestock sector for various purposes [45], e.g., the characterization and conserva-
tion of diversity [46, 47], the reconstruction of the post-domestication evolutionary history of
farm animals [48, 49], parentage testing [50], mapping of quantitative trait loci (QTL) [51, 52]
or other causative mutations [53], and traceability of food products [26, 54, 55]. The average
number of microsatellite loci used in livestock research varied between 15 and 30 [45], even if
a lower number of highly informative loci have been adopted for specific purposes. For
example, the International Society for Animal Genetics has established that panels of as few
as 12 microsatellite loci have enough resolution for the routine identification of individuals
and parentage testing in cattle and horse [56].

A large number of national and international projects aiming at the description of farm animal
species diversity have relied on the use of microsatellites. These markers have been used to
estimate diversity (both within and between breeds) and genetic admixture even among
closely related breeds, usually by means of clustering approaches, principal coordinate
analysis, or phylogenetic inference [46]. Comprehensive microsatellite-based studies of
livestock diversity have been carried out in European chicken [57], goats from Europe and the
middle East [58], Eurasian sheep [59], and African cattle [48], just to mention a few.

One of the major drawbacks of microsatellite genotyping is that the use of different PCR-
amplification protocols and genotyping techniques may result in different allele size scoring
at the same locus in different labs or experiments, thus hampering the possibility to combine
microsatellite genotypes obtained from different projects. To circumvent this, the use of the
same set of markers (or at least of a common subset of markers) and genotyping of standard
samples across projects has been recommended [60]. In particular, to promote the use of
common marker panels, the ISAG-FAO Advisory Group on Animal Genetic Diversity has
published guidelines and ranked lists of microsatellite loci to be used for studying diversity
in major livestock species [20]. Using these markers in order of ranking should maximize the
overlap and increase the possibility of merging data from different investigations.

Concerning allele size standardization through the inclusion of standard samples, for some
species (e.g. sheep and goats) the standards adopted in the course of large-scale projects have
also been shared with research initiatives in different continents to permit merging of the
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results. This is the case of the European project Econogene [61] whose sheep and goat standard
samples have been made available to other large-scale investigations in Africa and Asia.
Acknowledging the usefulness of a joint analysis of different datasets to obtain a global view
of livestock diversity, as in the case of the meta-analysis performed by the EU project Global-
Div [62, 63], a number of statistical methods have been devised that allow merging and
analyzing datasets even when they have only a few breeds and/or markers in common. The
method developed by [64], for example, estimates population genetics parameters (e.g.,
heterozygosity, allelic richness, and admixture) by means of a double regression approach and
has been successfully applied to the meta-analysis of microsatellite data of cattle populations
from Europe, Africa, and Asia [45]. [65], instead, have devised a method based on iterative
regression to infer the contribution given by each missing allele/breed combination, which
allows calculating genetic distances also on merged datasets with missing information (see
[45] and figures therein).

Gaining a global view on the worldwide patterns of diversity of livestock genetic resources
may allow to highlight (i) the presence of gaps, i.e., areas in which livestock characterization
is incomplete or lacking, (ii) local diversity hotspots which may deserve particular attention
or conservation efforts, (iii) geographical trends of clonal variation or discontinuities that can
shed further light on the evolutionary history and post-domestication migration routes of farm
animal species.

In livestock, current genotyping standards are represented by standardized SNP panels that
allow the characterization of tens or hundreds of thousand markers per sample at the same
time and at a reasonable cost. Commercial SNP chips at varying levels of marker density are
already available for the major livestock species, e.g. for cattle at medium density [66] and high
density [67], for sheep and goats at medium density [68, 69]. Being highly standardized, SNP
panels do not suffer from allele scoring differences and thus permit an immediate comparison
and merging of data produced in different labs [70]. A comparative evaluation of the effec-
tiveness of microsatellites vs. SNP markers for individual identification and parentage
assessment has recently shown that 2–3 SNPs per microsatellite were necessary to obtain a
comparable exclusion power value in a highly consanguineous Angus cattle herd [71].
Therefore, in a similar context the use of, e.g. 50K SNP chip panel might be equivalent to typing
of 16–25K microsatellite loci. Nevertheless, due to the low costs and to the possibility of in-
house implementation of genotyping protocols, microsatellite markers still represent a useful
resource, e.g. to characterize livestock breeds in several developing countries [72, 73], in which
the access to SNP typing or other high throughput technologies can be difficult or just too
expensive, or to set priorities for conservation at the local or regional scale [74, 75].

4. Traceability of food

Food traceability is of primary importance to avoid fraudulent procedures and to authenticate
the origin of particular products. Dishonest producers may substitute, partially or totally, some
food products with others less expensive to increase the profit. For this reason, certifying the
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origin and composition of a certain food is becoming more and more important [76–78].
Molecular analysis is one of the most recently developed methods to trace food products.
Molecular traceability is useful to distinguish traditional varieties with specific high quality
traits and to protect the PDO and “Protected Geographical Indication” (PGI) marks. Italian
products represent 20% of protected food in Europe and the certified “made in Italy” is
important for Italian product exportation. DNA is present in every food product and its
analysis makes possible to recover a lot of information about the identity of the ingredients in
foods and feed. It is often reported that DNA is relatively more resistant than other classes of
biological molecules (e.g. proteins) to the degradation caused by food processing. Despite this,
as a consequence of processes such as cooking, fermentation etc., degradation of DNA occurs
anyway and, generally, the stronger the treatment the shorter the DNA fragments become.
Thus, the possibility to analyze small DNA fragments is very important for traceability
purposes.

An additional problem, when working with plant-derived products is that along with the
DNA, a high number of different inhibitors of polymerase reactions can be recovered from a
food matrix. Plants are very rich in carbohydrates and polyphenols, which tend to be co-
extracted with the DNA. Their presence can prevent the activity of polymerases hindering the
analysis of DNA by PCR reaction. Different commercial kits or customized protocols can be
considered to tackle this problem and usually DNA extracted from most food matrixes can be
analyzed using molecular tools. Molecular markers make it possible to discriminate, not only
the species from which the food is originated, but also the variety (cultivar) or population of
origin [79–81]. Among the different classes of markers, some are more suitable than others for
traceability purposes. Recently, the two main classes of markers that have been adopted are
SNPs and microsatellites. While SNPs are becoming the most used markers for animal-based
product analysis and identification, microsatellites are still the election markers for genetic
traceability of plant-based products.

The final goal of DNA analysis in the agro-food sector is the comparison of the molecular
profile of a sample with a reference profile to evidence the presence of congruencies or
discrepancies. When the SSR profile of the sample is congruent with what is expected (similar
to the reference profile), the two profiles are matching and it is possible to speculate that the
sample under investigation has the same origin as the reference. However, in any final
conclusion that is reached in certain cases, it is also important to evaluate the probabilities that
the two profiles are identical because they derive from the same genetic material and not just
by chance. This requires deep knowledge of the genetic base of the species under investigation
and the probability level to obtain the same marker profile, using a set of SSRs, in two
independent samples just by chance. This is very important for plant species in which it is often
not enough to detect the presence of a particular species in a processed product. For several
plant-derived products, as for extra virgin olive oil and wine, the final price on the market is
highly dependent on the cultivated variety of the species that has been used as raw material.
In this situation, a possible fraud could be represented by the substitution of a declared cultivar
with another one with a smaller commercial value but with similar organoleptic properties
(different cultivars of olive or of grapevine).
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Sample Xgwm 46 Xgwm 408 WMS 376 Xgwm 459 Xgwm 577 WMS5 WMS 120

Type A seed 180 97 142/96 129/113 127/150 167/165 160/129

Type B seed 180 97 142/96 113 127 154/152 160

Type C seed 180 97 142/96 117 127 154/152 129

Type A treated seed 180 97 142/96 117 127 154/152 129

Type B treated seed 180 97 142/96 129/113 127/250 167/165 160/129

Type C treated seed 180 97 142/96 113 127 154/152 160

Type A flour 180 97 142/96 117 127 154/152 129

Type B flour 180 97 142/96 117 127/150 154/152 129

Type C flour 180 97 142/96 113 127 154/152 160

Type A Pasta 180 97 142/96 113 127 154/152 160/129

Type B Pasta 180 97 142/96 129/113 127/150 167/165 160/129

Type C Pasta 180 97 142/96 113 127 154/152 160

Table 5. Molecular profile of the wheat samples and derived products for traceability purposes.

Correct identification and authentication of processed food is more challenging than that of
fresh food mainly because of the presence of inhibitors and of DNA degradation. To face these
problems, PCRs for food traceability are usually low template-DNA PCRs (LT-DNA PCRs),
because increasing the amount of DNA may consequently increase the quantity of inhibitors
and determine the failure of the amplification. These PCRs are usually carried out using very
small amount of DNA (in the order of few dozens of picograms) and high numbers of
amplification cycles (> 35) to have a visible signal. While it is reported that PCR can theoretically
work even with amounts of template DNA lower than the aforementioned ones, usually LT-
DNA PCRs suffer from several limitations. Concerning SSRs, LT-DNA PCRs can be charac-
terized by marker profiles showing a higher heterozygote peak imbalance between the signals
of the observed alleles in a specific sample with respect to standard PCR or by the stochastic
disappearance of some allele signals (allelic drop-out, mainly a problem for the bigger size
alleles). This outcome is mainly a consequence of the small amount and of the degradation of
the template DNA. In these conditions, the final result of the PCR can be strongly influenced
by the effect of a random selection of the template molecules during the first cycles of the
amplification. Other factors that can make the interpretation of the molecular profiles difficult
are the presence of: (1) stutter bands; (2) split peaks, deriving from the incomplete adenylation
of the PCR products; (3) allelic drop-in, deriving often from contamination and mainly present
in the multiplexing amplifications; (4) triploid profile, deriving from the unexpected amplifi-
cation of three peaks (three loci) from a diploid genome.
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Figure 5. The electropherograms obtained with the microsatellite marker WMS120 are shown. The superimposition of
the profiles has been done based on the highest level of correspondence among the different samples. In the upper
panel are reported, with different color, the profile of samples seeds B (blue), treated seeds C (red), flour C (brown),
and pasta C (green). In the intermediate and lower panels are reported, using the same colors as for the upper panel,
respectively: samples seeds A (blue), treated seeds B (red), flour B (brown), and pasta B (green); seeds C (blue), treated
seeds A (red), flour A (brown), and pasta A (green). Similarities and differences are clearly evident.

In recent years, our laboratory dealt with the extraction and analysis of DNA from different
kinds of food matrices with different purposes and different markers technologies [82–86]. In
this section, as an example, the results on traceability of wheat-derived products will be
provided. These SSR analyses were carried out as a work under contract for which a third party
commissioned us. The samples were collected from the whole supply chain of durum wheat
(Triticum durum Desf.), starting from grain and ending with pasta and finally provided to us.
In detail, DNA was isolated from seeds, vacuum-sealed (treated) seeds, flour, and pasta. Three
different sample sets labeled as A, B, and C were received and analyzed in blind. Each labeled
set was made of a sample of seed (seeds A, B, and C), treated seed (treated seed A, B, and C),
flour (flour A, B, and C) and pasta (pasta A, B, and C). The aim of the analysis was to show the
capacity and utility of SSRs to follow, along all the food chain from the raw material to the
final product, the presence of a specific DNA, in this case the DNA of the cultivar used to
produce the pasta. At the same time, for each labeled set, the presence or absence of corre-
spondence among the genetic profiles of the seeds, treated seeds, flours and pasta was
investigated. The DNA was extracted using different commercial kits. Some preliminary trials
were carried out to determine the best kit available for our purpose, attempting to find the one
providing the highest amount of PCR-grade DNA. The best results were obtained using the
GenElute Plant Genomic DNA kit from SIGMA-Aldrich. As expected, high quality DNA was
recovered from seeds and treated seeds; in flours some traces of degradation were present and
evident as a faint smear in an agarose gel electrophoresis and, finally, from pasta, DNA was
always highly degraded as evident by the more intense smear and the absence of any band
indicating the presence of high molecular weight DNA. DNA with an estimated average
concentration of 60 ng/μl was recovered from the first three kinds of samples (seeds, treated
seeds, and flours). Because of the low amount and high degradation, it was not possible to
correctly quantify the DNA in pasta. Seven SSRs were used for the analysis: Xgwm46,
Xgwm186, Xgwm408, Xgwm459, Xgwm577, WMS5, and WMS120. Three microsatellites
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Xgwm46, Xgwm186, and Xgwm408 were monomorphic but polymorphic signals were
obtained with the remaining four markers making possible the distinction between different
samples (Table 5).

From the results obtained, it was not possible to find correspondence between the different
samples within each label. As an example, seeds A did not correspond to treated seeds A, flour
A, and pasta A. On the contrary, seeds A had the same profile as treated seed B and pasta B.
Similarly, seeds B had the same profile as treated seeds C, flour C, and pasta C (Figure 5).
Concerning the last samples, the presence of correspondence between seeds C, treated seeds
A, and flour A was evidenced. Absence of correspondence was found for type A pasta whose
genetic profile was more similar to the genetic profile of pasta B and for flour B whose genetic
profile was unique and different from the other profiles. As previously stated, samples were
received in blind without any knowledge about the origin of the different labeled samples.

Based on this, it was possible to conclude that the seeds of cultivar B (the exact name of the
variety was unknown) were used to produce treated seeds C, flour C, and pasta C; seeds of
cultivar A were used to produce treated seeds B and pasta B; seeds of cultivar C were used to
produce treated seeds A and flour A (Figure 5). Pasta A was likely produced by mixing flour
A with flour C in almost identical percentages and this was explained by the appearance of
the signal corresponding to flour C allele (Figure 5). The only incongruence was about flour
B. This sample had a genetic profile different from the other samples: it had the same profile
of flour A with just an extra allele with SSR Xgwm577. This means that flour B was obtained
from a fourth and different cultivated variety, but the possibility of contamination cannot be
excluded. Concerning the sample pasta B, the amplification with marker Xgm459 was
replicated four times and two times just the 113 bp allele was obtained, while the other two
times both the 129 and 113 bp alleles were amplified. As reported previously, working with
food-derived DNA is challenging also because of the allelic drop-out: the stochastic disap-
pearance of one of the alleles, usually the biggest one, can be observed as a consequence of
DNA degradation, which can explain the results obtained for pasta B.

The results obtained were a clear indication of the utility of SSR markers in following the whole
wheat chain, despite the DNA degradation determined by processing.

5. Conclusions

The recent development of high throughput genotyping methods has prompted SNPs as
desired markers for several applications in agricultural research, in particular in the livestock
sector. Despite this, microsatellites, because of their characteristics, can still be considered as
markers of choice for numerous studies, in particular concerning plant genomes, both for
biodiversity studies and for molecular traceability of plant-derived food products. In a
biodiversity study of local ancient germplasm of fruit tree species, using a small number of
markers, we obtained important indications as the presence of synonymy and homonymy,
high biodiversity, and different levels of ploidy. Furthermore, the high polymorphism of
microsatellite loci together with the different ploidy levels detected increased the probability
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to link each cultivar to its corresponding genotypic profile. This is particularly interesting
because it means that few properly selected SSRs can be enough to obtain robust results. In
the same time, microsatellites can be very useful for molecular traceability as it was evidenced
from our results of the whole production chain from durum wheat raw material to processed
pasta. Indeed, despite the degradation of DNA caused by food processing, SSRs were able to
find the correspondence between blind samples and genotypes highlighting some incon-
gruences.
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Abstract

The main aim of this work is an attempt to help researchers that use microsatellite
markers to analyze microevolutionary forces in natural populations of native forest
species.  This  kind  of  studies  drives  the  researchers  to  make  decisions  regarding
management or conservation of such species. This chapter pays attention to the entire
process—from development of microsatellite markers, going through data analysis and
ending with interpretation of these results. This work helps to researchers that are not
familiarizing with methods and population genetics theories to analyze nuclear and
chloroplast microsatellite data. These methods allow quantification of genetic variation
and genetic structure in native forest species, and theoretical content allows knowledge
about the past and the present genetic states of populations for making inferences about
the future of these populations.

Keywords: cpSSRs, nuSSRs, native forest trees, population genetics

1. Introduction

Patterns of distribution of genetic variation in the landscape reflect the responses of species to
evolutionary forces operating within current and past environments, and it can tell us much
about how species have evolved and may continue to evolve in the future [1]. Most studies on
genetic variation patterns within tree species were primarily motivated by attempts to improve
our understanding of biodiversity at the intraspecific level or the evolutionary dynamics
within plant species in an early stage of domestication [2]. However, forest tree species have
many valuable subjects to be explored, and problems could be solved using microsatellite
markers in combination with appropriate statistical analyses to make recommendations for
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conservation of forest genetic resources [3], infer the origin of forest plants and woods [2], and
conduct molecular tree improvements [4].

The main aim of this work is an attempt to help researchers that use microsatellite markers to
analyze microevolutionary forces in natural populations of native forest species. This kind of
studies drives the researchers to make decisions regarding management or conservation of
such species.

2. The challenge to work with microsatellite markers in species without
economical interest

Native forest species are interesting models of biodiversity study because they give valuable
information about current and past conditions that could have influence on the amount and
distribution of genetic variation in natural populations. Hence, long-lived tree species have
witnessed climatic, demographic, and/or ecological changes, and all these changes left genetic
traces that can be studied using microsatellite markers (Simple Sequence Repeats - SSRs).
However, every interesting point about working with native species has its unfavorable
counterpart because of low economic value of native forest species. One of the limitations is
the lack of DNA sequence information needed to develop and use simple sequence repeats
(SSRs). Unfortunately, SSRs are not universal markers, and species specificity of SSR loci in
plants is a major constraint to their ubiquitous adoption [5], although limited cross-species
transferability of SSR loci of closely related taxa is possible.

The starting point of a genetic study using SSRs in native forest trees is getting species-specific
SSRs, e.g., searching in the nucleotide section of GeneBank public database. In the case of
unavailability of species-specific SSRs, an alternative is to search SSR primers developed for a
phylogenetically closely related species because as mentioned above, empirical studies have
demonstrated that cross-species transfer of nuclear microsatellite markers is possible [6]. Using
latter methodology, SSRs developed for one species can be used to detect polymorphism at
homologous sites in related species. However, the repeat sequence and the flanking regions-
containing primer binding sites must be conserved across taxa to detect polymorphism at
homologous sites in related species [5].

The success of heterologous PCR amplification will depend upon evolutionary distance
between the source and the target species because empirical studies have shown an inverse
relationship between primer site conservation and evolutionary relationship between tested
taxa [5]. Cross-species transferability of polymorphic markers in plants is mainly successful
within genera (success rate close to 60% in eudicots and close to 40% in the reviewed monocots),
whereas between genera, cross-species transfer rates are approximately 10% for eudicots [6].
There are studies with native forest tree species in which cross-species transfer were successful,
e.g., Quercus [7–9], Prosopis [10], Eucalyptus [11], Enterolobium [12], Pithecellobium [13], Araucaria
[14], and Taxus [15].

In the worst of cases, cross-species transfer of SSRs may not work. Hence, we propose two
nonmutually excluding alternatives: the development of species-specific microsatellites for
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nuclear genome (nuclear Simple Sequence Repeats – nuSSRs) and the use of chloroplast
microsatellite markers (chloroplast Simple Sequence Repeats - cpSSRs). These alternatives are
very different regarding to genetic information they provide and its cost in terms of time and
money. Many laboratories have enough resources and expertise for conducting SSR-based
research but not for characterizing new loci [5].

Microsatellite markers are present in chloroplast genome but particular traits of this genome
provide different population genetic information than nuSSRs. Organelle genomes are
typically nonrecombinant, uniparentally inherited, and effectively haploid [16]. Unlike the
conventional approach for obtaining nuclear microsatellites, when cpSSRs primers designed
for one species can regularly cross-amplify in related species, giving an opportunity to develop
efficient “universal” SSR primers that show widespread intraspecific polymorphism. Chloro-
plast SSR primers developed by Weising and Gardner [17] are the most popular in Angio-
sperms. However, the low mutation rates associated with the chloroplast genome meant that
detection of enough variation represents a major technical barrier for the widespread appli-
cation of a particular marker [16].

3. Development of species-specific nuclear microsatellite markers

Population geneticists, forestry breeders, and ecologists starting a new research that must
contend with a dichotomous decision: the isolation of species-specific microsatellite markers
or application of multilocus fingerprinting approaches. The advantages of hypervariable,
codominant markers as SSRs are well documented [18], but in many cases, the perceived
difficulties of SSRs isolation act as a deterrent for the utilization of this class of markers [19].

In recent years, publications of new species-specific nuSSRs in forest tree species and in other
plant taxa are frequent in most of journals. However, development of species-specific nuSSRs
is time and cost consuming. Also, specific laboratory and technical conditions are needed,
costly and laborious cloning and screening procedures limit the number of species that can be
studied.

As a consequence of the diverse publications and techniques for nuSSRs development, in this
section, we will exclusively focus on the SSR development procedure in plants addressing to
describe the typical situation that the researchers must consider when working with nonmodel
organisms. Our own experience comes from the development of specific nuSSRs for Anade‐
nanthera colubrina var. cebil (Mimosoideae, Leguminosoideae), a native forest tree species from
South America [20]. Laboratory work was started to cross-species transfer of nuSSRs devel-
oped for other legume tree species because SSR primers from species of the same genera were
not available. Eighteen primer pairs from six different species were tested including Koompasia
malascensis, Acacia nilotica, Geoffroea spinosa, Prosopis sp., Dinizia excelsa, and Parkia panurensis.
Results of cross-species transfer were unsatisfactory, and development of species-specific
nuSSRs was necessary.

The successful isolation of SSRs involves several steps: (1) preparation of a microsatellite-
enriched genomic library, (2) cloning and sequencing of fragments containing microsatellites,
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(3) primer design, and (4) testing the functionality of SSR primers and polymorphisms in tested
genotypes. There is a potential loss of loci at each stage. A number of loci that will finally
constitute the working primer set are a fraction of the original number of sequenced clones,
which is called attrition rate [19]. Microsatellite markers were developed from two microsa-
tellite-enriched genomic libraries screening for an increase in the variability of microsatellite
motifs. The results were notoriously different as only one library gave positive results. The
libraries were developed using the enrichment procedure proposed by Fischer and Bachmann
[21] and modified by Prinz et al. [22]. Table 1 shows the attrition rates for this work. The
development of specific nuSSRs for A. colubrina var. cebil demanded 3 months of work in a fully
equipped laboratory. Human resources involved in the development of SSRs included a
technical assistant, a doctoral student, and an experienced researcher.

Efficiency of
enrichment

Efficiency of
primer design

Functionality

Library Oligo
pool

N° of
inserts
sequenced

N° of
inserts
with
SSRs

High
quality
sequences
with SSRs

Sequences
with
flanking
region
suitable to
design
primers

Sequences
with a
unique
SSRs locus

Sequences
without
restriction
site inside
the SSRs
region

Primers
designed

Tested
primers

Clearly
amplified
loci

Polymorphic
loci

A (GA)10 106 77
(73%)

56
(73%)

84% 70% 98.2% 30
(52%)

30
(52%)

16 (51.7%) 8(50%)

B (CA)10

(GAA)8

(CAA)8

98 20
(20.5%)

6
(30%)

100% 100% 100% 6
(100%)

1
(17%)

0(0%) –

Total 204 97
(47.6%)

62
(64%)

85.5% 72.6% 98.4% 36
(56.5%)

30
(48.4%)

16(50%) 8(50%)

Table 1. Attrition rates for A. colubrina var. cebil specific nuSSRs development.

From our experience, we suggest to pay attention on the following: starting the process with
DNA of good quality and enough quantity; ensuring good conditions of sterility during
enrichment procedure and in the whole process; making two simultaneous libraries using
different sets of repeated motifs for enrichment; avoiding repetitive bases in primer sequences;
analyzing the primer sequences directly in the electropherograms to ensure that primers were
designed on sequences of good quality with high peaks; resequencing amplified products after
functionality tests; and aligning the original fragment obtained from the enrichment proce-
dure.

New and revolutionary sequencing methods, referred to as next-generation sequencing (NGS),
are extremely high-throughput technologies that produce thousands or millions of sequences
at once at a fraction of the cost of traditional Sanger methods [23]. A specific application of this
new technology in plants is the possibility of rapid and cost-effective discovery of microsatel-
lite loci [23]. Despite this modern technology is more cost effective than traditional enrichment
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procedures, currently it is not yet widely used for nuSSRs development in plant species. A
commonly cited weakness of microsatellites is their high development cost and relatively low-
throughput when compared to SNPs but the same technologies that have widened the use of
SNPs have also benefited microsatellite development processes [24].

Once a set of nuSSRs primers was developed, the final step was the statistical analyses of data
to confirm the utility of these markers to population genetic studies. These analyses consist of:
(1) estimation of observed and expected heterozygosity, (2) test of Hardy-Weinberg equilibri-
um, (3) test of genotypic linkage disequilibrium, (4) test of null alleles and genotyping errors,
and (5) perform neutrality test. There are free software available for these analyses, e.g.,
Genalex [25], Genepop [26], and/or Microchecker [27]. Expected good results for these analyses
include high heterozygosity, high number of loci in Hardy-Weinberg equilibrium and linkage
disequilibrium, low number of loci with null alleles and absence of genotyping errors, and lack
of traces of selection.

4. What do microsatellite markers say us about natural populations of forest
tree species?

The development of molecular genetic markers has had a great impact on our understanding
of the processes that determine structure and variation within and among natural populations
[16]. Microsatellites, as other molecular markers, are particular characteristics of DNA
molecule that enable the identification of individuals at DNA level. However, a molecular
marker must be considered as genetic marker when its particular genetic features are known.
The knowledge on precise molecular basis and a mode of inheritance of a genetic polymor-
phism are crucial for the appropriate interpretation of molecular marker data in a population
context [28].

Plants show a remarkable variety of inheritance modes, and further, some of their reproductive
patterns permit genetic study with means not available in other types of organisms [29]. The
mitochondrial genome in plants shows a large size, slow nucleotide substitution rates and
extensive levels of intramolecular recombination, and has been of limited use in genetic
diversity studies. The chloroplast genome shows conserved gene order and a general lack of
heteroplasmy and recombination, and it is an attractive tool for demographic and phyloge-
netic studies [16]. There is considerable potential for hypervariable chloroplast microsatellites
to provide markers with uniparental inheritance for indirect measures of seed or pollen gene
flow. Studies of angiosperms, where chloroplast DNA (cpDNA) is predominantly maternally
inherited, might offer further insights and provide information on the patterns and extent of
localized seed dispersal [16]. Furthermore, its uniparental mode of inheritance makes it
possible to elucidate the relative contributions of seed and pollen gene flow to the genetic
structure of natural populations by comparing nuclear and chloroplast markers [16].

The use of genetic markers with uni- and biparental inheritance (i.e., cpSSRs and nuSSRs)
differentiates the historical contributions of the movement of seed and pollen on the levels of
gene flow. This information is relevant to distinguish between genetic consequences of
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colonization by seed and the exchange of genes through pollen between established popula-
tions [30, 31]. Given haploid genome of organelles, effective population size in hermaphrodite
outcrossing plants is half that of diploid nuclear genome, and as a result, chloroplast-specific
markers should be good indicators of historical bottlenecks, founder effects, and genetic drift
[16].

Differences in mutation rates, ploidy levels, and recombination presence or absence between
nuclear and chloroplast genomes make cpSSRs and nuSSRs valuable tools for the study of the
effects of historical and recent fragmentation on the contemporary genetic variation and
current population genetic structure. This allows contrasting the relative role of genetic drift
and gene flow as microevolutionary process that shapes population genetic structure [32].

In addition, due to their high rate of polymorphism, nuclear microsatellites are often cited as
being very useful for studying recent evolutionary events among subpopulations within an
individual species [24].

Microevo-

lutionary

process

cpSSRs Both nuSSRs

Gene flow Gene flow by seeds – Gene flow by pollen and seed

Genetic drift Historical

fragmentation

– Recent fragmentation

Genetic drift

vs.

gene flow

– Relative contributions of

seed and pollen flow to

the genetic structure

of natural populations

–

Factor

Demographic

events

Colonization/

expansion

Historical bottlenecks

Founder effects 

– –

Table 2. Microevolutionary processes and demographic events that can be studied by microsatellite markers.

The movement of alleles within and between natural populations and their interaction with
genetic drift, mutation, and natural selection determine the genetic composition of a popula-
tion, including its genetic diversity and genetic structure [28]. Microsatellites allow taking a
high-resolution snapshot of a given allelic composition at a given time for certain loci, and the
studying of mechanisms that generate and maintain genetic variability is possible by means
of population genetics theories and methods.

Great potential exists for the application of coalescent-based models to cpSSRs [16]. Coalescent
approaches can be extremely useful in assessing a range of demographic histories but their
application to intraspecific studies in plants has been hampered by the slow mutation rate of
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the nonrecombinant genomes, such as chloroplast DNA. Although limitations exist, cpSSRs
represent a potentially informative data source with which coalescent-based approaches can
be explored [16]. Microevolutionary processes and demographic events that can be studied by
microsatellite markers are showed in Table 2.

5. Population genetic data analysis

This section attempts to guide the researchers to make decisions regarding the statistical
analysis of nuclear and chloroplast microsatellite data. Nevertheless, those attempting to use
these analyses for the first time will need to read the cited bibliography here for each particular
analysis. Advances in computing technology have inspired the use of intensive statistical
approaches such as maximum likelihood, Bayesian probability theory, and Markov chain
Monte Carlo simulation contributing to the recent technical advancements of molecular
ecology [33].

Figure 1. Extreme states of allelic configuration of one theoretical population integrated by three subpopulations. Cir-
cles: subpopulations; Squares: nuSSRs genotypes or cpSSRs haplotypes. Colors show differences in the allelic composi-
tions.

Fourth extreme and simple states of allelic configuration of a theoretical population integrated
by three subpopulations are showed in Figure 1. Each state was defined from the relationship
between genetic diversity levels and genetic structure of the theoretical population. In the
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nature, these extremes are exceptions while complex allelic configurations are the usual
situations. Statistical analyses are the most appropriate tools to infer levels and distribution
patterns of genetic variation while population genetic theory gives the knowledge for inter-
preting statistical data analysis results.

5.1. Genetic diversity

A prerequisite for starting population studies is to detect the genetic diversity underlying
phenotypic variation, and understand the genetic diversity as the total genetic variation among
individuals within a population. Several measures of genetic diversity have been developed
over the years. The simplest measure of genetic diversity from molecular data is the number
of alleles at a given locus (NA), which is also known as gene multiplicity [34]. At the same time,
these alleles have their own frequencies in each population, which represent their abundance.
As multiplicity and abundance vary independently, genetic diversity can be expressed as the
effective number of alleles (NE) [35]. NE will be equal to NA if alleles show the same frequency.
In case that allele frequency distribution is not uniform, NE will be lower than NA. The number
of alleles that can be found in only one population is defined as private alleles (NP) [36]. In this
way, NP is a simple measure of genetic distinctiveness. Private alleles can also have low
frequencies being able to call them rare alleles. These kinds of alleles are very informative
because their presence and frequency allow quantification of gene flow levels.

Since the number of detected alleles in a population depends on its size, it is not advisable to
compare genetic diversity parameters among subpopulations with different sizes. An useful
parameter to compare the number of alleles between samples that differ in size is the allelic
richness (R). This parameter predicts the expected number of alleles if samples have the same
size using the rarefaction method [37]. However, the original and most important measure of

genetic diversity is Nei’s gene diversity index (h) estimated as ℎ = ∑1 1 − 2 ,   where xi
indicates the allele frequency [38]. This parameter represents the probability that two alleles
randomly and independently selected from a gene pool will represent different alleles. This
index analyzes allele frequency variation directly in the terms of heterozygosity without
consideration of the number of alleles at a given locus or the pattern of evolutionary forces [38].
In this way, the treatment of this index is biologically most appropriate because it has been
formulated entirely in terms of allele and genotype frequencies [39].

Since particular genetics features of chloroplast genome, combination of cpSSRs alleles from
different loci allows determining the chloroplast haplotypes. Hence, haplotype genetic
multiplicity could also be characterized from haplotype number, genetic abundance from
haplotype frequencies, genetic distinctiveness from the number of private haplotypes, and
genetic diversity from Nei´s haplotypic diversity index (H) estimated as =  − 1 1 − ∑12 ,   where n is the number of analyzed individuals and pi is the frequency

of haplotypes in the population [40, 41] (Table 3).
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Population
genetic
measure

Objective of analysis Analysis Statistical estimation Suggested
softwarea

Genetic
diversity

Characterization Genetic multiplicity Number of alleles (NA)
Number of chloroplast
haplotypes (NH)

Genalex [25]

Genetic abundance Allele frequencies
Haplotype frequencies

Genalex [25]
Arlequin [59]

Multiplicity vs. abundancy Effective number of
alleles (NE)

Genalex [25]

Genetic distinctiveness Number of private
alleles (NP)
Number of private
haplotypes (NPH)

Genalex [25]

Heterozygosity Observed
heterozygosity (HO)
Expected heterozygoity
(HE)

Genalex [25]

Quantification Genetic diversity Nei´s gene diversity
index (h)
Nei’s haplotypic
diversity index (H)

Genalex [25]

Allelic richness (R) ADZE [60]
FSTAT [61]

Genetic
structure

Determination Individual-based
methods

Methods based
on distance

Median joining trees Darwin [62]
PopArt [63]

Haplotype network Network [64]

Methods based
on models

Bayesian admixture
analysis for nuclear
data
Bayesian mixture
analysis for linked
cpSSR data

Structure [44]
Structure
Harvester
[65]
BAPS [45]

Subpopulation-
based methods

Hierarchical
structure using
nongenetic
criteria

AMOVA using
geographic
definition of groups

Arlequin [59]

Hierarchical
structure
using a genetic
criteria

AMOVA using
clusters defined by
Bayesian analysis

Arlequin [59]

Quantification Wright’s FST Nuclear genetic
structure (FSTnu)

Arlequin [59]
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Population
genetic
measure

Objective of analysis Analysis Statistical estimation Suggested
softwarea

Chloroplast genetic
structure (FSTcp)

Gene flow Quantification Historical Indirectly estimated from FST Gene flow by pollen
and seed (Nemnu)
Gene flow by seeds
(Nemcp)b

Arlequin [59]

From rare alleles Gene flow by pollen
and seed (Nemnu)

Genepop [26]

Recent Probability to be a migrant or a
recent migrant descendent

Bayesian genetic
structure analysis with
a priori individual´s
geographical position
information

Structure [44]

Gene flow by pollen
versus gene flow by
seeds

Indirectly estimated from levels of
nuclear and chloroplast genetic
structure

Ennos´s equation (r) –

Inbreeding Quantification Hierarchical subpopulation-based
analyses including within
individual level (FIS)

AMOVA including
within individual
levels

Arlequin [59]

Bayesian inbreeding inference (f) Bayesian analysis Hickory [52]

Inbreeding coefficient inference
considering null alleles FISnull

Computer simulations
to simultaneous
estimation of null
alleles by locus and
inbreeding coefficient
as a multilocus
parameter

INEST [53]

Demographic
events

Population expansion
determination

Neutrality tests FS neutrality test (FS) Arlequin [59]

DTajima (DTajima)

Phylogeography Approximate Bayesian
computation (ABC)

Parameter estimation
(effective sizes of
current and ancestral
populations,
immigration rates,
splitting times, and tree
topology) and ancestral
model comparison

DiYABC [66]

aFree available software.
bFor angiosperm species.

Table 3. Classification of methods for analysis of microevolutionary processes and demographic events and suggested
software.
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The differences in the genetic diversity parameters among populations must be statistically
significant to arrive at the conclusion of which population is the most diverse. These differences
could be tested by permutation, a nonparametric procedure.

5.2. Genetic structure

Population genetic structure is the amount of genetic variability and its distribution within
and among local populations and individuals within a species [42]. Given the central role of
population genetic structure to microevolutionary processes, additional tools for its measure-
ment and quantification are necessary. In this way, we perform a classification of the several
statistical methods to study population genetic structure. However, the researchers must keep
in mind the scope and aims of the study to define the analyses of their data.

5.2.1. Individual‐based methods

The starting points for these analyses are individual microsatellite’s genotypes. The simplest
methods are those based on distances, e.g., median joining trees (MJ) and networks (NWK)
[43]. These methods are graphical representation of genetic distances among multilocus
genotypes (nuSSRs data) or among haplotypes (cpSSRs data). Distance-based methods are
usually easy to apply and are often visually appealing. However, the clusters identified may
be dependent on both the distance measure and graphical representation chosen, being
difficult to assess confidence of clusters obtained [44].

Nowadays, the most popular individual-based methods are those based on models as Bayesian
admixture analysis for nuSSRs data [44] and Bayesian mixture analysis for linked loci for
cpSSRs data [45]. Methods based on Bayesian theory are extensively used because they give
information about the genetic origin of individuals making clusters and assigning individuals
to these clusters to infer population structure based on a probabilistic criterion. In addition,
these methods include a priori information of the geographic origin of individuals to help in
the population genetic structure determination [44, 45] and the identification of migrants or
descendants of recent immigrants [44]. The results of Bayesian admixture analyses must be
analyzed by the Evanno method [46] to determine the most likely level of population subdi-
vision.

5.2.2. Subpopulation‐based methods

The starting points of these analyses are groups of individuals. Here these groups are called
subpopulations. Different criterion could be considered to grouping individuals: a nongenetic
criterion (e.g., geographical groups of individuals, cohort, etc.) or a genetic criterion (e.g.,
previously identified Bayesian clusters). Subpopulation-based methods are based on the
analysis of molecular variance (AMOVA) [47]. This method consists in the analysis of distri-
bution of molecular genetic variation in the previously established different hierarchical levels.
Once genetic structure was determined, the strength of genetic structure must to be quantified.
The most appropriate way is the estimation of Wright’s fixation index (FST). Sewall Wright [48]
devised the fixation index to describe correlations among alleles sampled at hierarchically
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organized levels of a population. Hence, this index could be estimated from the AMOVA asST = 2 − 2 /2, where 2 is the variance among subpopulations and σT2 is the total

population variance [49]. Statistical significance estimation of this index could be performed
using permutations. FST index could be estimated among pairwise subpopulations to deter-
minate patterns of genetic differentiation (Table 3).

5.3. Gene flow

Genetic exchange between local populations is called gene flow, and it is an evolutionary force
that occurs between populations with distinct gene pools [42]. We are going to introduce two
ways to estimate levels of gene flow among subpopulations from microsatellite data. The first
way is the indirect method based on genetic differentiation among populations [50]. After
Wright [48] developed fixation index, he went on to demonstrate that there is a simple
relationship between the genetic divergence of two populations, measured as FST, and the
amount of gene flow between them, which is given as ST = 1/4    + 1 , where Ne is the

effective size of each population and m is the migration rate between populations, and therefore
Nem is the number of breeding adults that are migrants. Hence, for nuSSRs data, the number
of migrants could be estimated as  = 1/𝀵𝀵 − 1 /4 and it quantifies the historical gene

flow by pollen and seed, while for cpSSRs data, the number of migrants could be estimated as = 1/𝀵𝀵 − 1 /2 and it quantifies the historical gene flow by seeds in angiosperm species

[42]. The second way to estimate gene flow is the method of rare alleles described by Slatkin
[51]. He proposed the estimation of Nm from the spatial distribution of rare alleles. He

demonstrated that log10  1 ,   where  1  indicates the average frequency of private alleles,

is approximately lineal with log10.

The estimation of relative rates of pollen and seed gene flow could be estimated from an
estimator proposed by Ennos [31], which is based on the conception that the effectiveness of
pollen and seed in bringing about gene flow depends upon the mode of inheritance of the
genetic marker. In most of the angiosperms, gene flow occurs by pollen and seed for nuclear
and paternally inherited markers; however, gene flow occurs only by seeds for maternally
inherited markers. Consequently, different levels of population differentiation for markers
with contrasting modes of inheritance are expected. The relative levels of pollen versus seed
gene flow among populations could be estimated as  =   1/FSTb − 1 −2 × 1/STm − 1/ 1/STm − 1 , where STb and STm are fixation index for nuclear and chloroplast markers

for an angiosperm species, respectively.

Finally, Pritchard et al. [43] extended their approach to infer genetic structure including in the
algorithm, the geographic position of individuals. In essence, it assumes that each individual
originated, with high probability, in the geographical region in which it was sampled, but to
allow some small probability that it is an immigrant (or has immigrant ancestry). Immigrants
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would be individuals whose genetic makeup suggests they were misclassified, and in this way
it is possible to quantify recent gene flow (Table 3).

5.4. Inbreeding

In its most basic sense, inbreeding is mating between biological relatives [42]. It is not a
microevolutionary process because its effect does not change allele frequencies of populations.
However, it is important because genotypic composition of populations could be determined
by its influence. The presence of inbreeding informs us about reproductive dynamics of the
species. Inbreeding coefficient (FIS) could be estimated from AMOVA if the hierarchical level
“within individuals” is included in it. Inbreeding could also be estimated using a Bayesian
approach (f) [52].

Although microsatellites are a very efficient tool for many population genetics applications,
they may occasionally produce null alleles, which, when present in high proportion at a
particular locus, the observed heterozygosity would be underestimated. As a consequence, the
population parameter estimates based on the proportion of heterozygotes could be affected
by null alleles. Estimates of Wright’s inbreeding coefficient FIS based on microsatellite data
could be unclear regarding to the extension of actual level of inbreeding in the studied
population and in the degree affected by the presence of null alleles. Population inbreeding
model can be applied for simultaneous estimation of null allele frequencies and of the
inbreeding coefficient as a multilocus parameter [53] (Table 3).

5.5. Demographic events

There has been little focus on the potential of chloroplast microsatellites for demographic
inference. Navascués et al. [54] investigated the utility of cpSSRs data for the detection of
demographic expansions. The study of historical demography by means of genetic information
is based on coalescent theory [55]. One alternative is the development of the FS neutrality test
for determination of population expansion events [56]. This test is based on different expect-
ations for the number of haplotypes when comparing a stationary with expansion demogra-
phy [56]. Another alternative is the estimation of DTajima index as Tajima = π − ()/  π−   
where, π is the number of different sites between sequences, V is the numerator variance, and
θ is estimated as  = /, where S is the number of polymorphic sites and a is calculated by = ∑ = 1𑨒𑨒 − 11/, where i takes values of [1 – (n-1)] and where n is the number of analyzed

sequences [57]. Both parameters should be estimated from the distribution of the differences
between individuals within a population, and these differences are considered as allelic
differences between cpSSRs haplotypes, being this data considered as binary [54].

A new and robust method to examine a species’ phylogeography using microsatellite markers
is the approximate Bayesian computation (ABC). This model-based method is useful to infer
parameters and compare models in population genetics [58] (Table 3).
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6. Understanding population genetic data analysis results

The challenge in the study of population genetic events based on microsatellite markers is the
interpretation of the statistical analysis results from the biological point of view. The aim of
this section is to serve as a guide about how to interpret these results in a forest tree species in
order to infer which are the forces that determine the distribution of current genetic variation
of nuSSRs and cpSSRs?

In the field of population genetics, it is becoming increasingly necessary to focus more attention
on understanding the practical limitations of various analyses and applying increased caution
when interpreting results generated by molecular markers [24]. Regardless of the question, a
molecular marker must fundamentally be selectively neutral and follow Mendelian inheri-
tance in order to be used as a tool for detecting demographic patterns and microevolutionary
forces as genetic drift and gene flow [33].

Recombination, selection, and genetic drift affect different genes and regions of the genome in
a different way. Consequently, multiple samples of the genome by combining the results from
many loci provide a precise and statistically powerful way of comparing populations and
individuals [33]. Microsatellites have high mutation rates that generate the high levels of allelic
diversity necessary for genetic studies of processes acting on ecological time scales [67, 68].
The new approaches use more of the information in a data set than the summary statistics of
traditional approaches (e.g., FST).

Nowadays, demography and history of populations and relationships of individuals can be
described in a detailed manner because the typical data set contains high number of individ-
uals sampled at many loci. Hence, genetic tools allow to address many basic ecological
questions for the first time or in new ways [33].

Genetic diversity is essential for the long-term survival of species; without it, species cannot
adapt to environmental changes and are more susceptible to extinction. Measuring levels of
genetic variation within and among populations is an important first step in evaluating the
evolutionary biology and tree improvement potential of a species [1]. Most forest tree species
possess considerable genetic variation, much of which can be found within populations, and
the expected heterozygosity is approximately 50% higher in a population of forest trees than
average heterozygosity expected in populations of annuals and perennials cycle short life
species [1].

A number of factors that contribute to the high levels of genetic diversity typically found in
forest tree populations are large population size, longevity, high levels of outcrossing, strong
gene flow by pollen and seed between populations, and balancing selection [68]. Nuclear DNA
is often highly variable, and it is biparentally inherited. Efficient gene flow, in particular, via
pollen is the main factor contributing to the high diversity within populations of trees but low
differentiation among spatially separated populations [69].

Gene diversity index is the expected heterozygosity averaged over all loci sampled and is the
most widely used measure of genetic variation employing genetic markers. Because low-
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frequency alleles contribute very little to h, it is relatively insensitive to sample size. However,
when sampled populations show markedly differences in size, additionally allelic richness (R)
could be informed. The observation of variation at nonrecombining chloroplast DNA (cpDNA)
is of particular importance for plants. Low mutation rates of cpDNA are responsible for, in
general, low variation within species [69]. As a consequence of previous statements, higher
levels of genetic diversity with nuSSRs than with cpSSRs are expected.

Populations of forest trees often differ in allele frequencies (especially when they are sepa-
rated geographically), and it is often of interest to determine the degree to which genetic
variation in a region is distributed within and among populations. This information is use-
ful for understanding the degree to which gene flow by pollen and seed counters popula-
tion subdivision due to selection or genetic drift [70]. It also has practical value when
planning seed collections for breeding or gene conservation purposes. Therefore, knowledge
of natural patterns of genetic variation and their evolutionary bases also are of great practi-
cal significance [1]. The pattern of genotypic variation (heterozygosity vs. homozygosity)
among individuals within a subpopulation is highly dependent upon the mating system,
whereas the distribution of allelic variation within and among subpopulations is influenced
by both gene flow and genetic drift. Because of the opposite effects of gene flow and genetic
drift, the balance between them is a primary determinant of the genetic population structure
of a species [42]. Total diversity in forest trees is also generally higher than that found in
other plants. However, only a small proportion of the total gene diversity in trees is due to
differences among populations [1].

Woody species contain more variation within populations but have less variation among them
than species with other life forms. Woody species that present large geographic ranges,
outcrossing breeding systems, and wind or animal-ingested seed dispersal are more geneti-
cally diverse than woody species with other combinations of traits [68]. Hence, from AMOVA
results in forest tree species, higher levels of genetic variation is expected in the hierarchical
level within populations than the hierarchical level among populations. Genetic differentiation
among populations estimated by FST also varies widely among tree species, ranging from low
values in species that have more or less continuous distributions to high values in species with
disjunct population distributions [1]. For the interpretation of FST, the value scale suggested by
Wright [71] is a useful tool. The four values are (1) 0–0.05 indicate little genetic differentiation,
(2) 0.05–0.15 indicate moderate genetic differentiation, (3) 0.15–0.25 indicate great genetic
differentiation and, (4) values above 0.25 indicate very great genetic differentiation. Nuclear
FST in trees is frequently 10% or lower, which is only one-half to one-quarter of the FST estimates
typically found in annuals or other herbaceous species. The lower FST in trees is most likely
because most tree species are outcrossing while a large proportion of annuals and herbaceous
plants are either self-pollinated or self-pollination features prominently in their mating system.
High levels of self-pollination not only promote inbreeding but also limit pollen gene flow
between populations. Both pollen and seed gene flow between populations of forest trees can
be extensive [1].

Patterns of seed dispersal shape the composition and genetic structure of plant populations.
Species with low levels of gene flow by seeds have high probability to show genetic hetero-
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geneity among subpopulations, whereas species with high levels of gene flow by seeds have
low levels of genetic structure [72].

Compared to biparentally inherited and paternally inherited markers, maternally inherited
markers detected strong genetic differentiation between populations [69] because normally
seeds are distributed to shorter distances than pollen [73]. Moreover, being a haploid genome,
effective population size for hermaphrodite outcrossing plants is half that of the corresponding
diploid nuclear genome [16]. Hence, gene flow between populations of small size has a lower
effective to counteract the effects of genetic drift in loci transmitted maternally [74]. When these
occur, FST values for chloroplast DNA can be markedly higher than those for nuclear genes [75].
Genetic structure of chloroplast genetic variation is also affected by the interaction of seed
dispersal with other ecological and genetic processes. Deposition patterns of seeds, pollen
dispersal, density of adults, microhabitat selection, and several aspects of the ecology of the
species could have significant effects on patterns of genetic variation within species [72]. While
both pollen and seed dispersal determines gene flow in plants, seed dispersal is most important
because it allows species to colonize habitats and therefore influences the dynamics of
populations [76].

Methods based on distance allow grouping individuals according to genetic distance while its
graphical representation allows to relate these groups with other information, e.g., the
geographical origin of individuals or phenotypic traits [44]. Even though these methods are
statistically weak, they still represent a first approach to analyze population genetic structure.
Conversely, grouping from methods based on models are statistically powerful and allow to
determine the number of clusters using genetic information assigning individuals probabilis-
tically to these clusters even when they require model assumptions (e.g., Hardy-Weinberg
equilibrium within populations and complete linkage equilibrium between loci within
populations) [44].

Species can become subdivided into genetically distinct subpopulations when gene flow is
restricted, leading to variation in the frequency of a gene over space [42]. The number of
migrants Nem represents an estimation of gene flow, and it is important to keep in mind that
m is defined in the terms of gene pools, and therefore m represents the amount of exchange of
gametes between subpopulations and not necessarily individuals [42]. Most trees species are
wind pollinated, and the pollen can be blown from hundreds of miles by the wind. Hence, tree
populations that are quite distant can still experience gene flow. Because gene flow requires
both movement and reproduction, m is not just the amount of dispersal of individuals between
subpopulations but instead m represents a complex interaction between the pattern of
dispersal and the mating system [42]. As a consequence of this, in forest tree species, it is really
important to know pollen and seed dispersal mechanisms and species matting system to
interpret the estimated levels of gene flow from microsatellite data.

The effects of gene flow on genetic variation among and within subpopulations can be
summarized as gene flow decreases genetic variation among subpopulations and increases
genetic variation within subpopulations. Genetic drift causes an increase in genetic variation
among subpopulations and decreases genetic variation within a subpopulation. Hence, the
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effects of gene flow on genetic variation within and among subpopulations are the opposite
of those of genetic drift [42].

For neutral alleles, when gene flow is interrupted, genetic drift is more effective than mutation
to produce genetic differentiation among subpopulations [77]. Thereby, gene flow could be a
force that maintains species integrated as well as influences the ecologic processes, e.g.,
determine the persistence and adaptation of local populations, determine pattern of distribu-
tion of species, etc. [78]. In this way, studies of gene flow become relevant for the interpretation
of microevolutionary patterns and genetic structure of populations [80]. Even a small amount
of gene flow can cause two populations to behave effectively as a single evolutionary lineage.
One “effective” migrant per generation (Nem = 1) defines an inflection point from the relation
between FST and Nem, with increasing effective number of migrants FST declines only very
slowly when Nem ≥ 1 but with decreasing effective number of migrants FST rises very rapidly
when Nem ≤ 1. As a consequence of this, Nem = 1 marks a transition in the relative evolutionary
importance of gene flow to drift. It is impressive that only one or more effective migrants per
generation on average are needed to cause gene flow to dominate over genetic drift, leading
to great genetic homogeneity among subpopulations [42].

Ennos [31] demonstrated that estimation of the relative rates of pollen and seed migration
among plant populations is possible from a simple comparison of FST values for nuclear and
maternally inherited organelle genetic markers. Estimated rates of pollen migration are greater
than rates of seed migration for all six species investigated by Ennos [31]; however, differences
among species were substantial. The greatest contrast between pollen and seed migration rates
was found for oak species, where interpopulation pollen flow is estimated to be 200 times
greater than interpopulation seed flow. This result was interpreted by the species reproductive
system. Oaks show high rates of interpopulation pollen dispersal because they are outbreed-
ing, wind-pollinated, and disperse pollen from a substantial height. Also, dispersal of acorns
by birds and rodents is likely to be restricted [31, 79]. In contrast, lower differences between
pollen and seed migration rates were found for wild barley. Gene flow by pollen is estimated
to be only four times greater than interpopulation gene flow by seeds. Opportunities for
interpopulation pollen dispersal in such a highly self-pollinating species are expected to be
rare, and it is not surprising that pollen and seed flow should be of the same order of magnitude
for this species [31, 81]. Forest trees species are generally outbreeding, whereby levels of pollen
flow versus seed flow (r) may vary according to the potential distances of dispersal related to
mechanism of pollen and seed dispersal.

By itself, the mating system does not alter allele frequencies but does affect the relative
proportions of different genotypes in populations, which under some circumstances deeply
influences the viability and vigor of offspring [1]. Inbreeding coefficient (FIS) measures the
fractional reduction in heterozygosity relative to a random mating population with the same
allele frequencies. Even though genotypic frequencies in natural populations of forest trees
often approximate those expected under random mating, mating systems that depart from
random mating do occur and have important implications. Individuals of most temperate
forest trees are bisexual and have the capacity for self-fertilization. In addition, nearby trees
may be related (e.g., siblings originating from seeds of the same mother tree), providing
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opportunity for mating between relatives. Therefore, forest trees typically have mixed mating
systems, whereby many and perhaps most mates are paired essentially at random.

There is also some mating between genetically related individuals, which occurs more often
than expected from random pairings [1]. Inbreeding is of great significance to the genetic
makeup of both natural populations and breeding populations of forest trees because it has
two major consequences: (1) in comparison to random mating, inbreeding increases the
frequency of homozygous offspring at the expense of heterozygotes and (2) mating between
close relatives is usually detrimental to the survival and growth of offspring, called inbreeding
depression. Therefore, the magnitude of inbreeding among parent trees used to produce seed
for reforestation, such as in seed production areas or seed orchards, is of great practical
concern [1].

In previous section, we presented three ways to estimate inbreeding coefficient that has
different statistical power and assumptions: (1) FIS estimated from AMOVA could be used as
first measure of inbreeding for a determinate hierarchical structure, (2) FIS estimated by a
Bayesian approximation is a measure statistically more powerful to determine the level of
inbreeding in a population, and (3) FIS could be estimated considering null alleles when certain
levels of null alleles were determined in the microsatellite loci considered in order to determine
the proportion of homozygote genotypes consequence of inbreeding than homozygotes
caused by null alleles.

The current distribution and population structure and potential fate in the future are better
understood from the knowledge of historical distribution, postglacial phylogeography, and
evolution of a species [82]. Regarding to the assessment of demographic history using the FS
neutrality test for population, FS statistic takes a large negative value within a population
affected by expansion due to an excess of rare haplotypes (recent mutations). Significance of
the test must to be calculated with data bootstraps. A FS statistic with p(FS) < 0.02 (α = 0.05, due
to a particular behavior of this statistics, [56]) is considered as an evidence of population
expansion.

Whereas using DTajima neutrality test, a DTajima statistic is expected to be close to zero in a
population of constant size while statistically significant negative values indicate a sudden
expansion of population size and positive values indicate population subdivision or recent
bottlenecks. The statistical significance of DTajima is tested generating random samples using a
coalescent simulation algorithm under the hypothesis of population balance. The p-value for
DTajima is obtained by the ratio of random DTajima less than or equal to the observed DTajima.
Computer-intensive statistical methods have been developed to extract as much information
from the data as possible and to provide a flexible framework within which complex models
of population history can be handled [83].

Approximate Bayesian computation is a computer-intensive method that has wide applica-
bility, where populations diverge genetically through time, influenced by random genetic drift
and migration, ABC uses summary statistics measured from microsatellite loci to make
inferences about demographic parameters in different population models. The method can be
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used to infer effective sizes of current and ancestral populations, immigration rates, splitting
times, and tree topology [83].

As a final recommendation, researchers must define which is/are the problem/s and question/
s that they would resolve with their study before starting a study with molecular marker in a
native forest tree species. This is a founder requisite to determine sampling design, to decide
molecular markers to use (keeping in mind the information required and laboratory work to
obtain molecular data), and appropriate statistical analysis to obtain the required information.
Of course, the researchers must pay attention to biological features of the studied species at
the moment to design the study and back to these features at the moment to interpret the results
of statistical analyses in a biological context.

7. Conclusion

This chapter helps to researchers that are not familiarizing with statistical methods and
population genetics theories to analyze nuclear and chloroplast microsatellite data. Methods
allow quantification of genetic variation and genetic structure in native forest species while
theories allow knowledge about the past and the present genetic states of populations for
making inferences about the future of these populations.
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Abstract

The study aimed at evaluating the mating system of Vanilla mexicana (Orchidaceae) in
natural populations in the island of Guadeloupe. A total of 132 V. mexicana samples were
collected from 12 sites in Guadeloupe (Basse‐Terre). Five other samples coming from
Martinique and Mexico completed our analyses. Reproductive biology experiments
excluding pollinators with bagged flowers revealed 53.9% fruit set, a value identical to
the  natural  fruit  set  measured in  the  populations.  These  results  suggested that  V.
mexicana,  unlike  most  Vanilla  species,  was  reproducing  by  self‐pollination  and
autogamy. Due to lack of specific DNA markers for V. mexicana, microsatellite markers,
previously developed in other Vanilla species, were used for the genetic analyses. Only
6 out of the 33 markers tested were transferable and polymorphic in V. mexicana. A panel
of 51 V. mexicana samples genotyped with 3 polymorphic loci was finally retained for
Guadeloupe population genetic analyses. A heterozygote deficiency was detected, and
the selfing rate was estimated to 74%. These results confirmed the reproductive biology
results as self‐pollination and autogamy were the most likely explanation for this deficit.
Results were compared to those from allogamous wild Vanilla species and discussed in
the light of suggested existence of a pollinator for V. mexicana in other areas (Mexico).
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1. Introduction

Knowledge and management of agricultural genetic resources (AGR) and of their wild relative
species [referred to as Crop Wild Relatives (CWR)] are of major importance to ensure the
preservation of natural resources, development of sustainable agriculture and food security
in a global climate change context. The extremely low genetic diversity in the cultivated vanilla
species V. planifolia G. Jacks. worldwide has been demonstrated [1–5], and this genetic erosion
is a major limit for genetic improvement, particularly with regard to pathogen outbreaks.
Vanilla wild relatives can be used for breeding interspecific hybrid varieties. For example,
resistance to the virus CymMV was reported for V. pompona Schiede [6], and resistance to the
fungus Fusarium was reported for V. pompona, V. phaeantha Rchb. f., V. barbellata Rchb. f., V.
aphylla Blume, V. andamanica Rolfe, V. crenulata Rolfe, and V. bahiana Hoehne [7–10]. As V.
planifolia wild populations, which are in danger of extinction in Mexico [11], some of the
populations of vanilla wild relatives are threatened by deforestation, over‐collection, and
climate change [12]. This is the case for example for V. humblotii Rchb. f., endangered (EN) in
Mayotte [13]. Vanilla wild relatives therefore deserve special attention. To date, there is still an
important lack of knowledge of genetics and ecology, including breeding systems of vanilla
CWR, despite their importance for the improvement of vanilla.

Figure 1. Synthetic representation of the phylogenetic groups in the genus Vanilla in relation to the new taxonomic
classification proposed by Soto Arenas and Cribb [16]. The 20 species groups defined [16] are also indicated within
each clade (without phylogenetic meaning in their order of appearance). American species are in black, African species
in green, and Asian species in blue, and aphyllous species are underlined.

Vanilla mexicana Mill. is a distant wild relative of the cultivated vanilla species Vanilla planifo‐
lia. The Vanilla Plum. ex Mill. genus is a primitive lineage in the Orchidaceae family, Vanilloi‐
deae subfamily, Vanilleae tribe, and Vanillinae subtribe [14, 15]. In 2010, Soto Arenas and
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Cribb [16] proposed a revision of the early taxonomic classification by Portères [17] of the genus
Vanilla, based on eco‐morphological and phylogenetic data, which has been confirmed by other
independent studies [18]. This major work proposed taxonomic keys to resolve the 100+ species
recognized in the genus into 20 very handy morphological informal species groups, which can
in turn be classified phylogenetically into two subgenera, one being the subgenus Vanilla
including V. mexicana (Figure 1). The subgenus Vanilla comprises two species morphological
groups: the V. parviflora and V. mexicana groups. The V. mexicana group includes the species V.
mexicana, but also V. costaricensis Soto Arenas ined, V. guianensis Splitg., V. inodora Schiede, V.
martinezii Soto Arenas ined, V. methonica Rchb. f. & Warsz., V. oroana Dodson, and V. ovata Rolfe.
These species are distributed in the neotropics from South America, Central America to
southern Mexico [16]. Although distinct in this revision [16], but as suggested [17] and
confirmed [19], V. mexicana and V. inodora should be considered as synonymous species.

Geographically, V. mexicana is distributed in the northern part of South America (Venezuela,
Trinidad, and Tobago), Central America, the Caribbean islands (Cuba, Puerto Rico, Haïti and
Guadeloupe), towards Florida in North America [16, 17] (Figure 2). Within our current efforts
to determine the reproductive biology and genetic diversity in vanilla CWR, which led us so
far to study V. roscheri Rchb. f. in South Africa [20] and V. humblotii in Mayotte [13, 21], we
focused on wild populations of V. mexicana occurring in the island of Guadeloupe (French west
indies) to unravel its mating system.

Figure 2. Geographical distribution of V. mexicana (from [16, 17]).

The vast majority of Vanilla species displays a mixed reproductive mode [1, 4] with both asexual
and sexual reproduction. Vanilla species are hemi‐epiphytic vines, and asexual reproduction
is performed by means of natural stem cuttings [1]. It is a very efficient way for the plant to
develop settlements and implies that vanilla plants are long‐lived as they can indefinitely
propagate. In V. humblotii in the island of Mayotte, it was shown that 12.5% of the individuals
in the Sohoa forest were vegetative clones deriving from vegetative reproduction [13], a similar
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value to what was observed in Puerto Rico for V. claviculata Sw. and V. barbellata with 6–25%
vegetative clones [22]. Spatial genetic analysis also revealed that vegetative clones showed a
phalanx (aggregated) distribution and the average maximal clonal patch size was measured
at 4.6 ± 2.7 m in V. humblotii [13]. However, these patches can be much bigger as observed in
Mexico for V. planifolia G. Jackson with the same vegetative clone covering up to 0.2 ha [4, 23].

In Vanilla species, sexual mating system is either allogamous or autogamous (Table 1), the most
common system being allogamous and pollinator‐dependent. Allogamous species are,
however, self‐compatible as demonstrated by manual self‐pollination experiments giving up
to 100% fruit set in V. barbellata, V. claviculata, V. dilloniana Correll, and V. poitaei Rchb. f. [24], V.
chamissonis Klotzsch [25], V. roscheri [20], V. humblotii [13] and many other species of the genus
(our unpublished self‐pollination experiments in the shade‐houses of BRC Vatel [26]). Manual
self‐pollination is also the method used to produce fruits in V. planifolia cultivation areas in the
absence of natural pollinators. Allogamy is only guaranteed because of the floral structure
presenting a rostellum, acting as a physical barrier between male and female reproductive
organs [4]. Pollinators are needed to ensure pollination of allogamous species. As reviewed in
[4], Vanilla subgenus Xanata section Xanata American species are most likely mainly pollinated
by Euglossine bees.

Vanilla subgenus Section Taxonomic group Species Natural fruit set (%) Mating system

Xanata Tethya V. africana V. crenulata 0.0a,b Allo

V. barbellata V. barbellata 18.2c Allo

V. barbellata V. claviculata 17.9c Allo

V. barbellata V. dilloniana 14.5c Allo

V. barbellata V. poitaei 6.4c Allo

V. phalaenopsis V. humblotii 0.8d Allo

V. phalaenopsis V. roscheri 26.3e Allo

Xanata Xanata V. pompona V. chamissonis 15.0f Allo

V. pompona V. pompona ssp.
grandiflora

0.9g Allo

V. planifolia V. cristato‐callosa 6.6g Allo

V. planifolia V. planifolia 0.1–1.0c,h,i,j Allo

V. planifolia V. ribeiroi 1.1g Allo

V. palmarum V. bicolor 42.5k–71.0g Auto

V. palmarum V. palmarum 76.0h Auto

Vanilla V. mexicana V. guianensis 78.0g Auto

V. mexicana V. martinezii 53.0m Auto

V. parviflora V. edwallii 15.0l Allo

References cited are: aJohansson 1974 as cited in b[12]; c[24]; d[13]; e[20]; f[25]; g[28]; h[23]; i[29]; j[30]; k[31]; l[32]; and m[11].

Table 1. Natural fruit set of some allogamous and autogamous Vanilla species (completed from [4]).
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In Africa (subgenus Xanata section Tethya species), it was recently demonstrated that pollina‐
tors might be Allodapine bees [13, 20]. On the other hand, some species of the genus, such as
V. palmarum, V. bicolor, V. guianensis Splitg., V. martinezii Soto Arenas were determined to be
autogamous (reviewed in [4] and Table 1). Vanilla autogamous species are characterized by
much higher fruit sets (53.0% for V. martinezii to 78.0% for V. guianensis) than allogamous species
(0.0% for V. crenulata to 26.3% for V. roscheri) (Table 1). These fruit sets are in accordance with
known data on tropical orchids showing around 77.0% fruit set for autogamous species and
less than 20.0% for allogamous species [24]. V. savannarum Britton, V. griffithii Rchb. f., and V.
mexicana were also suggested as autogamous due to the high fruit sets reported [11, 12, 27].
Soto Arenas and Dressler [11], however, also mentioned that in Mexico, besides V. mexicana
populations with high fruit sets, others have fruit sets as low as 2.5%. V. mexicana seems
therefore to present also allogamy with potential pollinators supposedly being carpenter bees
Xylocopa sp. [11, 12]. Measures of natural fruit set in wild populations, in addition to repro‐
ductive biology experiments, should therefore give us insights on the mating system of V.
mexicana.

The use of codominant neutral genetic markers such as microsatellites to perform genetic
analyses on natural populations [33, 34] is also a method of choice to estimate mating system
parameters such as inbreeding rate [35–38]. As no specific markers were available for V.
mexicana, we used microsatellite markers previously developed in other Vanilla species: the
cultivated species V. planifolia (an American species from the genus Vanilla subgenus Xanata
section Xanata) [2], V. humblotii and V. roscheri (African species from the genus Vanilla subgenus
Xanata section Tethya) [21]. We performed genetic analyses and conducted reproductive
biology experiments on V. mexicana wild populations from the island of Guadeloupe (French
West Indies) to unravel its mating system.

2. V. mexicana mating system in Guadeloupe

2.1. Material and methods

2.1.1. Study species

V. mexicana is a vigorous hemi‐epiphytic vine with a long stem reaching 10 m. Leaves are longer
than internodes (7.5 cm long). Inflorescences are 3–12 cm long racemes bearing 3–5 flowers.
Petals and sepals are greenish and very undulate, and labellum is white with a yellow crest.
Fruits are nonaromatic, 10–25 cm long and thin [11, 17, 19] (Figure 3).

To precisely record morphological descriptors of the studied species, characters were
measured to the nearest 0.01 mm using a digital caliper. Floral characters were measured from
11 flowers collected on three sites [Habituée (5), Mazeau (3), and Moreau (3)]: petal and sepal
length and width as well as labellum, column and ovary length, width and thickness. The
length and diameter of five eight‐month‐old fruits were also measured from one individual
plant (Mazeau). Vegetative characters were assessed (four measures per plant on rank 4–7
leaves and internodes) on 16 plants from four sites [Mazeau‐ Solitude (6), Moreau (4),
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Desbordes (3), and Habituée (3)]: internode length, stem diameter, leaf length, leaf width at
43 mm of the apex, and leaf maximum width (LMW).

Figure 3. V. mexicana inflorescences (A), flower (B), and 1‐month‐old fruits (C). Photographs by Nicolas Barre.

2.1.2. Study site

Sampling was performed in 2013 by the Association Guadeloupéenne d’Orchidophilie (AGO)
mandated by the National Park of Guadeloupe (PNG). According to the inventory of V.
mexicana in Guadeloupe, based on 22 traces representing 135 km around the Basse‐Terre
mountain in Guadeloupe [39], V. mexicana is mainly found in windward (west) mid‐altitude
(150–750 m) areas with a preferred altitudinal zone of 300–350 m (Figure 4). V. mexicana was
most frequently found in secondary forests climbing on the following tree species : Miconia
mirabilis, Swietenia macrophylla (Mahogany), and Cyathea muricata (Tree fern). V. mexicana

Figure 4. Red dots show the localization of the 132 V. mexicana accessions collected from 12 sites in Basse‐Terre (Guade‐
loupe) with numbers of individuals in parenthesis. Ecological habitats [40] and the borders of the National Park of
Guadeloupe are indicated.
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preferably grows under medium shading (25–50%), and as a consequence, it is found mainly
in opened habitats such as along forest tracks [39].

2.1.3. Plant sampling

Leaves were sampled from 132 accessions of V. mexicana collected from 12 different sites
(populations) in Basse‐Terre (Figure 4). Samples were dehydrated using silica gel for storage.
Individual samples were deposited in the Biological Resource Centre (BRC) Vatel vanilla
germplasm collection in Réunion Island [26] under accessions number CR2203 to CR2334.

GPS coordinates of each accession were recorded. Populations were named according to the
locality (site) where they were collected (Figure 4). For the genetic analyses, two other V.
mexicana accessions from Martinique (CR2352 and CR2353) and three from Mexico (CR2651,
CR2658, and CR2665), maintained in the BRC Vatel, were also used.

2.1.4. Reproductive biology experiments and fruit set measurements

Flowering rates and season were estimated from June 2014 to June 2015 by surveying on
average 96 plants each month in four sites [Habituée (40 plants in mean surveyed per month),
Mazeau (22), Moreau (21), and Desbordes (13)]. Plants were checked for the presence of
flowers. The lifespan per flower was estimated on 11 flowers from one plant (Desbordes) by
measuring the time‐laps between flower opening and its wilting.

From June to July 2014, fruit sets were precisely measured from 16 inflorescences (86 flowers
in total) on two accessible Mazeau population plants, which were located at about 2 km
distance from each other. Eight inflorescences were covered before flower opening by an insect‐
proof bag to exclude insect visits, while the other eight inflorescences (control) were not
bagged. Inflorescences being always at the canopy (10–20 m high), access to flowers had to be
performed using a 2 × 8‐m‐high ladder.

Fruit set was estimated as the ratio of the number of fruits developed at 30 days by the number
of flowers at day 0. The natural fruit set (unbagged lowers) was then compared to the
spontaneous fruit set observed in bagged flowers using a Student’s test with the software R v.
3.1.1 [41].

Natural fruit set was also assessed globally from June 2015 to June 2016 on 103 inflorescences
from 32 plants in four different sites (9 from Habituée, 4 from Desbordes, 8 from Mazeau, and
11 from Moreau), by counting maturing fruits visible using Leica 10 × 40 binoculars. The fruit
set was measured as the ratio of the mean number of fruits per inflorescence by the mean
number of flowers produced by inflorescence (as determined from the previous Mazeau
experiment).

2.1.5. DNA extraction

DNA was extracted from each accession from 0.020 to 0.025 g of dehydrated leaf material.
Tissues were grinded using a TissueLyser II apparatus (Qiagen, Hilden/Germany) and DNA
extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden/Germany). DNA was resuspended
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in 70 µl of elution buffer and its quantity and quality evaluated both on a 2% agarose gel and
by Nanodrop V8000 (Thermo Fisher Scientific, Waltham/USA). If the ratio of the OD 260/280
was not in the adequate 1.7–2 range, further purification was performed using the GeneClean®
TurboKit (MP Biomedicals, Santa Ana/USA).

2.1.6. Microsatellite analyses

Fourteen microsatellite markers isolated from V. planifolia [2] and 19 microsatellite markers
isolated from V. humblotii and V. roscheri [21] were tested in V. mexicana. Only six markers (from
V. humblotii and V. roscheri) were transferable to V. mexicana, giving readable and repeatable
amplifications and were used for subsequent PCR amplifications. These were HU03, HU04,
HU06, HU07, HU09, and RO05 using appropriate fluorochrome dyes (see [21] for primer
sequences and dyes). PCR volume was 15 µl including 7.5 µl of 2X Qiagen multiplex PCR
Master Mix buffer (Qiagen, Hilden/Germany), 0.2 µl of each primer at 20 µM, 5.1 µl HPLC
water, and 2 µl DNA (10 ng µl‐1). Amplifications were run on a Applied Biosystem GeneAmp®
PCR System 9700 (Thermo Fisher Scientific, Waltham/USA) thermocycler, using the following
program: 2 min of predenaturation at 95°C, 45 cycles of 30 s at 95°C, 45 s at 57°C and 1 min at
72°C and a final elongation step for 7 min at 72°C. Amplification success was controlled by
migration on a 2% agarose gel (1 h 30 min., at 110 V). PCR products were then diluted (1/10,
1/20, 1/30, or 1/40) depending on the intensity of the bands on the agarose gel. Then, 1 µl of the
diluted amplification products were mixed with 10.3 µl formamide and 0.7 µl Gene Scan 500
Liz Size Standard (Applied Biosystems, Foster City/USA) and migrated on a ABI 3130Xl
(Applied Biosystems, Foster City/USA) sequencer. Microsatellite alleles were visualized
using the GeneMapper v.4 software (Applied Biosystems) and manually scored.

2.1.7. Genetic analyses

An extended dataset comprising all studied accessions from Guadeloupe, Martinique, and
Mexico (137 individuals) for the 6 microsatellite loci was used to calculate the total number of
alleles for each locus (Na), the number of private alleles per population (Np) using the GenAlex
v.6.4 software [42, 43] and to study the levels of polymorphism at the regional scale.

Then, accessions from Martinique and Mexico were excluded from the dataset to calculate for
each locus the observed heterozygosity (HO), expected heterozygosity under Hardy‐Weinberg
(HW) equilibrium (HE) and fixation index (FIS) as in [44], using the online version of Genepop
v.4.2 [45]. These parameters and a global fixation index (FST) as in [44] were also calculated
using Genepop v.4.2 at the population level using a complete dataset (no missing data) with 3
markers (HU03, HU07, and HU09) and 51 individuals (11 populations). The fixation index FIS

or inbreeding coefficient is determined by a ratio of HE and HO, which indicates a heterozygote
deficit or excess in the studied populations. It gives information on the reproduction regime
in the populations, and the selfing rates were estimated by hand from FIS using the equation
s = 2 × FIS/(1 + FIS) [46]. Genepop v.4.2 was used to test for deviation from the HW equilibrium
using multi‐locus exact P‐values estimations of the Markov chain method proposed by [47]
(with default values).
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migration on a 2% agarose gel (1 h 30 min., at 110 V). PCR products were then diluted (1/10,
1/20, 1/30, or 1/40) depending on the intensity of the bands on the agarose gel. Then, 1 µl of the
diluted amplification products were mixed with 10.3 µl formamide and 0.7 µl Gene Scan 500
Liz Size Standard (Applied Biosystems, Foster City/USA) and migrated on a ABI 3130Xl
(Applied Biosystems, Foster City/USA) sequencer. Microsatellite alleles were visualized
using the GeneMapper v.4 software (Applied Biosystems) and manually scored.

2.1.7. Genetic analyses

An extended dataset comprising all studied accessions from Guadeloupe, Martinique, and
Mexico (137 individuals) for the 6 microsatellite loci was used to calculate the total number of
alleles for each locus (Na), the number of private alleles per population (Np) using the GenAlex
v.6.4 software [42, 43] and to study the levels of polymorphism at the regional scale.

Then, accessions from Martinique and Mexico were excluded from the dataset to calculate for
each locus the observed heterozygosity (HO), expected heterozygosity under Hardy‐Weinberg
(HW) equilibrium (HE) and fixation index (FIS) as in [44], using the online version of Genepop
v.4.2 [45]. These parameters and a global fixation index (FST) as in [44] were also calculated
using Genepop v.4.2 at the population level using a complete dataset (no missing data) with 3
markers (HU03, HU07, and HU09) and 51 individuals (11 populations). The fixation index FIS

or inbreeding coefficient is determined by a ratio of HE and HO, which indicates a heterozygote
deficit or excess in the studied populations. It gives information on the reproduction regime
in the populations, and the selfing rates were estimated by hand from FIS using the equation
s = 2 × FIS/(1 + FIS) [46]. Genepop v.4.2 was used to test for deviation from the HW equilibrium
using multi‐locus exact P‐values estimations of the Markov chain method proposed by [47]
(with default values).
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Linkage disequilibrium between loci was tested using a probability test in Genepop v.4.2 and
Bonferroni correction for multiple comparisons. All loci were also tested for large‐allele
dropout using Micro‐Checker v. 2.2 [48]. The possible presence of null alleles was assessed with
Micro‐Checker v. 2.2 using the Brookfield null estimator 1 [49] with each single locus complete
dataset. The occurrence of null alleles was also verified by the program INEst v.2.0 (Inbreeding/
Null allele Estimation) [50], adapted for inbred populations, using the individual inbreeding
model (IIM) with 200,000 MCMC iterations, 1000 thinning, and 20,000 burnin. INEst uses data
from different loci simultaneously, which allows to estimate null allele frequencies at each
locus together with the average level of inbreeding. We tested combinations of datasets with
no missing data involving 2 to 3 loci of the 4 polymorphic in Guadeloupe and maximizing the
number of individuals (35–107 depending on the dataset, datasets with N < 15 were not used).

2.2. Results

2.2.1. Reproductive biology

Morphological character measurements from reproductive and vegetative organs (Table 2)
fitted the botanical description of V. mexicana [11, 17, 19]. The lifespan of a flower (from just‐
opened to wilted) was estimated to be 6.7 ± 1 days, the flower remaining fully opened for one
to three days. Variations in flowering rates assessed on a mean of 96 plants on four sites each
month for 1 year revealed that the species flowered almost all year‐round, with a peak season
in May–July with a maximum flowering rate at the beginning of June where 15.5% of plants
were in flowering stage (Figure 5). In Guadeloupe, the May–July season is characterized by an
increase in temperatures and rainfall.

Organ Length Width Thickness Diameter

Sepal 44.5 (±6.3) 12.5 (±1.8)

Petal 44.4 (±5.4) 10.9 (±1.9)

Labellum 25.8 (±2.0) 11.2 (±0.9) 11.2 (±0.5)

Column 23.5 (±1.5) 2.4 (±0.3) 2.2 (±0.4)

Ovary 40.6 (±10.1) 2.6 (±0.4) 2.5 (±0.4)

Fruit 160 (±18.7) 10.2 (±0.3)

Stem 96.2 (±25.2)IL 4.9 (±1,2)

Leaf 183.4 (±30.4) 48.5 (±8,9)LW

82.1 (±21,1)LMW

The values are the means (±SE) of floral (N = 11), fruit (N = 5), and organ (N = 64) measurements in millimetres. ILinternode
length, LWleaf width at 43 mm from the apex, LMWleaf maximum width.

Table 2. Flower, fruit, and vegetative organ morphology of V. mexicana.
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Figure 5. Annual variation in flowering rates in V. mexicana in Guadeloupe (June 2014–June 2015).

Results from the reproductive experiments (bagged and unbagged inflorescences) performed
on 86 flowers from the Mazeau site are shown in Table 3. The mean number of flower per
inflorescence in V. mexicana was 5.38 ± 0.93. There was no significant difference between the
natural fruit set (53.7 ± 21.1%) and the spontaneous selfing rate obtained from bagged flowers
(pollinators excluded), which was 53.9 ± 25.3% (Table 3). Both values showed important
standard errors (SE), witnessing the fact that fruit set ranged from one to maximum six flowers
becoming fruits, depending on the inflorescence. The natural fruit set observed in Mazeau was
confirmed by visual observations of other 103 inflorescences from four different sites (Habi‐
tuée, Desbordes, Mazeau, and Moreau), revealing that the mean number of fruits per inflor‐
escence was 2.62 ± 1.72 (again with a high SE). If taking 5.38 as the mean number of flower per
inflorescence (as determined in Mazeau), this gave a global natural fruit set estimation of 48.7%.

Day 0 Fruit set at day 30 (%)
Control Bagged Control Bagged

Individual Nb_fl Nb_fl

Mazeau 16 6 6 50.0 50.0

6 5 83.3 80.0

6 5 66.7 60.0

6 6 50.0 50.0

Mazeau 4 6 3 33.3 100.0

5 6 80.0 50.0

6 4 16.7 25.0

4 6 50.0 16.7

Total 45 41

Mean ± SE 5.63 ± 0.7 5.13 ± 1.05 53.7 ± 21.1 53.9 ± 25.3

t test 0.30 (NS)

Control—inflorescences without protection. Bagged—inflorescence with insect‐proof bag, Nb_fl—number of flowers,
Mean ± SE—mean number of flower per inflorescence and standard error, mean fruit set value, and standard error, t test
—p value of the Student’s test, NS —nonsignificant

Table 3. Mating system of two individuals from V. mexicana in Guadeloupe (Mazeau population).
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2.2.2. Genetic analyses

A total of 23 alleles were revealed for the 6 loci in the analyses on the complete dataset
(Table 4), with a mean of 3.67 allele per locus, of which nine were private: four alleles to Mexico
(with frequencies >0.1), and one in each of the Guadeloupe populations (with N ≥ 5) of
Desbordes, Habituée, Léon, Moreau, and Sofaia (with frequencies >0.01). The six loci were
polymorphic at the regional scale (Guadeloupe, Martinique, Mexico), and only four were
polymorphic in Guadeloupe. Eighteen alleles were revealed in Guadeloupe (Table 4), with a
mean of 3 alleles per locus.

Locus HU03 HU04 HU06 HU07 HU09 RO05

Na (Guad) 4(4) 3(1) 4(4) 3(3) 6(5) 3(1)

Size (bp) 119–127 150–161 252–260 165–171 109–203 178–180

Pol_Reg Yes Yes – Yes Yes Yes

Pol_Guad Yes No Yes Yes Yes No

N (Guad) 113(111) 42(40) 43(43) 57(55) 126(125) 48(47)

Guadeloupe

NullMC 0.00 – 0.19 0.34 0.14 –

NullIIM 0.01 – 0.12 0.02 0.02 –

HE 0.333 0.000 0.515 0.525 0.503 0.000

HO 0.342 0.000 0.227 0.000 0.296 0.000

FIS ‐0.026 – 0.559 1.000 0.412 –

HW NS – *** *** *** –

Na (Guad)—total number of alleles at the regional scale (with total number of alleles in Guadeloupe in parenthesis) per
locus. Size (bp)—size range of alleles. Pol_reg—regional polymorphism. Pol_Guad—polymorphism in Guadeloupe. N
(Guad)—total number of individuals at the regional scale (total number of individuals in Guadeloupe in parenthesis).
Guadeloupe indices: NullMC—null allele frequency estimated by Micro‐Checker. NullIIM—mean null allele frequency
estimated by INEst from various complete multi‐locus datasets with N > 30, HE—expected heterozygosity, HO—observed
heterozygosity, FIS—fixation index, HW—Hardy‐Weinberg equilibrium deviation, with significant p value *<0.05, **<0.01,
***<0.001 and NS (nonsignificant) for p value > 0.05.

Table 4. Genetic diversity indices per locus defined by GenAlex and Genepop on the extended dataset.

Except for HU03, all other 3 polymorphic loci (HU06, HU07, and HU09) deviated significantly
from HW expectations due to strong heterozygote deficits in Guadeloupe. The remaining two
monomorphic loci (HU04, RO05) were also homozygous in Guadeloupe (Table 4), but not in
Mexico (data not shown).

The test for genotypic disequilibrium for each pair of locus revealed no significant linkage
between loci (p > 0.05). No large‐allele dropout was detected.

Possible null alleles were detected with Micro‐Checker for 3 loci (HU06, HU07, and HU09)
(Table 4), with high frequency (0.14–0.34). However, using INEst, which accounts for possible
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inbreeding, the null allele frequencies calculated became close to zero for HU07 and HU09.
For HU06, the frequency was lower than with Micro‐Checker, but there still remained possibil‐
ities of null allele. This marker was therefore excluded from further population genetic
analyses.

The analyses per population on the selected complete dataset of 51 individuals for 3 loci (HU03,
HU07, and HU09) revealed that the three studied populations with N > 5 individuals (Mazeau,
Moreau, and Sofaia) deviated significantly from HW expectations due to a heterozygote deficit
(Table 5). Deviation from HW expectations was also significant at the scale of Guadeloupe
(Table 5). Selfing rate was estimated as 79% in Mazeau and 74% in Guadeloupe as a whole
(Table 5). Global diversity HE was 0.44 (Table 5). FST value across all populations was calculated
as 0.157 using Genepop.

Population N Na Ap HE HO FIS S HW

Mazeau 14 6 0 0.342 0.119 0.652 0.79 **

Moreau 13 7 0 0.350 0.205 0.415 0.59 **

Sofaia 7 6 0 0.389 0.143 0.633 0.78 **

Guadeloupe 51 9 2 0.438 0.183 0.582 0.74 **

N—number of individuals, Na—total number of alleles per population for the 3 loci studied, Ap—number of private
alleles, HE—expected heterozygosity, HO—observed heterozygosity, FIS—fixation index, S—selfing rate, HW—Hardy‐
Weinberg equilibrium deviation, with significant p value *<0.05, **<0.01, ***<0.001 and [S1] NS (nonsignificant) for p
value > 0.05.

Table 5. Genetic diversity indices per population defined by Genepop on the complete dataset for locus HU03, HU07,
and HU09 for populations with N > 5 and at the scale of Guadeloupe (51 individuals).

2.3. Discussion

V. mexicana flowers remained opened for 1–3 days, as previously suggested [12]. The flowering
season was determined from our measurements to occur between May and July. It allowed to
precise previous observations on flowering season, which was described as yearly, but more
particularly between May to December [51]. Also in Mexico the species was only described as
flowering without a defined period [11]. Reproductive biology experiments were performed
during the flowering peak season identified.

Autogamy and self‐pollination (53.9% fruit set in bagged inflorescences) explained the totality
of the observed natural fructifications (53.7%) for the species V. mexicana in the Mazeau site in
Guadeloupe. We, therefore, demonstrated that V. mexicana is reproducing mainly by autogamy
in Mazeau, without the need for a pollinator. The natural fruit set estimated at a larger scale
on four sites (but less precisely) was in the same range (48.7%). Both values were in the same
order of magnitude of what was observed for autogamous Vanilla species (42.5–78%) and
tropical orchids [24], therefore, confirming the autogamous mating system proposed for V.
mexicana in Guadeloupe (Table 1). We noticed important standard errors in the mean fruit set
estimates, which could be due in part to Acromyrmex octospinosus (cassava ant), a neotropical
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species introduced in Guadeloupe. This insect was observed on many occasions predating
some flowers, which can be destroyed in a few hours (N. Barre, personal observation). Natural
fruit set may also be underestimated for this reason.

It is noteworthy that it was suspected that V. mexicana could not perform asexual reproduction
by stem cuttings and was strictly reproducing sexually [1, 11, 27]. This was confirmed by the
impossibility to multiply this species by stem cuttings in laboratory conditions (Feldmann and
Reyes‐Lopez, personal communication, and unpublished observations).

Autogamy is therefore found either in subgenus Vanilla (in the V. mexicana species group) or
in the V. palmarum species group of subgenus Xanata sect. Xanata (Table 1, Figure 1), two early
diverging groups in the phylogeny of the genus. Spontaneous self‐pollination is, therefore, an
ancestral character in Vanilla shared by most, but not all, primitive species. Indeed, V. edwallii,
from subgenus Vanilla, V. parviflora group, is not capable of self‐pollination and requires a
pollinator, supposedly the bee Epicharis (Hoplepicharis) affinis [32]. Autogamy in V. bicolor was
explained by stigmatic fluids [28, 31], and agamospermy was ruled out [31]. For V. palmarum,
both a narrow rostellum [4] and stigmatic leak [28] were noted. Our observations under
dissecting microscope of V. mexicana flowers (data not shown) showed a glandulous and sticky
rostellum (which could be due to stigmatic leak) on which the pollinaria are stuck, allowing
their contact with the stigmata which they cover entirely (N. Barre, personal communication).
Some rare cases of spontaneous self‐pollination (6%) in some bagged flower experiments have
also been reported for some allogamous species such as V. planifolia, V. chamissonis, and V.
humblotii [12, 13, 25], but the mechanisms involved are unknown.

Population genetic parameters indicated a significant deviation from HW equilibrium and/or
a homozygote excess for five loci out of six tested (not for HU03) in Guadeloupe vanilla
population. Deviation from HW equilibrium was also detected in all the populations with more
than five individuals studied, including Mazeau in which reproductive biology experiments
were conducted. On the contrary, populations from allogamous species V. barbellata and V.
dilloniana from Puerto Rico did not deviate from HW equilibrium [52] as expected for random
mating. Deviation from HW for V. mexicana was due to heterozygote deficiency and FIS value
at the scale of Guadeloupe (0.582) allowed estimating selfing rate at 74.0%. This result is, as
expected, very different from the one detected in the allogamous V. humblotii in Mayotte with
a FIS of 0.086 [13], which would correspond to a selfing rate of 15.8%. This Mayotte population
slightly deviated from HW equilibrium due to limited selfing through geitonogamy between
flowers on the same plant or from the same clonal patch [13]. Our genetic results, therefore,
confirmed autogamy as the major mating system in V. mexicana in Guadeloupe as previously
suggested [11, 27].

Deviation from HW equilibrium and homozygote excess could be due not only to homo‐
zygosity but also to null alleles, commonly encountered with microsatellite markers. This
possibility was therefore also tested. Micro‐Checker detected possible null alleles with high
frequency for loci HU06, HU07, and HU09, but these were the 3 loci that also deviated from
HW equilibrium (Table 3). This null allele test (like most) is not adapted for populations that
do not comply with HW equilibrium, particularly due to inbreeding [53, 54], which is the case
in V. mexicana populations as demonstrated by the reproductive biology experiments. This
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often implies overestimation of null allele frequencies in such inbred populations [53, 54]. Van
Oosterhout et al. [54] proposed a way to avoid this drawback in Micro‐Checker, but it requires
to have estimated the fixation index values by other markers, which was not possible for the
present study. We, therefore, tested the IIM model proposed in the INEst software [50] which
takes both inbreeding and null alleles into account in a Bayesian multilocus approach and this
showed that frequency of null alleles dropped close to zero for the two loci, HU07 and HU09.
Homozygote excess in populations of our selected dataset (HU03, HU07, and HU09) was
therefore explained by inbreeding, not null alleles.

In autogamous species, only plant seeds ensure efficient gene dispersion whereas pollen also
contributes in allogamous species [55, 56]. This has important consequences on the genetic
diversity organisation, with autogamous species populations being more strongly differenti‐
ated, but less variable than populations from allogamous species [55, 56]. A metadata analysis
[55] confirmed that annual or autogamous plants, or with gravity‐dispersed fruits, allocate
genetic variability among populations rather than within, with therefore high FST (0.34–0.42)
and low HE (0.41–0.47). On the contrary, long‐lived or allogamous taxa, or with wind or
ingested dispersed seeds, are more variable within populations than between and show low
FST (0.13–0.22) and high HE (0.61–0.68). The calculated FST value in V. mexicana (0.157) was,
however, similar to the ones revealed in allogamous Vanilla species such as V. humblotii (FST = 
0.120, [13]), V. barbellata (FST = 0.158) and V. claviculata (FST = 0.123) [52]. These FST values are
moderate and in the range of what would be expected from allogamous species. Between
populations differentiation is, therefore, lower than expected in V. mexicana; it may be because
of a more efficient wind or animal‐mediated seed dispersal system, which is still to be
elucidated.

Intra‐population diversity (HE) value in V. mexicana (HE = 0.438) was in the range of expected
values for self‐pollinating species [55], but similar to that of allogamous V. humblotii (HE = 0.450,
[13]). HE values should have been higher for allogamous V. humblotii. Most allogamous Vanilla
species are nevertheless self‐compatible, and some degree of selfing can occur by geitonogamy.
They are long‐lived, thanks to their vegetative propagation capacity. Both factors could
diminish intra‐population diversity [55], associated in the case of V. humblotii with the loss of
allelic diversity and the small size of fragmented populations [13]. Counterintuitive situations
are not uncommon in Vanilla species. V. roscheri in South Africa was clearly allogamous with
Allodapine pollinators and a relatively high fruit set (20%), but the isolated population near
Lake Sibaya showed no diversity and was totally homozygous for the set of microsatellite
markers employed, because of its range‐edge distribution [20]. V planifolia, in the wild in
Mexico, although allogamous and requiring pollinators, showed a FIS of 1, witnessing high
inbreeding probably through geitonogamy due to large size clonal patches and the scarcity of
individual genotypes in the area [23].

It was suggested that V. mexicana could, in some populations in Mexico, also be allogamous
because of a low fruit set observed [11] and carpenter bees were suggested as pollinators [11,
12]. It is possible that mating systems differ according to the geographical distribution.
Evolution towards autogamy of allogamous but self‐compatible species is often observed after
colonization of isolated islands, a process associated with strong reproductive constraints often
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due to the absence or scarcity of adapted pollinators or partners [24, 57–60]. This could be the
case for V. mexicana after colonization of the island of Guadeloupe. This was observed in
Eichhornia paniculata (Spreng.) Solms (Pontederiaceae), this species was allogamous in Brazil
but autogamous in Caribbean islands [61]. Autogamy is predominant also in orchids on
islands [24], and this was the case for example for Angraecoideae (Vandeae, Orchidaceae) from
Réunion island [59, 62, 63] that colonized the island from Madagascar.

From the set of 14 microsatellites developed from the Vanilla subgenus Xanata section Xanata
American species V. planifolia, only two (mVplCIR025 and mVplCIR031) were transferable to
African species from the subgenus Xanata section Tethya [2]. Here we demonstrated that none
of them were transferable to Vanilla subgenus Vanilla. On the other hand, the 19 microsatellite
markers developed from the Vanilla subgenus Xanata section Tethya African species V. humblotii
and V. roscheri were highly transferable to other species from the same section (18 markers in
mean were transferable) as well as to various American species from section Xanata (with
however a slightly lower mean of 15.7 transferable loci) [21]. We showed that only six of them
were transferable to Vanilla subgenus Vanilla. This reflects the important phylogenetic distance
separating the primitive subgenus Vanilla from the subgenus Xanata species (Figure 1) [16,
18]. This preliminary study using these 6 transferable markers allowed the confirmation of the
mating system revealed with reproductive biology experiments in V. mexicana. However, it is
clear that further population genetic studies in V. mexicana to resolve more complex questions
regarding gene flow, population differentiation, or spatial structuring of the populations will
require more numerous loci to be analyzed and will therefore necessitate isolating V. mexicana‐
specific microsatellites through an enriched library construction or NGS (next‐generation
sequencing). Further studies should also be enlarged to other populations from regions other
than Guadeloupe to cover the species distribution range (Figure 2) and should include as well
reproductive biology experiments and measurements to further unravel V. mexicana possibly
different mating system in other areas.

3. Conclusion

Our preliminary results obtained with the set of 6 heterologous microsatellite primers allowed
the confirmation of the reproductive biology results and showed that V. mexicana is mainly
reproducing by autogamy via spontaneous self‐pollination in Guadeloupe. This trait can be
of interest to V. planifolia breeding. Indeed, the major constraint to vanilla production is the
time‐consuming hand pollination. V. planifolia flowers are ephemeral and must be self‐
pollinated by hand every morning during the 2–3 months flowering season. Breeding of self‐
pollinating vanilla cultivars would first necessitate validating the heritability of the
autogamous trait of V. mexicana. It could then be envisaged using backcross breeding between
V. mexicana and V. planifolia as recurrent parent (to regain characters associated with fruit
quality and aroma lacking in the donor parent). This would be a long, but worthwhile, process
(5–7 years between each generation from seed germination to flowering). These results
demonstrate the strong interest in pursuing the effort of characterization of wild vanilla
populations.
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Abstract

The present state of knowledge regarding the genetic diversity of forest tree species has
been greatly improved with the development of the powerful research tool that the
microsatellite  markers  represent.  These  noncoding sequences  are  considered to  be
neutral, highly polymorphic, and species specific. The usefulness of the microsatellite
markers  was recently  proven by the  determination of  differentiation at  inter‐  and
intrapopulation  level,  gene  flow  in  natural  forest‐tree  populations,  heritability
processes, and sustainable management of forest genetic resources in many natural
forest stands. In this chapter, I aim to describe the practical approach of microsatellite
markers, used in determination of genetic structure of 14 Scots pine populations from
North‐eastern Poland. Investigated pine populations exhibited high genetic parameter
variation, for example, mean PIC = 79.3, Shannon Index I = 2.488, observed (HO = 0.778)
and expected (HE = 0.849) heterozygosity. Low level of Fst = 0.031 demonstrated that
studied populations are more differentiated within than among stands, which were
grouped into one cluster of genetic similarity. In conclusion, the present distribution of
genetically related populations of Scots pine in North‐eastern Poland seems to reflect
the historical events such as postglacial colonization of Poland from different European
refugia and/or human management carried out in the past.

Keywords: cpSSR, genetic distance, genetic variation and differentiation, heterozygos‐
ity level, Pinus sylvestris L., SSR markers

1. Introduction

The sustainable management of forest genetic resources requires a good knowledge of the
genetic diversity of species. Because of their longevity and wide geographic distribution,
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forest‐tree species have developed a high level of genomic heterogeneity as a genetic potential
through which they adapt to the specific environmental factors of a given habitat [1, 2]. Human
industrial activities and changing environmental conditions have exposed many species to the
threat of extinction, and, with a view to the appropriate gene‐conservation measures being
taken, many governments are aware of the need for forest management to maintain the
biodiversity of locally adapted species. Equally, not only endangered forest‐tree species but
also economically important ones should be protected in a specific conservation programs
based on valuable genetic data [3].

If the conservation of forest‐tree genetic resources is to be pursued, molecular markers such
as DNA sequences would seem suitable where the study of the genetic variation among trees
is concerned [4–6]. Appropriate marker systems can facilitate investigation of the genetic
relationships between forest‐tree stands and the mapping of gene positions on chromosomes.
For these purposes, several methods of DNA diversity assessment are commonly used, for
example, RAPD (random‐amplified polymorphic DNA), AFLP (amplified fragment length
polymorphism), RFLP (restriction fragment length polymorphism), STS (sequence‐tagged
site), and microsatellites [4, 5, 7–12].

1.1. Characterization of microsatellite markers

Since the early 1990s, a powerful molecular marker has emerged in the shape of the microsa‐
tellite sequences discovered in the genomes of all living organisms. Microsatellites (or SSRs—
simple sequence repeats) comprise tandem repeats of short DNA sequences from one to six
base‐pair motifs, largely distributed over the entire genome. They are considered to be highly
polymorphic DNA markers with codominant inheritance and selectively neutral behavior [4,
5, 13]. SSR sequences are present in all living organisms, including protists, prokaryotes,
eukaryotes, and fungi. In many species, the majority (48–67%) of tandem repeats are dinu‐
cleotides, mostly localized in noncoding regions of the genome [14]. Mononucleotide repeats
are considered to be the most abundant class of microsatellites in primates, while tri‐, tetra‐,
and hexanucleotide SSR repeats are reported in other organisms. Exposed to high incidences
of mutation ranging from 10‐2 to 10‐6 nucleotide per locus and per generation, microsatellites
are characterized by considerable polymorphism and species specificity [4, 14].

Despite the neutrality assigned to microsatellite markers, the SSR sequences seem to serve
some function in different eukaryotic organisms [15]. So far, no evident role for the abundant
tandem‐repeated sequences has been found, though the SSRs are presumably involved in
chromatin organization in the nucleus, DNA replication, regulation of gene expression, and
(putatively) in the mismatch‐repair system [4, 16]. Tandem‐repeated sequences located in the
introns of genes could trigger the disruption of the triplet‐reading code. The new reading frame
may be lethal, or present some advantage from the evolutionary point of view. In fact, the
microsatellite triplets are more often subjected to polymerase slippage during the replication
and transcription of genes. Long trinucleotide repeats, for example, CAG, CTG, CGG, and
CCG, may also form secondary structures of DNA strands and influence recombination [4, 5].
Many promoters contain repeated cis‐acting DNA fragments, while microsatellites may also
be involved in the regulation of gene expression.
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1.2. Advantages and weak points of SSR markers

The precise identification of biological samples based on microsatellite loci remains a funda‐
mental for population genetics study [17, 18]. These markers present many advantages, for
example, locus specificity, the small amount of DNA required, the almost absolute sizing of
alleles, and fast detection [4, 5, 19]. The SSR fragments (also called alleles) are screened by their
length expressed in base pairs, and the differences in allele sizing among individuals of one
species are caused by varying numbers of repeats in microsatellite motifs.

From practical point of view, an unexpected allele sizing of microsatellite sequences sometimes
occurs. In many genomes, the microsatellites mutate by errors in replication or unequal
crossing over during recombination process [20]. Moreover, homoplasy, null alleles, and short
allele dominance may cause problems during microsatellite scoring [5, 14, 21, 22].

Homoplasy concerns the alleles of the same size but presenting different base‐pair composi‐
tion. Null alleles mean the lack of polymerase chain reaction (PCR) amplification of allele
caused by nucleotide mutation in primer‐binding sites. The short allele dominance is observed
when large allele size dropout occurs. The amplification of nonexpected allele size often results
from polymerase slippage during PCR. First of all, long and nonperfect motif repeats of
microsatellite loci, especially with polyA tracks in the internal sequence, may enhance
polymerase slippage [23]. Furthermore, some fluorescent dyes such as Ned, 6‐Fam, and Hex
in ABI sequencer 3500 Genetic Analyzer (Life Technologies™) or Well‐Red D2, D3, and D4
dyes in CEQ™ 8000 Genetic Analysis System (Beckman Coulter, Fullerton, CA) used to label
the primers can modify the mobility of the PCR products on the gel [24], and generate
nonstandard scoring of alleles. The various lengths of SSR‐flanking regions should also be
taken into consideration as a putative source of nonstandard allele polymorphism [24].
Sometimes, the microsatellite allele sizes alone are insufficient to determine species biogeog‐
raphy for organisms with predominant asexual mode of reproduction [25].

2. Need for SSR markers and appropriate methodologies

In conifers, mostly di‐, tri‐, and tetranucleotide repeats are present in high proportion in the
genome [19, 26]. In the case of Pinus sylvestris (L.), only a few nuclear microsatellite loci have
so far been distinguished, for example, SPAC 3.7 (Genbank code AJ223769), SPAG 7.14
(AJ223771), SPAC 11.4 (AJ223766), SPAC 11.5 (AJ223768), SPAC 11.6 (AJ223767), SPAC 11.8
(AJ223770), and SPAC 12.5 (AJ223772), mentioned by Soranzo et al. [9] and available on the
websites [27–29]. More Scots pine nuclear microsatellite loci can also be found in the Kostia et
al. [30] and Chagné et al. [31] publications.

The transferability of the microsatellite loci between conifers is generally difficult. Many
microsatellites need to be isolated de novo because the specificity of flanking SSR regions is
high [32, 33]. This is partly due to the high rate of nucleotide substitution in noncoding regions
of the genome. Moreover, conifers exhibit larger genome size (between 21 × 109 and 134 × 109

megabases) and higher genome complexity than deciduous trees [34]. Transferability of SSR
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sequences between P. taeda, P. radiate, and P. pinaster has been reported, for example, by Chagné
et al. [31] and González‐Martínez et al. [33]. In Scots pine, most SSR investigations are based
on microsatellite loci transferred from P. taeda or P. pinaster [35, 36].

The structure of the Scots pine genome is complex. Nevertheless, some studies of microsatel‐
lites in European Scots pine populations reveal a low level of genetic differentiation [9, 37–
39]. These data are concordant with the low genetic variation in polymorphism frequencies of
Scots pine stands assessed with isozyme markers in Europe [40]. The main reason for this
limited genetic variation in Scots pine populations lies in the transfer of seed material in the
past, as enhanced by the long‐distance gene flow occurring among Scots pine stands in Europe
[41].

The microsatellite markers in forest‐tree species are analyzed following the general pathway
composed by four general steps: (1) isolation of genomic DNA from plant tissue, (2) DNA
amplification by polymerase chain reaction, (3) fragment length sizing and allele determina‐
tion of the obtained PCR products performed using a capillary electrophoresis in automatic
sequencer, and (4) statistical analyses of population genetic variation and differentiation.

2.1. Isolation of genomic DNA

Many methods of genomic DNA extraction from plant tissue have been proposed, for example,
cetyltrimethylammonium bromide (CTAB) method‐based isolation described by Doyle and
Doyle [42], DNeasy Plant Mini Kit (Qiagen®), MagAttract 96 DNA Plant Core Kit (Qiagen®)
[43], and NucleoSpin Plant II (Macherey‐Nagel®) [43]. The mentioned methods yield c.a. 1–2
µg of DNA per 50–100 mg of plant tissue, which is sufficient for nuclear and organelle DNA
amplification. According to the tissue type, that is, cambium, sapwood, or hardwood, a
different yield of the DNA may be obtained, in favor of cambial cells in P. radiata [44] and
Quercus robur [45]). Good quantity and quality DNAs were also obtained by Asif and Cannon
[46] and Tibbits et al. [44], who supplemented the classical CTAB method with buffer contain‐
ing NaCl and BSA effectively removing co‐extracted contaminants. The main difficulty in
DNA‐based analyses remains in proper DNA extraction method from wood tissues because
of the high amount of polysaccharides and polyphenolic compounds residuals which inhibit
the Taq polymerase during the PCR [44]. The removal of contaminants guarantees the success
of further amplification and accurateness of DNA fragment (allele or gene) detection during
the capillary electrophoresis performed in automated sequencer.

Sometimes, the genomic DNA isolation step may be overcome by a direct PCR performed on
fresh plant tissue with Phire® Plant Direct PCR kit (Finnzymes®, Vantaa, Finland), as demon‐
strated for silver fir samples [43].

2.2. DNA amplification by polymerase chain reaction

Prior to amplification, the quality of DNA is checked by electrophoresis or with NanoDrop®

ND‐1000 spectrophotometer (Wilmington, USA). The first method relies on classical gel‐based
separation in the electric field of DNA fragments in c.a. 1% agarose gel or on chip‐based
electrophoresis in Bioanalyzer apparatus using Agilent DNA 1000 kit (Agilent Techn. Wald‐
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bronn, Germany). Good quality and sufficient quantity of DNA molecules guarantee high yield
of further amplification by polymerase chain reaction. Developed in 1983 [47], the PCR consists
in three major steps: (1) initial denaturation of double‐stranded DNA matrix generally in
temperature of 94–98°C for 30 s, to 1 mi; (2) annealing of primers in temperature of 50–60°C
for 20–30 s; and (3) extension and elongation step in 72°C. The time and the temperature of
each step strongly depend on primer structure and polymerase used in the reaction [48]. All
steps are repeated 30–40 times in a thermal cycler, for example, Veriti 96 Thermal Cycler (Life
Technologies™, USA), T1000 Touch™ Thermal Cycler (Bio‐Rad Laboratories, Inc., USA), or
TPersonal Thermocycler (Biometra®, Germany). At the end, several thousands of copies of
initial DNA matrix are generated.

2.3. Fragment length sizing and allele determination of the obtained PCR products
performed using a capillary electrophoresis in automatic sequencer

The PCR products are generally analyzed with capillary sequencer, for example, CEQ8000™
(Beckman‐Coulter®, USA) or 3500 Genetic Analyzer (Life Technologies™, USA) using appro‐
priate software for data collection. The typical programs are: CEQ™8000 Genetic Analysis
System version 9.0 (Beckman Coulter®) in the case of the CEQ8000 apparatus, and 3500 Data
Collection Software and GeneMapper® v. 5 in the case of the 3500 Genetic Analyzer (Life
Technologies™, USA).

2.4. Statistical analyses of population genetic variation and differentiation

In general, statistical analyses of population genetic variation and differentiation comprise the
parameters describing population genetic variation and differentiation, that is, observed and
expected number of alleles (na, ne, respectively), observed and expected heterozygosity (HO,
HE), Shannon diversity index (I), and fixation index/inbreeding coefficient of F‐statistics (Fis,
Fst). The significant deviations from Hardy‐Weinberg equilibrium (HWE) per each locus,
analysis of null alleles (commonly found in SSR loci), and polymorphism information content
(PIC) are also computed [21, 49–51]. The statistical methods, used in the study of population
genetics, should be applied according to the defined objective. Many genotype‐distribution
methods are based on data for allele/gene frequencies, distograms of genetic dissimilarity, or
mapping of gene position. The spatial patterns depend on many factors such as isolation by
distance, and factors of environmental selection, migration, and human activity [52]. Several
items of software can be applied in this field (e.g., GeneAlEx, PopGen, SPAGeDi, etc.). Those
programs take into account Hardy‐Weinberg equilibrium, multiple allele and loci inheritance,
natural selection, genetic drift, migration, mutation, and inbreeding analyses [51, 53].

All statistical methods should consider the effect of interaction between genotype and the
environment, in order to precise the estimation values of observed genotype in given condi‐
tions. Forest‐genetic field experiments are based on tests of adjustment for local environmental
factors and on the estimation of breeding values. The multi‐trait selection measures attempt
to predict trees’ response to the selection effect. The assessment of valuable quantitative trait
loci (QTL) mapping, gene‐expression analysis, or the long‐term response of evolutionary
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selection makes use of several programs, for example, analysis of variance (ANOVA), statistical
analysis system (SAS, restricted maximum likelihood (RML), and S‐Plus [38].

In order to illustrate the genetic similarity between studied populations, usually the dendro‐
gram based on the distance matrix is constructed. To this end, very often the UPGMA (un‐
weighted pair group method with arithmetic mean) method is applied [50, 53]. To produce a
dendrogram of genetic similarity, the UPGMA method employs a sequential clustering
algorithm. For instance, the DendroUPGMA software is a good tool for computing the
clustering from the sets of variables [49, 54], with several factors such as Pearson coefficient,
Jaccard similarity coefficient, and Dice coefficient.

The resulting tree (dendrogram) of genetic similarity gathers the populations in branches
defined by, for example, 100‐bootstrap replicates, which give an estimation of probability for
particular node. The calculation of the CoPhenetic correlation coefficient (CP), which values
are comprised between 0 and 1, gives a measure of distance accurateness of the dendrogram.

3. Genetic variability of forest stands assessed with microsatellite markers:
a case study of P. sylvestris (L.) in North‐eastern Poland

3.1. Object of the study

Scots pine (P. sylvestris L.) is the most widely distributed coniferous species in Europe. The
species enjoys major economic relevance, especially in Northern and Eastern European
countries. In Poland, P. sylvestris accounts for 69.4% of total forest area, in Finland 64.9%, and
in Lithuania 36.5% [55–57]. The present genetic structure to the Scots pine stands in Europe
has been largely influenced by climatic and environmental factors [58]. Above all, the recolo‐
nization of the continent after the last glaciation period contributed to the rapid expansion of
Scots pine populations from their South‐European and Central Russian refuges to the North
of the continent [40, 59–61]. Second, the distribution of many Scots pine stands in the European
landscape reflects the present situation and socioeconomic changes, for example, privatization,
the increased demand for wood, deforestation, and reforestation [58]. Due to the high level of
anthropogenic pressure, the genetic resources of many forest‐tree species in Europe have
frequently been impoverished. Moreover, the transfer of genetic material across European
countries has modified the natural gene pools in many forest‐tree stands [58].

Recent advances in regard to the genetic diversity P. sylvestris have highlighted the usefulness
of nuclear SSR markers in forest‐tree genetics, focusing especially on genotyping of the Scots
pine populations in Poland. In the present study, 14 natural or seminatural, 110‐year‐old Scots
pine populations, located in North‐eastern part of Poland were investigated (Table 1).

3.2. Methodology of Polish case study

The extraction of total DNA from the 100 mg of needles was performed using Qiagen DNeasy
Plant Mini kit according to the manufacturer’s instruction (Qiagen® Hilden, Germany). The
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quality and purity of DNA were analyzed by absorption in 230, 260, and 280 nm in Nano‐
Drop® spectrophotometer (Wilmington, USA). Four nuclear microsatellite DNA markers were
amplified, that is, SPAG 7.14, SPAC 12.5, PtTX3025, and SsrPt‐ctg4363 [9, 31, 38]. For all loci,
Well‐Red labeled primers were synthetized by Sigma‐Aldrich Company (St Louis, USA). The
PtTX primers were originally designed for P. taeda but they were proved to be as useful as
markers developed for P. sylvestris. The obtained PCR amplicons were analyzed using DNA
capillary electrophoresis in CEQ8000 Beckman Coulter® sequencer, and analyzed using the
software CEQ™8000 Genetic Analysis System v 9.0 (Fullerton, USA).

Population

(Forest Directorate,

Forest stand) 

Location  N  na  ne  I  HO  HE  h Nei 

1. Czarna Białostocka, Polanki 53°18′N, 22°25′E 50 16.500 10.211 2.163 0.710 0.795 0.785

2. Czarna Białostocka, Budzisk 53°17′N, 23°18′E 48 16.750 10.250 2.175 0.798 0.802 0.793

3. Dojlidy 53°05′N, 23°11′E 50 15.500 8.630 2.115 0.741 0.800 0.791

4. Supraśl 53°17′N, 23°30′E 50 16.250 9.726 2.217 0.832 0.824 0.815

5. Waliły 53°12′N, 23°39′E 48 16.750 9.325 2.235 0.750 0.833 0.823

6. Żednia, Nowa Wola 52°59′N, 23°33′E 50 16.750 9.540 2.210 0.815 0.819 0.810

7. Żednia, Borsukowina 53°15′N, 23°38′E 50 16.750 9.715 2.223 0.828 0.831 0.822

8. Hajnówka 54°15′N, 23°05′E 50 19.250 11.499 2.278 0.776 0.802 0.793

9. Browsk 52°55′N, 23°36′E 48 18.500 10.532 2.250 0.789 0.811 0.802

10. Bielsk 52°36′N, 23°23′E 50 17.000 8.750 2.231 0.751 0.828 0.818

11. Rudka 52°54′N, 22°52′E 50 16.250 8.974 2.124 0.785 0.782 0.774

12. Knyszyn, Szelągówka 53°20′N, 22°41′E 50 17.000 10.269 2.244 0.783 0.824 0.815

13. Knyszyn, Kopisk 53°17′N, 23°04′E 50 17.000 10.028 2.161 0.733 0.804 0.796

14. Augustów 53°46′N, 23°10′E 50 17.750 9.315 2.228 0.780 0.818 0.810

Total 1260 30.750 12.400 2.488 0.778** 0.849** HT = 0.848

Fst = 0.031

N, numbers of sampled trees; na, observed number of alleles; ne, effective allele number; I, Shannon index; HO and HE,
observed and expected heterozygosity; h, mean heterozygosity [46]; HT, genetic diversity among populations; FST,
coefficient of genetic differentiation of populations [49]. Test of heterozygote deficiency in Hardy‐Weinberg
equilibrium: **p < 0.01

Table 1. Genetic differentiation level of microsatellite nSSR loci in studied Scots pine populations.

Parameters of genetic diversity (HO, HE, HT), differentiation (F‐statistics), and genetic distance
matrix were computed according to Nei [49,50] in GenALEx v. 6 software [53]. The mean
polymorphism information content values were established for each set of markers in MolKin
2.0 software [62].
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The dendrogram of genetic distances between studied populations was constructed using
DendroUPGMA software [63], validated by CP computing. Moreover, Bayesian clustering
using Markov Chain Monte Carlo (MCMC) algorithm was performed in BAPS 2.0 program,
with randomization = 100,000, burning = 50,000, for p = 0.02 [64].

3.3. Results of the Polish case study

3.3.1. Quality and quantity of the analyzed DNA

Spectrophotometrical assessment of the genomic DNA isolated from Scots pine samples
yielded good quantity and quality of the nucleic acids (Figure 1). For all samples, the mean
DNA purity (A260/280 = 1.67 and A260/230 = 1.82) and the mean DNA concentration (148.89 ng/µl
± 11 S.E.) were suitable for further amplification of microsatellite loci in PCR.

Figure 1. Spectrophotometrical assessment of the DNA extracts from Scots pine leaf samples population Browsk, in the
spectrophotometer NanoDrop® ND‐1000 (TK‐Biotech, USA).

3.3.2. Genetic differentiation level

The studied trees harbored both heterozygotes and homozygotes in four microsatellite loci as
illustrated in Figure 2. All loci were very polymorphic (mean PIC = 79.3), with highest values
for loci SPAG 7.14 (PIC = 95.4) and SPAC 12.5 (PIC = 94.5). Total allele frequency distribution
revealed 50 different alleles in SPAG 7.14 locus (Figure 3), 48 alleles in SPAC 12.5 (Figure 4),
31 alleles in PtTX3025 (Figure 5), and 18 alleles in SsrPt‐ctg4363 locus (Figure 6). The allele
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sizing was corrected in all loci because consecutive polymerase slippage was denoted. Null
allele content was minor (2.3%) for all microsatellite loci.

Figure 2. Example of microsatellite nuclear DNA analysis in Scots pine populations from North‐eastern Poland: two
alleles 159 and 177 base pairs in locus SPAG 7.14 (blue color) and two alleles 192 and 204 bp in locus SPAC 12.5 (black
color) (A), one allele 102 bp in locus SsrPt‐ctg4363 (green color) and two alleles 276 and 288 bp in locus PtTX3025 (black
color) (B). Obtained from DNA capillary electrophoresis after Beckman Coulter® software CEQ™ 8000 Genetic Analy‐
sis System v 9.0 (Fullerton, USA).
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Figure 3. Total allele frequency distribution of SPAG 7.14 locus among studied Scots pine populations. *Polymerase
slippage.

Figure 4. All allele frequency distribution according to their size for SPAC 12.5 locus among studied Scots pine popula‐
tions. *Polymerase slippage.

Figure 5. All alleles distribution according to their size of PtTX3025 microsatellite locus in Scots pine stands. *Polymer‐
ase slippage.

Microsatellite Markers104



Figure 3. Total allele frequency distribution of SPAG 7.14 locus among studied Scots pine populations. *Polymerase
slippage.

Figure 4. All allele frequency distribution according to their size for SPAC 12.5 locus among studied Scots pine popula‐
tions. *Polymerase slippage.

Figure 5. All alleles distribution according to their size of PtTX3025 microsatellite locus in Scots pine stands. *Polymer‐
ase slippage.

Microsatellite Markers104

Figure 6. Total allele frequency distribution of SsrPt‐ctg4363 locus among studied Scots pine populations. *Polymerase
slippage

  pop1 pop2 pop3 pop4 pop5 pop6 pop7 pop8 pop9 pop10 pop11 pop12 pop13 pop14 

pop1 0 1.262 0.062 0.090 0.085 0.051 0.076 0.030 0.039 0.073 0.048 0.073 1.173 0.067

pop2 0 1.393 1.434 1.175 1.245 1.189 1.372 1.383 1.069 1.347 1.264 0.037 1.111

pop3 0 0.086 0.058 0.054 0.042 0.061 0.043 0.084 0.059 0.068 1.354 0.070

pop4 0 0.115 0.094 0.094 0.085 0.091 0.156 0.116 0.062 1.391 0.111

pop5 0 0.074 0.062 0.091 0.063 0.091 0.074 0.089 1.113 0.113

pop6 0 0.061 0.045 0.056 0.081 0.066 0.057 1.191 0.056

pop7 0 0.071 0.057 0.079 0.062 0.056 1.165 0.052

pop8 0 0.046 0.066 0.045 0.062 1.283 0.062

pop9 0 0.086 0.041 0.056 1.309 0.062

pop10 0 0.072 0.109 0.996 0.086

pop11 0 0.087 1.329 0.084

pop12 0 1.240 0.053

pop13 0 1.100

pop14 0

Table 2. Distance matrix based on SSR marker frequencies in studied Scots pine populations.

Genetic differentiation level of microsatellite nSSR loci in studied Scots pine populations has
been resumed and is listed in Table 1. All populations exhibited high genetic parameter
variation, with total mean observed (na = 30.750) and effective (ne = 12.400) allele number per
locus, Shannon Index I = 2.488, observed (HO = 0.778), and expected (HE = 0.849) heterozygosity.
The highest h Nei heterozygosity values (h = 0.832 and 0.822) were found in Waliły and Żednia
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Borsukowina stands, respectively. The lowest (H = 0.774) was observed in Rudka stand. Total
genetic diversity among populations was high (HT = 0.848). Low level of Fst = 0.031 proved that
the studied Scots pines are more differentiated within than among examined stands (Table 1).

3.3.3. Genetic distance (DN)

The dendrogram built on the distance matrix based on SSR markers frequencies (Table 2)
revealed two main clusters of populations (Figure 7). Two populations from the first group of
dendrogram (number 2, Czarna Białostocka Budzisk, and 13, Knyszyn Kopisk) were separated
by a distance of 0.612 from the second group. Moreover, two populations from the first group
were closely located one to another in North‐eastern Poland (Figure 8). Nevertheless, the
robust MCMC analysis revealed only one cluster of population genetic grouping, proved also
by CoPhenetic Correlation Coefficient value close to 1 (CP = 0.993).

Figure 7. Dendrogram of genetic distances of Nei [49] based on microsatellite loci in studied Scots pine populations.
Number of populations following Table 1.
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Figure 8. Geographical distribution of two genetically related groups of populations of Scots pine from North‐eastern
Poland, according to the dendrogram of genetic distances (Figure 7). Pop1, Czarna Białostocka Polanki; pop2, Czarna
Białostocka Budzisk; Pop3, Dojlidy; pop4, Supraśl; pop5, Waliły; pop6, Żednia Nowa Wola; pop7, Żednia Borsukowi‐
na; pop8, Hajnówka; pop9, Browsk; pop10, Bielsk; pop11, Rudka; pop12, Knyszyn Szelągówka; pop13, Knyszyn Ko‐
pisk; pop14, Augustów. Map source: [82]

4. Discussion

The development of an appropriate genetic conservation strategy for native Scots pine
populations in European countries seems to be a very relevant priority. Numerous nuclear
microsatellite markers have already been described for different conifer species, for example,
fir, larch, pine, and spruce (for review, see [9, 14, 19, 31, 33, 65–69]). Some DNA markers have
also been used to characterize the genetic variation of P. sylvestris populations, for example,
RAPD [12, 70], RFLP [59], STS [10], and microsatellites [6, 9, 30, 31, 36, 39, 71, 72].

In Poland, Scots pine resources are classified by reference to 26 seed regions, based on the
boundary delineation of physicogeographical features, for example, a homogeneous climate
and geographic conditions [12]. Programs for the in situ conservation of valuable Scots pine
provenances are put in place with regard to the distribution of seed regions, as well as the
location of what are known as natural‐forest regions. The present rules for the transfer of Scots
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pine genetic resources in Europe are mainly founded upon such provenance tests, with only
a few investigations being based on molecular markers [12, 40, 73].

In the present study, low genetic differentiation level of 14 Scots pine stands from the North‐
eastern Poland was determined thanks to the DNA profiles established on a basis of four
microsatellite nuclear DNA loci (SPAG 7.14, SPAC 12.5, PtTX3025, and SsrPt‐ctg4363). These
data support previous investigations of the genetic structure performed using four nuclear
microsatellite markers on 42 Scots pine populations located in different regions in Poland [38].
Pine trees from 42 stands were characterized by high polymorphism level (PIC = 80.0%), and
low level of interpopulation differences (Fst = 0.033). The Baltic, Śląska, and Wielkopolsko‐
Pomorska Regions revealed the highest genetic differentiation (Fst = 0.036, HS = 0.323, and HS

= 0.207, respectively). The UPGMA analysis performed with nuclear microsatellite markers in
42 populations generated two main groups of populations with a very weak probability of
clustering. The geographical distribution of the genotypes emerging from dendrogram was
scattered across the country. Moreover, no spatial correlation between the gene diversity and
the geographical locations of stands was found [38]. In this regard, data obtained for 14 Scots
pine populations from North‐eastern Poland (present study) reflect similar level of the genetic
variation (Fst = 0.031), and no spatial correlation between stand location and genetic distance
was found. Such a situation is often described for many forest‐tree species natural populations,
and reflects forest‐tree characteristics, such as longevity, long‐distance pollen dispersion, and
great potential for adaptation to various climatic changes [1, 2, 6, 26, 41, 60, 61].

Scattered distribution of genetically related populations of Scots pine seems to reflect the
historical events such as colonization of Poland by this species from different postglacial
refugia and/or by significant human management practiced in the past. These data were
supported by mitochondrial gene study, which have a maternal mode of transmission, and
non‐recombinational nature in conifers was used in the study of maternal lineages and the
postglacial migration of P. sylvestris across Europe [10].

Another type of microsatellite sequences located in chloroplast genome (cpSSR) could also
present an interesting tool to which the genetic diversity and gene flow among Pinus popula‐
tions could be analyzed. Since the chloroplast and mitochondrial genomes are uniparentally
inherited in conifers, these markers are not exposed to the recombination process [74]. CpSSR
loci present some advantages, for example, they are less variable than nuclear SSR, express
low mutation rate, and high species specificity [37]. Most of the cpSSR analyses have been
reported for different Pinus species, for example, P. leucodermis [66], P. halepensis [75], P. pinaster
[11,33,76], P. resinosa [67], P. brutia [77], P. torreyana [37], P. cembra, P. sibirica, and P. pumila [78],
and P. echinata [79]. In most cases, the cpSSR markers have been successfully used in paternity
analysis, in the monitoring of the gene flow between populations and in the study of population
history following the postglacial migration of pine species.

Recently, investigation focusing on nuclear and chloroplast microsatellite DNA markers in
wood tissue identification is an efficient method to be used for forensic purposes. The present
methodology helps to compare detailed DNA patterns of Scots pine (P. sylvestris), Norway
spruce (P. abies L. Karst.), European silver fir (A. alba L.), and European larch (L. decidua Mill.),
with high probability of identity (c.a. of 99.99%) [43].
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Both adaptive and neutral markers (e.g., microsatellites) present many advantages in modern
forest genetics [60, 65, 75, 78, 80]. In order to find the genetic basis of the neutral or adaptive
diversity of natural populations, simulations based on adaptive traits, quantitative trait loci,
and neutral markers are performed [81].

5. Conclusions

The conservation of genetic variability is a major focus in forest‐tree selection and sustainable
forest management (SFM). The preservation of genetic diversity in different forest‐tree species
facing changes of environmental conditions and increasing human industrial activity is still
the great challenge for researchers involved in adaptive and evolutionary genetics. Genetic
variation may be investigated by means of several molecular techniques using DNA markers.
Among them, the microsatellites are the most powerful and suitable tool in the identification
and characterization of the genetic resources in forest. Because of their relatively high mutation
rate, microsatellites are often used to study genetic variation and population structure. The
SSR markers constitute an effective tool by which the European Scots pine populations have
been studied on the basis of nuclear and chloroplast DNA. In this context, stress is placed on
the accurateness of the chosen marker for a given purpose, as well as the statistical methods
of calculation.

The nuclear SSRs are mainly used in studying genomic differentiation. The discriminatory
power of nuclear SSR markers points out their applicability to the study of various forest‐tree
populations. The comparative study of dominant and codominant nuclear markers in forest‐
tree genetics shows that even a few microsatellite loci can be used in the high‐accuracy
prediction levels of genetic diversity. It is supposed that the populations with low level of
genetic variation are generally less genetically stable and more vulnerable to pathogenic
infections and harmful changes of environmental conditions [1, 39, 41]. The researchers
involved in the field of forestry foresee the need for further analysis using molecular genetic
tools.

Particular attention should be drawn to the avoidance of some errors occurring during the
scoring of microsatellite allele (in Scots pine or other organisms, we can meet null allele, short
allele dominance, and polymerase slippage). The use of the specialized genotyping software
is therefore strongly advised.

Many approaches to the conservation of genetic diversity, the exploration of plant‐genetic
resources, and the design of plant‐improvement programs require a specific knowledge on the
amount and distribution of genetic diversity within investigated species. The genetic infor‐
mation contained in DNA, particularly in microsatellite sequences, offers valuable input when
it comes to the in situ and ex situ conservation of forest‐genetic resources. Notwithstanding the
intensive use and management of the species, very little is still known about the genetic
variability of Scots pines in Europe. The present chapter attempted to give an introduction to
the practical side of microsatellite analysis and the interpretation of genomic data obtained for
Scots pine (P. sylvestris) populations in Poland.
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Abstract

Sorghum and maize are major cereal crops worldwide and key food security crops in
Sub-Saharan Africa. The difference in the mating systems, maize as predominantly a
cross-fertilizer  and sorghum as a  self-fertilizer  is  reflected in differences  in visible
phenotypic and genotypic variations. The reproductive differences dictate the level of
genetic variation present in the two crops. Conventionally, a heterotic group assignment
is made based on phenotypic values estimated through combining ability and heterosis
analyses. However, phenotypic evaluation methods have their limitation due to the
influence of the environment and may not reflect the heterotic pattern of the lines
accurately. Therefore, more effective and complementary methods have been proposed
for  heterotic  grouping  of  candidate  lines.  Estimation  of  molecular-based  genetic
distance has proven to be a useful tool to describe existing heterotic groups, to identify
new heterotic groups, and to assign inbreds into heterotic groups. Among the molecular
markers, microsatellites markers have proved to be a powerful tool for analyzing genetic
diversity and for classifying inbred lines into heterotic groups. Therefore, the aim of this
chapter was to elucidate the use of microsatellite markers in genetic diversity analysis
and heterotic grouping of sorghum and maize.
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1. Introduction

Maize and sorghum have been more widely evaluated in genetic and cytogenetic studies than
other cereal crops. Maize is one of the domesticated crop species with the highest level of
molecular polymorphism. Nucleotide diversity of more than 5% has been reported at some loci
of the maize genome [1], and this has been confirmed by high genetic variability in maize. The
molecular diversity of maize is approximately 3- to 10-fold higher than any other domesticated
grass species [2]. Several factors have been suggested as reasons for the diversity in maize
including: (1) differences in the growing environments, cultivation geared toward various
production systems and varied consumption preferences [3] that influenced breeding of maize
varieties to severe diverse human needs worldwide; (2) high level of cross-fertilization and
independent assortment of genes that led to considerable gene transfer between populations,
including wild relatives; (3) presence of duplications and recombination of genes leading to
creation of mutations and ultimate phenotypic variability [4]; and (4) existence of transposons
and retro-transposable genetic elements leading to marked genetic variation among maize
populations [5].

Similarly, sorghum is one of the most genetically diverse self-fertilizing crops. Early domesti-
cation and selection of sorghum in response to environmental factors and human needs
resulted in the wide variability. The environmental factors included day length, altitude,
temperature, rainfall, and soil characteristics. Humans usually required a large panicle, a
nonshattering habit, large grain, tall plant height, and early maturity. The greater genetic
diversity is, therefore, partly due to the diverse physical environments and partly due to the
interaction of man with the environment [6]. As a result, the new and stable sorghum biotypes
that have emerged can be attributed to selection, adaptation, intercrossing, and the movement
of plant material from place to place. Introduction of new genotypes that have evolved in other
places may result in intercrossing with the native genetic resources leading to the development
of new biotypes. This movement and evolution of germplasm gave rise to five major sorghum
races: bicolor, caudatum, guinea, kafir, and durra [7].

Morpho-agronomic characters of crop plants have traditionally been used for assessment of
genetic variability. These characters reflect genetic variations that are manifested as visible
morphological traits [8]. However, assessments based on these characters are not efficient or
reliable because they are strongly affected by environmental factors. Other genetic variations
are compositional or chemicals that require various tests for evaluation [9]. Isozymes [10] and
seed storage proteins [11] were the most widely used biochemical markers. Since the late 1980s,
analyses using various electrophoretic [12] and reversed-phase high-performance liquid
chromatography (RP-HPLC) [13] of seed storage proteins have been developed and are
considered effective methods for cultivar identification. Often, the importance of these types
of markers is inherently impeded by low polymorphism.

The application of DNA molecular markers as compared to morphological and biochemical
markers overcomes the problem of low polymorphism. DNA markers are highly informative
and have facilitated the identification of agronomic traits in wild, traditional, and improved
germplasm through the dissection of quantitative traits [14]. DNA-based molecular markers
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are independent to environmental factors. DNA markers are fast, efficient, and robust
providing clear genetic differences than phenotypic markers [15] . Several DNA marker
technologies are available for determining genetic variations. Nevertheless, selection of the
best marker system depends on the target species, the aim of the marker analysis, and the
resource capacity [14]. PCR-based markers are widely preferred for genotype characterization
in diverse crop species, including sorghum and maize, as they are relatively simple to use,
nondistractive, and require small quantity of DNA, thus permitting many reactions from a
single sample [16]. In addition, genetic distance (GD) estimates using molecular markers are
reportedly helpful to identify the best parent combinations for new pedigree starts and to
assign lines into heterotic groups [17, 18].

Molecular markers, such as restricted fragment length polymorphisms (RFLPs), random
amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLPs), and
simple sequence repeats (SSRs) or microsatellites, have been proposed as tools not only to
evaluate breeding lines and hybrids and cultivars [19] but also to facilitate the monitoring of
introgression, mapping of quantitative trait loci (QTLs), and the assessment of genetic
diversity [20, 21] in various crops, including sorghum and maize. SSR markers have been
widely applied for the assessment of genetic diversity and characterization of germplasm [22–
24], identification and fingerprinting of genotypes [14], and estimation of genetic distances
between and within populations [22] and to assign inbred lines into heterotic groups [25, 26].
SSR data from a number of loci have the potential to provide unique allelic profiles or DNA
fingerprints for precisely establishing genotypic identity. They also have greater discrimina-
tory power than restricted fragment length polymorphisms markers and can exhibit genetic
relations that are reflective of the pedigree of the inbred lines [27]. Genotyping of inbred lines
using SSRs is a reliable way of germplasm characterization which, together with morphological
descriptions, leads to unambiguous differentiation of genotypes that can be utilized for a
hybrid breeding program [28]. Therefore, SSR markers are the efficient marker of choice due
to their ability to provide informative multiallelic loci, highly reproducible test with great
powers of genotypic differentiation, which are relatively simple to use [29].

Classification of the available complementary inbreds into distinct heterotic groups is crucial
to the development of superior hybrids and in developing genetic pools and breeding
populations for designed breeding and genetic analyses. Exploitation of heterosis, utilization
of heterotic groups, and their patterns is well established and developed in maize [30].
However, efforts to determine heterotic groups in sorghum have not been successful in clearly
delineating any patterns [31]. The phenomenon of heterosis between genetically distant or
unrelated genotypes has been widely reported. A heterotic group is a group of related or
unrelated genotypes displaying similar combining ability effects and providing a heterotic
response when crossed to other genetically distinct and complementary group [32]. Classifi-
cation of inbred lines into heterotic groups based on phenotypic values could be inaccurate
due to the influence of the environment and may not truly reflect the heterotic pattern of the
lines. Therefore, more effective methods have been proposed for genetic grouping of candidate
lines, including the use of molecular markers, line by tester analysis, and diallel crosses, among
others. Recently, the use of genetic distance as indices of genetic relatedness and as a tool for
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defining potential heterotic groups has been used in numerous crop plants. Simple sequence
repeats (SSRs) have proved to be a powerful tool for analyzing genetic diversity and for
classifying inbred lines. Therefore, the aim of this chapter was to elucidate the use of SSR
markers in the heterotic grouping of the two model crops using experimental data.

2. Use of SSR markers in assessing genetic diversity and heterotic grouping

2.1. Determination of genetic diversity using SSRs in sorghum

Assessment of genetic variability in crops has a strong impact on crop improvement programs
and conservation of genetic resources [33]. SSR markers appear to be particularly useful for
measuring diversity, for assigning genotypes to heterotic groups, and for genetic fingerprinting
[34]. The study reported by our group [26], involving 36 sorghum lines, provided clear genetic
differentiation using the 30 SSR markers (Table 1).

No. Sorghum Maize

Name Origin Type Name Origin Heterotic groupa Type

1 72472 Ethiopia Restorer 142-1-eQ Ethiopia Ecuador QPM

2 72482 Ethiopia Restorer CML144 CIMMYT Ecuador QPM

3 72572 Ethiopia Restorer CML176 CIMMYT Unknown QPM

4 73059 Ethiopia Restorer CML491 CIMMYT A QPM

5 75454 Ethiopia Restorer F7215Q Ethiopia Kitale QPM

6 200538 Ethiopia Restorer FS111 CIMMYT Ecuador QPM

7 200654 Ethiopia Restorer FS112 CIMMYT Unknown QPM

8 214855 Ethiopia Restorer FS151-3SR CIMMYT Pool 9A QPM

9 237260 Ethiopia Restorer FS170N CIMMYT Unknown Non-QPM

10 239156 Ethiopia Restorer FS170Q CIMMYT Unknown QPM

11 239175 Ethiopia Restorer FS211-1SR CIMMYT Kitale QPM

12 239208 Ethiopia Restorer FS232N CIMMYT Pool 9A Non-QPM

13 242036 Ethiopia Restorer FS232Q CIMMYT Pool 9A QPM

14 242047 Ethiopia Restorer FS2-3SR CIMMYT Unknown QPM

15 244712 Ethiopia Restorer FS4-3SR CIMMYT Unknown QPM

16 244715 Ethiopia Restorer FS45 CIMMYT Ecuador QPM

17 244727 Ethiopia Restorer FS48 CIMMYT Kitale QPM

18 244733 Ethiopia Restorer FS48-1SR CIMMYT Kitale QPM

19 211239B Ethiopia Restorer FS59-2 CIMMYT Kitale QPM

20 214838A Ethiopia Restorer FS59-4N CIMMYT Ecuador Non-QPM
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No. Sorghum Maize

Name Origin Type Name Origin Heterotic groupa Type

21 214838B Ethiopia Restorer FS59-4Q CIMMYT Ecuador QPM

22 239167A Ethiopia Restorer FS60 CIMMYT Pool 9A QPM

23 242039B Ethiopia Restorer FS67(BC1) CIMMYT Kitale QPM

24 242049A Ethiopia Restorer FS67(BC2) CIMMYT Kitale QPM

25 242050B Ethiopia Restorer FS67-N CIMMYT Kitale Non-QPM

26 244725A Ethiopia Restorer FS68(BC1) CIMMYT Kitale QPM

27 244725B Ethiopia Restorer FS68(BC2) CIMMYT Kitale QPM

28 244735A Ethiopia Restorer KIT12 CIMMYT Ecuador QPM

29 69286A Ethiopia Restorer KIT29 CIMMYT Unknown QPM

30 71160A Ethiopia Restorer KIT31 CIMMYT Unknown QPM

31 72578A Ethiopia Restorer KIT32N CIMMYT Ecuador Non-QPM

32 73056A Ethiopia Restorer KIT32Q CIMMYT Ecuador QPM

33 ICSA 101 ICRISAT A1-CMS KIT34 CIMMYT Ecuador QPM

34 ICSA 743 ICRISAT A2-CMS SRSYN20N CIMMYT Pool 9A Non-QPM

35 ICSA 749 ICRISAT A3-CMS SRSYN20Q CIMMYT Pool 9A QPM

36 ICSA 756 ICRISAT A4-CMS SRSYN48 CIMMYT Ecuador QPM

a Putative heterotic grouping based on phenotypic data of the non-QPM counterparts before conversion to QPM.

Table 1. Description of the 36 sorghum and maize genotypes.

The 32 lowland sorghum lines from Ethiopia were crossed with the four cytoplasmic male-
sterile (CMS) lines using a line x tester mating design. The 128 single-cross hybrids, along with
the parental genotypes plus four checks, were evaluated under rainfed and irrigated condi-
tions. A 12 × 14 incomplete block design (alpha lattice), with three replications, was used for
the evaluation of the hybrids and check varieties. To determine the magnitude of heterosis and
combining ability effects, the maintainer lines were used in place of their male sterile coun-
terparts. An interrow spacing was 0.75 m and intrarow spacing of 0.30 m. Each genotype was
planted in three rows of 3 m long. A 1 m pathway was used to separate between plots. Two
sorghum seeds were planted per hill, and two weeks after emergence the seedlings were
thinned keeping one healthy and vigorous plant.

Performance data on 128 F1 hybrids generated from these parents were used for this study.
Grain yield data were recorded on both rainfed and irrigated plots. Best linear unbiased
estimates (BLUEs) were made from the grain yield performance of 128 hybrids. The BLUEs of
hybrid performance were calculated using trial data from two environments (rainfed and
irrigated) using Genstat for Windows 17th Edition [35]. The BLUEs were then used to calculate
general combining ability (GCA), specific combining ability (SCA) effects, and the level of
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heterosis. Heterotic group’s specific and general combining ability (HSGCA) was computed
as the sum of GCA and SCA. A phylogenetic tree was constructed from the genetic distance
matrix and HSGCA value using the neighbor-joining method implemented in DARwin
software ver 5.0 [36].

This study detected a total of 203 putative alleles and the number of alleles per locus detected
was highly variable ranging from 2 (mSbCIR223, Xcup61, and Xtxp040) to 15 (Xtxp145), with
a mean of 6.8 per locus (Table 2). Our results were slightly higher than Folkertsma et al. [37]
and Ganapathy et al. [25] but lower than Wang et al. [38] and Mutegi et al. [34]. The higher
level of allelic diversity of the SSR loci examined in this study was probably associated with
the wide range of genetic diversity represented in sorghum R lines sampled. The results of a
χ2 test showed significant differences in major allele frequencies with a mean major allele
frequency of 0.50. This result is in congruence with the results of Wang et al. [38]. A total of 60
rare alleles, those occurring at a frequency of ≤5%, were detected by the 30 SSR markers. The
detection of a significant number of rare alleles could be attributed to the high genetic diversity
within the sorghum lines. Polymorphism information content (PIC) values ranged from 0.15
(mSbCIR223) to 0.90 (Xtxp145) with a mean of 0.63 (Table 2). High PIC values have been
reported by others [22, 39]. Among the tested SSRs, 26 markers (87%) revealed PIC values of
greater than 0.5, indicating their usefulness in discriminating between the genotypes. Ob-
served heterozygosity (Ho) ranged from 0.0 to 0.03, with a mean of 0.01, indicating that the test
lines used in the present study were genetically pure lines, which were maintained by
continued self-fertilization. The mean expected heterozygosity (He) was observed to be 0.64
with maximum and minimum He values recorded by SSR markers, Xtxp145 (0.91) and
mSbCIR223 (0.15), respectively. Expected heterozygosity was higher for test materials,
suggesting that 64% of individuals are expected to be heterozygous at a given locus under
random mating conditions. This can be explained by the higher outcrossing rate (5%–50%)
observed in sorghum [40]. The genetic distance between the lines ranged from 0.40 to 0.80,
with overall mean of 0.63 [26].

Locus LG Genetic parameter

N A Ho He PIC

gpsb067 H (8) 6 0.49 0.03 0.68 0.67

gpsb123 H (8) 3 0.47 0.00 0.58 0.57

mSbCIR223 B (2) 2 0.92 0.00 0.15 0.15

mSbCIR240 H(8) 10 0.46 0.03 0.76 0.75

mSbCIR276 C (3) 3 0.64 0.00 0.53 0.52

mSbCIR283 G (10) 10 0.42 0.00 0.79 0.78

mSbCIR286 A (1) 7 0.67 0.00 0.54 0.53

mSbCIR306 A (1) 3 0.50 0.00 0.56 0.55

SbAGB02 E (7) 7 0.36 0.00 0.79 0.78

Xcup02 F (9) 3 0.56 0.00 0.54 0.54
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Locus LG Genetic parameter

N A Ho He PIC

Xcup14 C (3) 3 0.81 0.00 0.33 0.33

Xcup53 A (1) 3 0.67 0.00 0.51 0.50

Xcup61 C (3) 2 0.51 0.03 0.51 0.50

Xgap206 F (9) 10 0.17 0.03 0.89 0.88

Xgap72 I (6) 7 0.44 0.00 0.69 0.68

Xgap84 B (2) 10 0.33 0.00 0.81 0.80

Xtxp010 F (9) 5 0.67 0.00 0.52 0.51

Xtxp012 D (4) 9 0.24 0.03 0.84 0.83

Xtxp015 J (5) 10 0.49 0.00 0.73 0.72

Xtxp021 D (4) 6 0.60 0.03 0.61 0.60

Xtxp040 E (7) 2 0.81 0.00 0.32 0.31

Xtxp057 I (6) 6 0.44 0.00 0.73 0.72

Xtxp114 C (3) 3 0.81 0.00 0.33 0.33

Xtxp141 G (10) 11 0.29 0.03 0.84 0.83

Xtxp145 I (6) 15 0.19 0.00 0.91 0.90

Xtxp265 I (6) 8 0.28 0.00 0.81 0.80

Xtxp273 H (8) 12 0.22 0.00 0.87 0.86

Xtxp278 E (7) 4 0.68 0.03 0.51 0.50

Xtxp320 A (1) 11 0.42 0.00 0.79 0.78

Xtxp321 H (8) 12 0.42 0.00 0.79 0.78

Mean 6.77 0.50 0.01 0.64 0.63

SE 0.68 0.04 0.00 0.04 0.03

N = number of alleles, A = major allele frequency, Ho = observed heterozygosity, He = expected heterozygosity, PIC =
polymorphism information content.

Table 2. Summary statistics for the 30 SSR loci screened across 36 sorghum genotypes.

2.2. Determination of genetic diversity using SSRs in maize

Comparing two marker systems (SSRs and RAPDs), researchers [23] reported that the RAPDs
produced several polymorphic bands, although the resolution power of the agarose gel
electrophoresis was not good enough to allow the bands of both marker systems to be seen
clearly. In the study by Demissew et al. [23], the 25 RAPD markers yielded a total of 31 alleles,
with an average of 1.24 alleles per locus. Only 7.5% of the RAPD primers exhibited polymor-
phic bands, while the majority of the markers were monomorphic. The results were consistent
with the findings of Asif et al. [41]. The application of a given marker in characterizing
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genotypes can be determined by the level of polymorphism it can detect and its discriminatory
potential to distinguish individuals. Higher PIC value was observed for the SSR markers as
compared to RAPD, reflecting the better discriminating power of SSR markers over RAPDs
that makes them ideal for use in fingerprinting of maize lines as was reported by Liu et al. [42].
Garcia et al. [43] also found that the RFLP and SSR polymorphism information content means
were higher than the RAPD and AFLP means.

Marker Chrom. RPL N Ho A PIC

nc130 5 3 3 0.000 0.333 0.404

nc133 2 5 3 0.000 0.343 0.454

phi029 3 4 3 0.029 0.443 0.410

phi046 3 4 3 0.000 0.472 0.412

phi056 1 3 4 0.030 0.561 0.633

phi065 9 5 4 0.056 0.611 0.604

phi072 4 4 4 0.056 0.306 0.401

phi075 6 2 3 0.028 0.236 0.354

phi076 4 6 6 0.143 0.600 0.663

phi079 4 5 5 0.028 0.625 0.690

phi084 10 3 2 0.056 0.333 0.346

phi102228 3 4 3 0.000 0.222 0.337

phi114 7 4 4 0.000 0.515 0.524

phi123 6 4 3 0.000 0.417 0.505

phi299852 6 3 7 0.028 0.681 0.735

phi308707 1 3 3 0.000 0.528 0.541

phi331888 5 3 4 0.028 0.458 0.512

phi374118 3 3 4 0.000 0.417 0.542

phi96100 2 4 4 0.083 0.597 0.659

umc1161 8 6 8 0.091 0.409 0.577

umc1304 8 4 3 0.143 0.386 0.380

umc1367 10 3 4 0.000 0.194 0.303

umc1545 7 4 5 0.000 0.314 0.423

umc1917 1 3 4 0.029 0.357 0.497

umc2250 2 3 2 1.000 0.500 0.375

Mean 3.9 0.073 0.434 0.491

N = number of alleles, A = minor allele frequency, Ho = observed heterozygosity, PIC = polymorphism information
content.

Table 3. Summary statistics for the 25 SSR loci screened across 36 maize genotypes.
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phi075 6 2 3 0.028 0.236 0.354

phi076 4 6 6 0.143 0.600 0.663

phi079 4 5 5 0.028 0.625 0.690

phi084 10 3 2 0.056 0.333 0.346

phi102228 3 4 3 0.000 0.222 0.337

phi114 7 4 4 0.000 0.515 0.524

phi123 6 4 3 0.000 0.417 0.505

phi299852 6 3 7 0.028 0.681 0.735

phi308707 1 3 3 0.000 0.528 0.541

phi331888 5 3 4 0.028 0.458 0.512

phi374118 3 3 4 0.000 0.417 0.542

phi96100 2 4 4 0.083 0.597 0.659

umc1161 8 6 8 0.091 0.409 0.577

umc1304 8 4 3 0.143 0.386 0.380

umc1367 10 3 4 0.000 0.194 0.303

umc1545 7 4 5 0.000 0.314 0.423

umc1917 1 3 4 0.029 0.357 0.497

umc2250 2 3 2 1.000 0.500 0.375

Mean 3.9 0.073 0.434 0.491

N = number of alleles, A = minor allele frequency, Ho = observed heterozygosity, PIC = polymorphism information
content.

Table 3. Summary statistics for the 25 SSR loci screened across 36 maize genotypes.
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In another study, a total of 98 alleles, with a mean of 3.9 alleles per marker, were detected across
30 quality protein maize (QPM) and 6 non-QPM maize inbred lines using 25 SSR markers [24]
(Table 3). The number of alleles detected in this study was in agreement with other studies [44].
Beyene et al. [45] genotyped 62 traditional Ethiopian highland maize accessions with 20 SSRs
and reported a total of 98 alleles and a mean of 4.9 alleles per marker. Legesse et al. [20] reported
an average of 3.9 alleles per marker by genotyping 56 highland and mid-altitude non-QPM
inbred lines using 27 SSRs. Krishna et al. [15] reported a mean of 4.1 alleles using 48 SSR loci
and 63 QPM inbred lines. The mean number of alleles in these studies were, however, lower
than the 5.4 and 6.4 alleles previously reported by Wu et al. [46] and Yao et al. [47], respectively,
but higher than the 3.3 alleles reported by Kassahun and Prasanna [48] and the 2.4–3.4 alleles
reported by Babu et al. [49, 50]. The differences in mean numbers of alleles among different
studies could be attributed to the type of germplasm, sample size, and repeat length of the
SSRs used [24].

Demissew et al. [24] reported PIC values ranging from 0.30 (less discriminative marker,
umc1367) to 0.735 (highly discriminative marker, phi299852) with a mean of 0.491 (Table 3).
According to Botstein et al. [51] PIC guideline, 14 markers from Demissew et al. [24] were
reasonably informative (0.30 < PIC < 0.50) and the remaining 11 markers were highly infor-
mative (PIC > 0.50). The values were comparable with previous reports by Dhliwayo et al. [52]
and Mahar et al. [53] but lower than those of reported by Krishna et al. [15] . Smaller PIC values
may have been due to the presence of relatively few dinucleotide repeat SSR markers [24] as
opposed to a greater number of dinucleotides used in other studies [49, 50] or the presence of
little genetic variability among the genotypes used in that particular study [52].

3. Use of SSR markers in population structure analysis and heterotic
grouping

3.1. Population structure and heterotic grouping in sorghum

In sorghum, a predominantly self-pollinated crop, the exploitation of heterosis began in the
USA in the 1950s. There have been few studies on the mechanism of heterosis, heterotic
grouping, and the use of molecular markers as selection criteria for parents in sorghum when
compared to other crops such as maize [54]. Heterosis in sorghum has been reported in the
form of increased grain, hastened flowering and maturity, increased height, and larger stems
and panicles [54]. Enhanced grain yield was reported by Kambal and Webster [55] to be a
product of an increased number of seeds per panicle and increased seed weight. Hybrid
sorghum cultivars have been demonstrated to be more productive than pure line varieties [56].
Significant heterosis for grain yield and other agronomic traits has been reported in sorghum
[57]. It has also been reported that F1 hybrids have superior buffering capacity across variable
environments than pure lines in sorghum [58]. Consequently, breeding for hybrid cultivars is
a better option than pure line varieties while improving sorghum grain yield.

SSR marker data have frequently been used as a tool to examine the dynamics of differentiation
and population structures within germplasm collections [34, 38]. Cluster analysis using
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neighbor-joining tree analysis and structure analysis can estimate the number of subpopula-
tions and the genetic relatedness among assessed genotypes. The study by Amelework et al.
[22] investigated the extent of genetic differentiation, population structure, and patterns of
relationship among 200 sorghum landraces collected from lowland agro-ecology. The results
obtained from both model-based population structure analysis and neighbor-joining tree
analysis revealed that two group patterns existed. The two distinct subgroups resulted from
farmers’ selection for adaptation for the two main seasons. The results obtained from these
two separate analyses support each other, with small discrepancy between groupings. Out of
the 200 landraces, 32 genotypes were selected based on prior study on the basis of their
relatively better yield performance and better adaptability in a moisture stress environment.
They were kept homogenous through continued selfing and selection.

Figure 1. Dendograms using neighbor-joining based on UPGMA depicting genetic relationship between 32 sorghum
lines: (A) genetic relationship based on HSGCA value under irrigated conditions. (B) Genetic relationship based on
HSGCA value under rainfed conditions. The different groups identified by specific colors (blue for lines that revealed
high and positive HSGCA with ICSA 743, red for ICSA 756, purple for ICSA 749, and black ICSA 101).

Estimation of molecular-based genetic distance have been proven to be a useful way to describe
existing heterotic groups, to identify new heterotic groups, and to assign inbreds of unknown
genetic origin to established heterotic groups [25]. The cluster analysis carried out on the 32
lines and 4 A/B female lines, based on SSR markers, revealed three distinct groups among the
36 parental genotypes [26]. Cluster I consisted of a large number of landraces (15 genotypes).

Microsatellite Markers126



neighbor-joining tree analysis and structure analysis can estimate the number of subpopula-
tions and the genetic relatedness among assessed genotypes. The study by Amelework et al.
[22] investigated the extent of genetic differentiation, population structure, and patterns of
relationship among 200 sorghum landraces collected from lowland agro-ecology. The results
obtained from both model-based population structure analysis and neighbor-joining tree
analysis revealed that two group patterns existed. The two distinct subgroups resulted from
farmers’ selection for adaptation for the two main seasons. The results obtained from these
two separate analyses support each other, with small discrepancy between groupings. Out of
the 200 landraces, 32 genotypes were selected based on prior study on the basis of their
relatively better yield performance and better adaptability in a moisture stress environment.
They were kept homogenous through continued selfing and selection.

Figure 1. Dendograms using neighbor-joining based on UPGMA depicting genetic relationship between 32 sorghum
lines: (A) genetic relationship based on HSGCA value under irrigated conditions. (B) Genetic relationship based on
HSGCA value under rainfed conditions. The different groups identified by specific colors (blue for lines that revealed
high and positive HSGCA with ICSA 743, red for ICSA 756, purple for ICSA 749, and black ICSA 101).

Estimation of molecular-based genetic distance have been proven to be a useful way to describe
existing heterotic groups, to identify new heterotic groups, and to assign inbreds of unknown
genetic origin to established heterotic groups [25]. The cluster analysis carried out on the 32
lines and 4 A/B female lines, based on SSR markers, revealed three distinct groups among the
36 parental genotypes [26]. Cluster I consisted of a large number of landraces (15 genotypes).

Microsatellite Markers126

This cluster consisted of R lines such as 242039B, 244733, 242036, 244735A, 73059, and 214855
that showed highest significant HSGCA in cross-combination with ICSA 749 and ICSA 756.
This group was dominated by late flowering and high biomass lines. The high biomass was,
in turn, expressed as large numbers of leaf and larger leaf width per plant. The second cluster
was composed of 11 landraces and 1 CMS line. All the R lines clustered in this group except
244727, revealing positive HSGCA in cross-combination with ICSA 756. Cluster II was
dominated by early flowering with small panicle and high 100 seed weight genotypes. It was
reported that heterosis in sorghum is expressed as a high plant or crop growth rate as compared
with the parents [59]. The third cluster (III) composed of six landraces and three CMS. This
cluster consisted of three R lines (75454, 239208, and 242049A) with high and positive HSGCA
in cross-combination with ICSA 743 and ICSA 756.

Heterotic groups comprise sets of genotypes that perform well when crossed with genotypes
from a different heterotic group [30]. Heterotic groups in sorghum have been defined by the
milo-kafir cytoplasmic genetic male-sterility system where lines are grouped either as A/B-
lines or R-lines [25]. The independent cluster analysis carried out based on HSGCA value for
grain yield under irrigation and rainfed condition revealed three heterotic patterns based on
the distribution of the 32 lines across environments (Figure 1A and B). In this study, R and B
lines did not show distinct heterotic grouping. The groupings that appeared were mainly based
on the female parents. For example, in Figure 1A, the genotypes assigned to the first cluster
(blue) had high and positive HSGCA value in a cross-combination with ICSA 743. The second
group (purple) composed of 15 genotypes that showed positive HSGCA values in a cross-
combination with ICSA 749. The third group (blue) was mainly represented by genotypes that
revealed positive HSGCA values in a cross-combination with ICSA 756.

The extent of genetic diversity between the two parents has been proposed as a possible
measure of the prediction of heterosis [60]. Although it has been suggested that the genetic
distance between parents is positively correlated with heterosis of F1 hybrids, strong associa-
tion has rarely been observed between heterosis and genetic distance between parents [61].
However, studies in different crops have shown moderate to strong correlation between
combining ability and per se performance [62]. Even though this method is extensively used
for prediction of heterosis, it is hypothetical and relies heavily on field evaluation. In the study
of Amelework et al. [26], it was found that there were significant variations for grain yield,
SCA, HSGCA, mid-, and better-parent heterosis among the 128 F1 hybrids and 36 parental lines
for grain yield. However, the results of the correlation analysis revealed that SSR-based genetic
distance had no significant association with any of the grouping methods across environ-
ments (Table 4). Better-parent heterosis (BPH) under irrigated conditions had no significant
correlation with SCA and HSGCA under both irrigated and rainfed conditions. On the
contrary, both mid- and better-heterosis under rainfed conditions showed significant associa-
tion with SCA, HSGCA, mid-parent heterosis (MPH) under irrigation, and across the two
environments. The lack of significant association between genetic distance and other hybrid
performance indicator in this study is also supported by other studies. In studies on rice [63],
wheat [64], and grain sorghum [65], there were also nonsignificant relationships between
whole genome-based genetic distance and hybrid performance. However, Boppenmaier et al.
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[66] and Mosar and Lee [67] reported significant genetic relationships between genetic distance
and hybrid performance of maize and oats, respectively. The prediction power of genetic
distance has been inconsistent in many studies using different species and different germ-
plasm [68]. This may be because of the peculiarities of many agronomic traits and lack of
common phenotypic assaying methods across environments.

SCA_C SCA_I SCA_R HSGC

A_C

HSGC

A_I

HSGC

A_R

MPH_C MPH_I MPH_R BPH_C BPH

_I

BPH

_R

GD −0.07ns −0.04ns −0.13ns −0.07ns −0.05ns −0.11ns −0.07ns −0.00ns −0.09ns −0.09ns 0.10ns −0.14ns

SCA_C 0.89** 0.78** 0.93** 0.84** 0.74** 0.67** 0.66** 0.51** 0.61** 0.03ns 0.36**

SCA_I 0.49** 0.82** 0.93** 0.48** 0.62** 0.70** 0.36** 0.58**9 0.10ns 0.23*

SCA_R 0.74** 0.51** 0.91** 0.55** 0.45** 0.53** 0.46** 0.12ns 0.35**

HSGCA_C 0.90** 0.79** 0.80** 0.78** 0.59** 0.71** 0.11ns 0.43**

HSGCA_I 0.54** 0.72** 0.83** 0.41** 0.65** 0.21* 0.29*

HSGCA_R 0.68** 0.53** 0.70** 0.58** 0.11ns 0.50**

MPH_C 0.88** 0.78** 0.95** 0.38** 0.70**

MPH_I 0.48** 0.83** 0.56** 0.41**

MPH_R 0.75** 0.11ns 0.92**

BPH_C 0.40** 0.73**

BPH_I 0.16ns

BPH_R

GD = SSR-based genetic distance; SCA_C = specific combining ability effects across irrigation and rainfed conditions;
SCA-I = specific combining ability effects under irrigated condition; SCA_R = specific combining ability effects under
rainfed conditions; HSGCA_C = general plus specific combining ability effects across irrigated and rainfed conditions;
HSGCA_I = general plus specific combining ability effects under irrigated conditions; HSGCA_R = general plus
specific combining ability effects under rainfed conditions; MPH_C = mid-parent heterosis across irrigated and rainfed
conditions; MPH_I = mid-parent heterosis under irrigated conditions; MPH_R = mid-parent heterosis under rainfed
conditions; BPH_C = better-parent heterosis across irrigated and rainfed conditions; BPH_I = better-parent heterosis
under irrigated conditions; BPH_R = better-parent heterosis under rainfed conditions; ns, nonsignificant.
* Significant at 5% level of probability.
** Significant at 1% level of probability.

Table 4. Correlation matrix of the methods of heterotic grouping of the128 hybrids yield performance under irrigated
and rainfed conditions.

3.2. Use of SSR markers in delineation of maize population structures and heterotic groups

Genetic distance estimates are indicators of the presence or absence of relationships among
genotypes. The estimates can be made using various types of molecular markers. Heterotic
group assignment is often made through combining ability experiments. Also, several authors
suggested the use of molecular markers in heterotic grouping [17, 18]. A comparison of SSRs
and SNPs markers were carried out by Hamblin et al. [69] to characterize maize inbred lines,
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to elucidate the population structure, and the genetic relationships among individuals. The
authors reported that the SSRs were markers of choice than SNPs by clustering the test
germplasm into populations and providing more resolution in measuring genetic distance.

A study by Demissew et al. [24] indicated the extent of genetic differentiation, population
structure, and patterns of relationship among 36 maize inbred lines developed from CIMMYT
source germplasm (Table 1). This study used 25 SSRs and applied a model-based population
structure, neighbor-joining cluster, and principal coordinate analyses. All these different
multivariate methods revealed the presence of two to three primary cluster groups, which was
in general agreement with prior pedigree information and partly with the putative heterotic
groups. The model-based population structure analysis in the same study assigned about half
of the inbred lines into their putative heterotic group previously defined by breeders. There
were 17, 14, and 5 inbred lines in cluster groups I, II, and III, respectively (Figure 2). Cluster
Group I was dominated by six lines from the Ecuador heterotic group, four from the Kitale
group, two from the Pool 9A group, three from previously uncategorized lines, and two CMLs
(CML144 and CML491). Out of the 17 lines in Group 1, 8 of them were converted to QPM using
CML176 as donor, whereas only 3 lines out of 17 were converted to QPM using CML144 as
donor.

Figure 2. Plot of PC1 (13.0%) and PC2 (10.5%) from principal coordinate analysis of 36 inbred lines genotyped using 25
SSR markers. Lines that belong to the same heterotic group are indicated with the same color (Ecuador = black; Pool9A
= green; Kitale = blue and unknown = red). Source: Demissew et al. [24].

Three lines in Group I were non-QPM counterparts. A mid-altitude line (F7215Q), which was
converted into QPM using CML159 as donor parent, was also found in this group. Similarly,
the cluster in Group II was dominated by five lines extracted from the Kitale heterotic group,
four from Ecuador, four Pool9A, and one previously uncategorized line. Six lines in Group II
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were converted to QPM using CML144. Five lines were converted using CML176 and the
remaining three lines were again non-QPM counterparts. The other mid-altitude line (142–
1eQ) which was converted into QPM using CML176 as donor parent was also found in this
group. As regards cluster Group III, it included two previously uncategorized lines with
CML144 being used for their conversion to QPM, one from Kitale with CML144 again used as
the QPM donor, one from Pool9A where CML176 was the QPM donor, and CML176 itself.
However, in the report of Bantte and Prasanna [70], it was noted that CML176 and CML144
were categorized together into one cluster group. Such incongruities with the results of other
investigators in assigning inbred lines into heterotic groups may occur due to error in seed
handling or pollination [71]. It may also be caused by differential selection of the different lines
in different environments or genetic drift and mutation [27].

The inconsistent results in identifying heterotic pools following phenotypic evaluations during
the initial phase of development of the inbred lines might have contributed to the failure of
the SSR markers to categorize the remaining 50% of the inbred lines into the known heterotic
groups [24]. Partial or unclear heterotic patterns were previously reported by Semagn et al. [72]
in tropical and subtropical CIMMYT maize inbred lines. It was also noted from the present
study that prior conversions of conventional maize inbred lines into QPM counterparts were
not done systematically leading to disruption of the original heterotic system. The inbred lines
from the three known heterotic groups (Kitale, Ecuador, and Pool 9A) were spread throughout
the three genetic clusters (Figure 2).

The conversions had been done using phenotypic selections without monitoring the genetic
backgrounds using molecular markers. Consequently, recombinants were selected and only a
small portion of the genome of the recurrent parent was recovered. This suggested the need
to use marker-assisted backcrossing (MAB) or marker-assisted selection (MAS) in the devel-
opment of QPM lines through backcross procedures. Marker-assisted breeding and/or MAS
can be used to facilitate background selection and to avoid disruption of newly established
heterotic groups. Furthermore, earlier phenotypic selection methods used by CIMMYT could
have contributed for the lack of genetic information and the partial success of the SSR markers
to recognize all the available heterotic groups. In the early 1990s, broad-based genetic pools
and populations were utilized by CIMMYT breeders to develop inbred lines and open
pollinated varieties (OPV). Consequently, the classification of CIMMYT populations and
inbred lines into heterotic groups through various mating designs has been intensified to
exploit hybrid technologies using different representative testers. However, it is not easy to
cluster inbred lines into their respective heterotic groups if they are extracted from similar
genetic pool or source population without considering origin or heterotic pattern of inbred
lines [73]. Therefore, many generations of reciprocal recurrent selection may be necessary
before the lines from each heterotic group begin to significantly diverge [74].

3.3. Genetic purity analysis of maize lines using SSRs and implications for heterotic
grouping

In a previous study Demissew et al. [23], the genetic variability of quality protein maize (QPM)
inbred lines were investigated using SSR and RAPD markers. A single SSR amplification
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product (allele) per locus was expected from all the inbred lines given the high level of expected
homozygosity. However, “double bands” were detected using SSR markers, which could have
been masked should RAPD markers were only used in that study. The “double bands” or SSR
heterozygosity indicated that some of the QPM inbred lines were not homozygous at the
specific locus. This genetic background is not expected for inbred lines given that these
individuals are a product of continuous and controlled selfing yielding high levels of homo-
zygosity. The SSR markers used in the present study facilitated differentiation of homozygotic
and heterozygotic alleles in the tested inbred lines sourced from the same genetic pool. The
SSR profile observed in this study concurs with the reports of Bantte and Prasanna [70]. A
study by Shehata et al. [75] used SSRs and analyzed the molecular diversity and heterozygosity.
The authors reported that different seed sources of the same inbreeds were important source
of genetic variations. Also, there is a limited genetic variability that can be expected within
inbred lines sourced from the same genetic sources suggesting the danger of ignoring this
during sampling of inbred lines yet evolved through continued selfing. This is not uncommon
in cross-fertilizing crops such as maize where a wide range of genetic variability is expected
due to random crosses or mutational events over time [76].

In a related study conducted by Demissew et al. [24], the genetic purity and classification of
maize inbred lines were tested using SSR markers. The authors reported 4.0–16.7% hetero-
zygosity present among the tested inbred lines showing higher than the expected value after
four generations of continuous selfing. In another study (B. Tadesse, unpublished), a total of
88 maize inbred lines were genotyped using a subset of 191 SNPs, identified for a routine
quality control analysis [77]. This result showed that nearly 78% of the inbred lines showed
high levels of heterozygosity. Factors such as seed admixture, pollen contamination, mislab-
eling of seed sources, and mixing of different seed stocks for planting are reported to be the
source of heterozygous-inbred lines (K. Semagn, unpublished). The study by Warburton et al.
[73] reported that bulking during maintenance breeding, seed regeneration, and contamina-
tion with seeds or pollen of other samples could possibly cause small changes in allelic
frequencies. However, high levels of heterozygosity can significantly change phenotypic
uniformity, heterotic patterns, and hence performance of hybrids. These may result in the
distribution of mixed hybrids lacking proper genetic identity. Consequently, additional
generations of selfing for all lines with high levels of heterozygosity are essential. The levels
of homozygosity should be monitored frequently, especially in QPM materials, because
opaque2 is a recessive gene that is liable to contamination. For new pedigree starts, such
problems could be minimized by implementing a routine quality control genotyping using a
subset of informative markers at different stages in a breeding program [77].

4. Conclusions

SSRs have been proved to be a valuable tool for diversity analysis and to assign inbred lines
into heterotic groups in both sorghum and maize [22–24, 26]. SSR have greater discriminatory
power than RAPDs markers, and can identify genetic relations that are reflective of the
pedigree of the inbred lines. SSR markers were also found to be useful in studying the genetic
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purity and the level of heterozygosity in inbred lines. Genotyping of inbred lines using SSRs
is a reliable way of germplasm characterization which, together with morphological descrip-
tions, leads to unambiguous differentiation of genotypes that can be utilized for hybrid
breeding programs.

Heterotic groups in sorghum have been defined either as A/B-lines or R-lines. However, recent
molecular marker-based diversity studies that utilize more detailed analyses have indicated
the existence of a more complex system of genetic relationships among elite parental lines. In
this study, although nonsignificant association between genetic distance and hybrid perform-
ance was observed, some patterns were detected in the distribution of sorghum genotypes.
The challenges of using SSR markers as a tool for heterotic grouping in sorghum is that the
genetic distance estimates can be affected by several factors such as the distribution of markers
in the genome, the number of markers used, and the nature of the evolutionary mechanism
underlying the variation measured. Additionally, the basic assumption for molecular diversity
to predict hybrid performance is the existence of high levels of gametic phase linkage dise-
quilibrium between yield quantitative trait loci and marker alleles. QTLs influencing heterosis
in grain yield are located in certain chromosomal regions, which are unevenly distributed over
the genome. Therefore, future research should focus on combined use of field-based progeny
tests for yield and yield components, and molecular-based distance measurements to improve
breeding efficiency. To improve prediction efficiency of molecular markers, dissecting the
diversity of individual linkage groups will be exploited.
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Abstract

To date, the genetic loci associated with disease and economic traits have been identified
in  livestock  based  on  linkage  analysis  or  genome-wide  association  studies.  These
analyses require the use of numerous genetic markers, of which microsatellites have
been utilized most extensively because they allow for the easy genotyping of allelic
variation at each locus using PCR. In the domestic goat (Capra hircus), microsatellite
markers are powerful tools for various genetic studies, such as the estimation of intra-
and interpopulation genetic diversity, linkage analyses of phenotypic traits, and marker-
assisted  selection  of  favorable  phenotypes;  however,  the  studies  on  goats  are  less
extensive than those on other major livestock. The aim of this chapter is to summarize
the currently available information on goat breeding using microsatellite markers. In
particular, we use various studies, including our own recent work, to illustrate how
these markers may be used to identify phenotypic traits.

Keywords: animal breeding, domestic goats, linkage analysis, population structure,
quantitative trait locus

1. Introduction

Over the past few decades, several genetic markers have been developed and have contributed
to the progress of various biological fields. Microsatellites, which are composed of between one
and six nucleotide repeats, are some of the most frequently used genetic markers for genomics
[1, 2]. In animal breeding, microsatellite markers have become valuable tools for the estimation
of population genetic structure [3–5] and for marker-assisted selection based on the genetic
mapping of disease and economic traits [6]. Although single nucleotide polymorphism (SNP)
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markers are widely used for genetic studies of livestock, microsatellite markers are still in great
demand worldwide because they can be identified using simple detection protocols. In addition,
microsatellites have several advantages, such as a high level of polymorphism, a codominant
mode of inheritance, and high reproducibility [2].

The domestic goat (Capra hircus) was one of the first animals to be domesticated, with domes-
tication occurring approximately 10,000 years ago [7, 8]. The domestic goat is bred worldwide
as an important resource for animal products, such as meat, milk, and coat, particularly in
China, India, and other developing countries [9, 10]. Despite this economic importance,
considerably fewer genetic studies have been conducted on goat breeding than on the breeding
of other livestock. This is largely because the genomic information available for goats is scarce
and of low quality. In particular, information regarding the number and chromosomal location
of goat genetic markers is limited. Although in a previous study we developed a large number
of new microsatellite markers [11], these were insufficient for linkage analyses of phenotypic
traits. Recently published studies have reported on whole-genome mapping technologies [12]
and on the sequencing data of the goat genome obtained by integrating next-generation
sequencing [10]. Therefore, it is now easier to conduct linkage analyses for phenotypic traits
using these genome resources.

In the following sections, we will critically discuss the information on and advantages and
applications of some of the important aspects of microsatellite markers to genetic studies and
the breeding of domestic goats, including (1) the development of markers, (2) the characteri-
zation of intrapopulation and interpopulation genetic diversity, (3) linkage analyses of disease
and economic traits, and (4) marker-assisted selection using microsatellites.

2. Development of microsatellite markers in goats

Several researchers have developed microsatellite markers for goats. In the initial develop-
ment, several polymorphic microsatellite loci were screened from the goat genomic library
using hybridization with an end-labeled microsatellite probe [13–16]. However, many
researchers used the microsatellite markers developed in cattle and sheep genetic studies
because several markers were available through sequence conservation among the Artiodac-
tyls. Luikart et al. [17] reported that nine microsatellite markers from cattle and five from sheep
were useful for parentage testing in goats. Moreover, a large number of microsatellite markers
derived from cattle and sheep were used to construct the first goat linkage map [18]. This
linkage map was constructed using 612 microsatellite markers, and most were markers from
cattle (approximately 80%) and sheep (approximately 18%).

Although some microsatellite markers from cattle and sheep can be utilized for goats, few goat
genetic markers have been identified for use in genetic studies. Therefore, we sought to develop
new microsatellite markers that are derived from the goat genome. Many methodologies for
obtaining microsatellite loci have been reported. The most common method is the combination
of cloning small genomic fragments and hybridization with an end-labeled oligonucleotide
probe, as mentioned above [13–16]. We also used this approach but found it ineffective,
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probably because microsatellite repeats are less abundant within the goat genomic sequence.
This lack of repeats indicates that the enrichment of genomic sequences, including microsa-
tellites, is indispensable to the efficient isolation of the sequences. Although enrichment
strategies have been developed for microsatellite screening, we used the protocol described
by Glenn and Schable [19]. This protocol is based on linker ligation-mediated PCR using a
unique SuperSNX linker. The amplification of DNA using the SuperSNX linker primer is
biased against producing small PCR products, and PCR products obtained after enrichment
can be cloned directly without contaminating a large proportion of the small DNA fragments
[19]. We succeeded in developing 260 novel microsatellite loci using hybridization with
biotinylated microsatellite oligonucleotide (TG)12 or (AG)12 probes [11]. These developed
markers were composed of two types of repeat motifs containing interrupted DNA sequences:
15 markers contained compound repeats such as (CA)n and (AT)n, and 243 were composed of
simple repeats such as dinucleotide motifs (239 markers), trinucleotide motifs (two markers),
tetranucleotide motifs (one marker), and heptanucleotide motifs (one marker). These results
were the most efficient of the protocols we used. We recommend this protocol for the isolation
of DNA fragments, including microsatellites, if the genome sequence is not available.

In 2013, the ~2.66-Gb genome sequence of a female Yunnan black goat was reported [10]. The
genome project is ongoing. The sequence can be downloaded from the Goat Genome database
[20]. Moreover, the potential microsatellite sequences can be easily identified using web-based
software such as MIcroSAtellite [21], and design primers can then be used to amplify the
genomic region including microsatellites.

3. Characterization of intrapopulation and interpopulation genetic
diversity in goats

Intrapopulation and interpopulation genetic diversity in livestock is required to produce food
in diverse environments, allow sustained genetic improvement, and rapidly respond to
changing breeding objectives [22]. In addition, intrapopulation and interpopulation genetic
information is occasionally required to establish a novel strain that exhibits a similar pheno-
type. Microsatellite markers are often used to estimate genetic diversity because they have
higher polymorphism and reproducibility than other genetic markers.

Several studies have analyzed genetic diversity in Asian goat populations. Goats are an
important livestock in Asia. There are large numbers of individuals, populations, and breeds
of goats in Asia [23]. Moreover, archeological analysis has revealed that the ancestor of
domestic goats was initially domesticated in the Iranian Zagros Mountains [7], in the high
Euphrates valley, and in Southeastern Anatolia [24], which is located in Western Asia. Wei et
al. [25] investigated the genetic diversity of 40 goat populations in China using 30 microsatellite
markers and revealed that the average number of alleles ranged from 4.33 to 8.23 and the
expected and observed heterozygosity (HE and HO) ranged from 0.5070 to 0.7378 and from
0.4336 to 0.6730, respectively. Wei et al. [25] also reported that the Chinese goat population
could be divided into at least four genetic clusters using phylogenetic analysis. In India, Rout
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et al. [26] investigated microsatellite-based genetic diversity in seven Indian goat breeds using
17 markers and detected that the average number of alleles ranged from 0.739 to 0.783 and
that the HE of the goats they assessed ranged from 0.739 to 0.783. In addition, the authors also
suggested that the seven populations of Indian goats could be classified into distinct genetic
groups or breeds using microsatellite markers [26]. Nomura et al. [27] investigated genetic
diversity in East Asian indigenous goat breeds derived from Korea, Taiwan, the Philippines,
Indonesia, Bangladesh, and Mongolia using 26 microsatellite markers and found that the
Mongolian indigenous goat population had higher genetic diversity than the other popula-
tions. Moreover, Nomura et al. [27] also revealed that Shiba goats, which were established as
a small experimental breed in Japan, exhibited lower genetic diversity, indicating that this
breed is composed of genetically homogeneous individuals.

In this study, we demonstrate the structural analysis of intrapopulation genetic diversity in
goats. We analyzed native Korean and Japanese Saanen breed populations using microsatellite
markers. The native Korean population used in this study is a closed herd due to more than
20 years of assortative mating [9]. By contrast, the Japanese Saanen population, which was
established by mating native Japanese goats and European Saanen breeds, constitutes a large
proportion of the dairy goats in Japan. Table 1 shows general information on the genetic
diversity and differentiation of the native Korean and Japanese Saanen breeds. The average
number of alleles (NA) was 3.09 and 4.82 in the native Korean and Japanese Saanen breeds,
respectively. The average expected heterozygosity (HE) and observed heterozygosity (HO) in
the native Korean breeds were 0.48 and 0.45, respectively. In the Japanese Saanen breed, the
HE and HO were 0.64 and 0.57, respectively. Although within-population inbreeding (FIS) of the
native Korean breed was lower than in the Japanese Saanen breed, both the NA and HE/HO in
the native Korean breed indicate that the native Korean breed has lower genetic diversity than
the Japanese Saanen breed. Therefore, the loss of genetic diversity in the native Korean breed
through assortative mating was confirmed using this microsatellite-based analysis. In contrast,
genetic differentiation between the native Korean and Japanese Saanen breeds was indicated
by the among-population genetic differentiation (FST), which was highly significant (P < 0.001).
In the STRUCTURE analysis [28], K = 2 was the most appropriate number of partitions [mean
Ln P (D) = −480.2], indicating that the native Korean and Japanese Saanen breeds are clearly
distinguished by large genetic differentiation (Figure 1).

Strain NA (SD) HE (SD) HO (SD) FIS FST

Native Korean (n = 9) 3.09 (1.30) 0.48 (0.25) 0.45 (0.30) 0.035 0.34**

Saanen (n = 9) 4.82 (1.33) 0.64 (0.17) 0.57 (0.31) 0.107

NA, average number of alleles; HE, expected heterozygosity; HO, observed heterozygosity; FIS, population inbreeding
coefficient; and FST, population genetic differentiation.
**P < 0.01.

Table 1. Intra- and interstrain genetic diversity in native Korean and Japanese Saanen goat breeds calculated using
polymorphisms of 11 microsatellite markers.
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Figure 1. Clustering assignments based on the genotypes of 11 microsatellite markers in native Korean and Japanese
Saanen goat breeds using STRUCTURE software ver. 2.3.4.

Figure 2 shows the results of the structural analysis of the interpopulation genetic diversity of
the native Korean and Japanese Saanen populations, including four native goats [Indonesian,
Mongolian, Bangladeshi, and Japanese (Shiba)] and a wild goat (Bezoar). A neighbor-joining
tree, which was constructed based on the genetic distance among the individuals, was
calculated using GenAlEx ver. 6.5 [29]. Similar to the results obtained using FST and STRUC-
TURE, the native Korean and Japanese Saanen populations were distinctly clustered into
different clades in the neighbor-joining tree (Figure 2). Therefore, our simple analysis using
closed goat populations as a model demonstrates that microsatellite markers are a useful tool
for estimating intrapopulation and interpopulation genetic diversity.

Figure 2. Neighbor-joining tree constructed based on genetic distance calculated using the genotypes of 10 microsatel-
lite loci in domestic and wild goats. The genetic distance among 23 individuals was calculated using GenAlEx ver.
6.502, and the phylogenetic tree was constructed using the neighbor-joining method with the PHYLIP package. NK,
native Korean and JS, Japanese Saanen breeds.
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4. Linkage analysis of disease and economic traits using microsatellite
markers in goats

In animal breeding, it is important to exclude deleterious traits and to select desirable traits.
Linkage analysis is a powerful method for identifying the traits associated with disease and
the productivity/quality of animal products. Microsatellite markers have provided the
genotyping for linkage analysis.

Polled intersex syndrome (PIS) is the most profound genetic disorder in goats and results in
the absence of horns in males and females and sex reversal that exclusively affects XX indi-
viduals [30]. The sex reversal of XX individuals leads to a reduction of milk production and
reproductive efficiency in farmed goats. Based on the development of genomic tools such as
microsatellite markers, the identification of the causative genetic locus for PIS has become
possible. The PIS locus was mapped to the ~1 centimorgan (cM) region of CHI1q43 on goat
chromosome 1 by linkage analysis using microsatellite markers and comparative genomic
analysis [31, 32]. An 11.7-kb deletion of this genomic interval was detected in PIS individuals
and was shown to be the causative mutation for PIS in goats [33]. Recently, Boulanger et al. [34]
demonstrated that the loss of FOXL2, which is encoded in this genomic interval, causes an XX
female to male sex reversal in the goat.

Figure 3. Identification of the genetic locus associated with cashmere productivity using linkage analysis of polymor-
phic microsatellite markers. (A) Strain differences in cashmere productivity between the Shiba (left panel) and Japa-
nese Saanen breeds (right panel). The Shiba breed produces a higher amount of cashmere than the Japanese Saanen
breed. The thin curly hairs and thick straight hairs represent the cashmere (arrows) and the guard hairs (arrowheads),
respectively. (B) Genome-wide linkage analysis using 70 microsatellite markers and 35 backcrossed progenies between
the Shiba and Japanese Saanen breeds. A suggestive linkage associated with cashmere productivity in the backcrossed
progenies was detected on chromosome 5.

In contrast, several economic traits are quantitative traits. Generally, quantitative traits are
influenced by polygenes, namely, quantitative trait loci (QTLs). In goat, traits for fecal worm
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egg count [35] and for resistance to gastrointestinal nematode infections [36] were detected by
QTL linkage analysis using microsatellite markers. Of the goat economic traits, cashmere
productivity is one of the most important traits because of the high market value of cashmere.
We attempted to detect QTLs for cashmere productivity using linkage analysis based on
microsatellite markers in an experimental family generated by backcrossing Shiba and
Japanese Saanen populations, which have high and low cashmere productivity, respectively.
Figure 3A shows the amount of cashmere hair in the Shiba (left panel) and Japanese Saanen
(right panel) populations. Measurement of cashmere production in the 10 F1 hybrid individuals
and 35 backcrossed progeny suggested that a major gene associated with cashmere production
had the dominant effect (data not shown). We performed genome-wide genotyping of the
backcrossed progeny and detected a suggestive linkage (LOD score = 2.0) on chromosome 5
associated with cashmere productivity. Although our mapping data are preliminary because
the sample size and markers are small, a previous study also mapped a QTL associated with
cashmere yield in Rayini goats to an overlap region of chromosome 5 [37].

5. Marker-assisted selection using microsatellite markers in goats

Detection of single locus and QTLs associated with disease and economic traits has led to
enhanced genetic improvement of livestock through marker-assisted selection [37, 38]. Marker-
assisted selection is the indirect selection of animals by linking a marker with a trait but is not
based on the trait itself. All genetic markers, such as morphological and biochemical markers,
are available for marker-assisted selection. However, detection is difficult for some traits
because environmental effects influence these markers. Moreover, these markers cannot
genotype all traits, particularly if the traits are controlled by QTLs on multiple chromosomal
regions. Molecular markers usually do not have any biological effect and can be used for
genome-wide genotyping. Microsatellites are suitable genetic markers for marker-assisted
selection because they have a high degree of polymorphism, are abundantly distributed
throughout the genome, and can be used as the basis of accurate and simple detection
protocols. To date, several economically important QTLs have been reported in goats using
QTL linkage analysis [39]. The microsatellite markers linked with QTLs have also been
reported. We predict that several phenotypes are commonly found in various goat populations
and that the microsatellite markers linked with traits are suitable for marker-assisted selection
to establish highly productive goats in several countries.

6. Concluding remarks

Although we described the advantages of microsatellite markers for breeding goats, the
applications of microsatellite markers have been discussed in a wide range of genetic studies.
Moreover, microsatellite markers are commonly used in other livestock to estimate population
structures and detect QTLs. Recently, SNPs have become a popular genetic marker for genetic
analyses in humans, mice, and livestock, and several SNP genotyping technologies have been
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developed [40–42]. In the future, SNPs may become the main tool for genetic analysis because
large-scale genomic sequences will be published for several breeds and populations. However,
we predict that microsatellite markers will also be used for genetic studies because the
procedure is simple. Above all, we suggest that microsatellite markers are accessible markers
for use at a small scale, such as in a laboratory, because of economic concerns such as cost, time,
and labor.
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we predict that microsatellite markers will also be used for genetic studies because the
procedure is simple. Above all, we suggest that microsatellite markers are accessible markers
for use at a small scale, such as in a laboratory, because of economic concerns such as cost, time,
and labor.
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Abstract

We isolated 41 and characterized 17 microsatellite loci for evaluating the genetic struc-
ture of the Amazonian fish Hypophthalmus marginatus, from the Tocantins and Araguaia
River in the Eastern Amazonia. Of the 17 selected microsatellite sequences, 15 were
dinucleotide repeats, 9 of which were perfect (5–31 repetitions) and 6 were composite
motifs. Among these 17 microsatellites, only two were polymorphic. The average num-
ber of alleles (Na) observed in the five examined populations ranged from 3.5 to 4.5,
while the average observed heterozygosity (Ho) ranged from 0.3 to 0.6. The allelic
frequency was less homogeneous at the locus Hm 5 than that for the Hm 13. Genetic
diversity was measured in three upstream and two downstream populations under the
influence of the Tucuruí Hydroelectric Dam. Our findings provide evidence for low
levels of genetic diversity in H. marginatus of the Tocantis basin possibility related to
the Dam construction. The Fst and Rst analysis fits well with migratory characteristics of
H. marginatus, suggesting the existence of a gene flow mainly in the upstream or down-
stream directions. To test the hypothesis that the Dam was responsible for the detected
reduction on this species genetic diversity, a large number of genetic markers are
recommended, covering geographic distribution range of the fish species.

Keywords: hydroelectric dam influence, migratory fishes, population genetic structure

1. Introduction

Migratory freshwater fishes are vulnerable to a variety of anthropogenic impacts, including
harvesting, pollution, and other types of habitat disturbance. The impact of dams is not only
limited to the transformation of habitats from lentic to lotic but they also isolate the population
from their places of spawning to feeding grounds [1–3]. Therefore, a survival and reproduction
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of migratory fish can be directly affected by changing thermal and hydrodynamic conditions
in their habitat [4]. In the Brazilian Amazonia, over 10 million hectares (ha) of forests are
expected to become permanently flooded after the construction of new-planned dams [5].
Long-term monitoring of fish populations is available only for Tucuruí Dam in the Tocantins
River [6–10], where alterations following impoundment reduced the fish diversity on the reser-
voir resulting in the increase of predators such as Cichla spp. Schneider 1801, and Serrasalmus
spp. Lacepède 1803 [11]. Furthermore, a drastic reduction in fish production has been observed
downstream of the dam, probably due to the low oxygen content of water that runs through the
turbines and the blocking of fish migration [6, 12]. Harvesting of freshwater shrimp downstream
the dam has dropped from 179 tons in 1981, before the dam construction, to only 62 tons in 1988
three years after dam construction, while fish landings declined from 4726 to 831 tons (the dam
was built between 1984 and 1985) [13]. Catches in the reservoir increased to pre-flooding levels
by the early 1990s [8], although nowadays migratory species such as Hypophthalmus marginatus
are still not such abundant as before. Therefore, due to the great economic importance to local
fisheries, the current genetic structure and species/biodiversity conservation of H. marginatus
stocks in the low to medium Tocantins River is a matter of concern and was investigated here.
Besides, helping to understand the impact of the construction of the Tucuruí Dam on the genetic
variability, our results should contribute to the eventual development of population manage-
ment strategies for the studied species and will hopefully arise concerns about the building of
future dams in the Amazon.

2. Materials and methods

The Tocantins is largely a plateau river, flowing for most of its length within an enclosed valley,
draining an area of 343,000 km2. Over the past three decades, its basin has suffered from huge
anthropogenic pressures, including widespread deforestation, mining, and the construction of
the Tucuruí between 1984 and 1985. This dam is one of the world's largest hydroelectric dams,
which has a reservoir of 2840 km2, most of which was originally covered with primary terra
firme forest [9, 10].

2.1. Samples

Eighty-two samples (14–19 per site) obtained from muscle or liver tissue of H. marginatus were
stored in absolute ethanol and frozen at -20°C for future genomic DNA extraction, which was
performed using Sambrook standard protocol [14]. The specimens were preserved in 4%
formaldehyde and deposited in the ichthyological collection of the Museu Paraense Emílio
Goeldí (MPEG 13375, MPEG 17486, MPEG 17499 and MPEG 17578). Microsatellite loci were
characterized in H. marginatus individuals from four different points of the Tocantins River:
Itupiranga (05°06ʹ51.5ʺS, 49°21ʹ34.9ʺW), Tucuruí (04°18ʹ43.06ʺS, 49°19ʹ58.1ʺW), Cametá (02°
03ʹ27.5ʺS, 49°20ʹ31.9ʺW), and Abaetetuba (01°40ʹ42.6ʺS, 49°00ʹ16.6ʺW). Additionally, samples
from one point of Araguaia River (Conceição do Araguaia, 07°58ʹ10.8ʺ S, 49°11ʹ0.6ʺ W) were
included in the analysis (Figure 1).
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2.2. Microsatellite development

Molecular tools such as microsatellites markers can give us a picture of the distribution of the
genetic variability of the natural populations of Amazonian fish [15, 16]. To assess the genetic
parameters of the Hypophthalmus in the Amazon basin, we developed a partial genomic library
of these fishes enriched for microsatellites following the method of selective hybridization with
biotinylated probe types (CT)8, conjugated to streptavidin-coated magnetic beads [17]. After
hybridization, the microsatellite-enriched sequences were amplified by polymerase chain reac-
tion (PCR), ligated into the pGEM-T Easy Vector (Promega Corp., Madison, USA) and
transformed into Escherichia coli TOP 10 electroporated-competent bacteria. The transformed
bacteria were plated on solid medium containing LB-ampicillin (100 mg/ml) + X-gal (2%), and
after growth, the white colonies containing inserts were transferred and grown in 96-well
plates in a liquid Tartoff-Hobbs Broth/ampicillin medium. A total of 96 positive clones were
sequenced in both directions using the BigDye® Terminator v3.1 Cycle Sequencing Kit,

Figure 1. Distribution of the five stocks of Hypophthalmus marginatus sampled on the Tocantins and Araguaia Rivers in
eastern Amazonia.
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according to the manufacturer's instructions (Applied Biosystems, Carlsbad, USA). The
sequences were edited and aligned in the software BioEdit [18].

A total of 96 clones were sequenced, and 17 of these were selected for primer design using the
software Primer3 [19]. In all primer pairs, the forward primers had an M13(-21) tail added to its
5ʹ end [20]. An optimal annealing temperature was inferred using a gradient PCR with tem-
peratures set between 52.3 and 70.5°C (Table 1).

Genotyping reactions were carried out in the Biocycler Thermal Cycler MJ96+/MJ96G (Applied
Biosystems), in a final volume of 10 μL. Each reaction contained 3.8 μL of MilliQ water, 1.2 μL
of 50 mMMgCl2, 1.0 μL of 10 mM dNTPs, 1.0 μL of PCR buffer (100 mM Tris-HCl, pH 8.5, 500
mM KCl), 0.4 μL of 2 μM tailed forward primer, 0.4 μL of 2 μM fluorescently labeled primer,
0.8 μL of 2 μM reverse primer, 0.3 μL of 2.5 U Taq DNA polymerase, and 1 μL of DNA (50–100
ng/μL). Reactions were submitted to the following cycling profile: hot start at 94°C for 60 s
followed by 25 cycles of denaturing at 94°C for 30 s, annealing for 30 s at locus specific
temperatures (Table 1), and extension at 68°C for 30 s; labeling step consisted of 20 cycles of
denaturing at 94°C for 20 s, annealing at 52°C for 30 s, and extension at 72°C for 60 s; final
extension was performed at 72°C for 30 min. The fragments present in 1 μL of PCR product
were separated in 8% polyacrylamide denaturing gel in an ALFexpressTM II (Amersham
Biosciences, Freiburg, Germany) automatic DNA sequencer. Amplicon size was estimated by
the Allele Locator 1.03 software (Amersham Biosciences, India), based on the internal and
external standards provided by the manufacturer.

Using the program Micro-Checker v2.2.3 [21], we verified that null alleles were not present in
the data set. Genetic parameters were obtained with the program Arlequin 3.5 [22].

2.3. Data analysis

To measure the genetic variability within each population, the number of alleles per locus (A),
effective number of alleles per locus (Ae), the observed heterozygosity (Ho), and expected (He)
under Hardy-Weinberg equilibrium (HWE) for each locus and their averages were calculated
using Popgene 32 software [23].

The Genepop 3.1b program [24] was used to test whether the data obtained are significant
deviations from Hardy-Weinberg equilibrium and the occurrence of connection imbalance
between the loci analyzed. This program uses a method of Markov chain to get an unbi-
ased estimate of Fisher's exact test to detect a significant deficiency or excess of heterozy-
gotes [25].

The differentiation between the populations was evaluated by comparing peer-to-peer two
ways: 1. Estimates FST [26], using the Arlequin 3.5 program [22] and 2. Estimates RST [27], by
program RSTCalc [28].

RST is an analog of Wright FST, which is based on the stepwise mutation model (SMM) for
microsatellite loci and has the particularity of not displaying associated bias to differences in
the size of the alleles in the samples of populations and / or differences the variance between
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Locus Primer sequences (5ʹ–3ʹ) Repeat motif (5ʹ–3ʹ) T (°C) Size range

Hm 2 GTTACTCGGGCTCATGGGTA (GT)8A(TG)21 66.5 171

TAGGGCTGAAGGTGAGTGCT

Hm 4 CGTGCATCACTGGAGTCTTC (TAAAAA)3 64.5 204

ATGAAGGATGTCTGCGCTTT

Hm 5* GCAGCTACAGGGCATACTCC (AC)9TG(CA)5 66 183

CTCCCTGTCTCTGCACTTCC

Hm 6 ACCACCATGCTTTAGCCAAG (TG)5 64.5 178

CTCTTGAGCCAGGAAACAGG

Hm 7 GCCCCACGGCTATACATACA (CA)23 56.4 222

CTCTTGCTTACGCGTGGACT

Hm 9 CCCCTTCTCATCGGAGAGTT (TG)5 64.5 298

CACAGACTGCATGCCACAC

Hm 10 CCCGAGGCACTGTAGGTTAG (GA)9 66 239

ATGTGGGAATCCTGGTTCAG

Hm 11 ATCAGTGCACCAGCATCAAG (TG)5CA(TG)7 64.5 285

CATCCTTGTGGGGATTTTTG

Hm 12 CACCAGCACAGCTGATGATTA (GA)12GC(GA)11 63.5 127

GAGGCCCCTACAGTCACATT

Hm 13* GGACAAGGTTGTGTGGGTAAG (TG)8 66 162

GGAGTAGTGACCCGTCTTCG

Hm 14 TGGTGAAACATACCCTGTCG (TG)31 68.1 125

GAGGACACGAGAGAGTCACTGATA

Hm 15 GAGTCTCCACACCACCTGCT (CA)13CG(CA)5 58.8 125

GAGCCTTTGTTATCTGGCTCA

Hm 16 GTGAATTGGTGTTTCTAAAGTGG (TG)15 60.8 100

CCCTAGACAGGGTGCTACTCC

Hm 17 GTTTCTAAAGTGCCCCTTAGTGTG (TG)19A(GT)5 70.5 113

GGCGCCACTCCATCGTAG

Hm EH1 GTCTCCTCCCACAGTCCAAA (TG)18 53.2 152

GGGCAGGAACAACCCTAGAC

Hm EH2 CTGCCCTGCTCTCGTGTTAT (TG)21 53.2 257

AATTCATTAAAAATCCTCAGCGTA

Hm EH3 GTTTCCTCCCACAGTCCAAA (TGGA)13 53.2 300

AAAAATCGAAGGACAGGTAAAA

*Polymorphic.

Table 1. Characteristics of microsatellite loci isolated from Hypophthalmus marginatus.
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loci. Some authors argue that the estimates of FST show lower when compared to RST esti-
mates in same analysis [29].

The existence of linkage disequilibrium between the loci was evaluated by Genepop 3.4
program [24].

3. Results

Among a total of 98 sequenced recombinant clones, 61 clones presented microsatellites. After
sequence analysis, it was found that 41 clones showed more than four repeats of microsatellites
and we have designed and purchased primers for 17 of SSRs.

Among the 17 selected microsatellite sequences were a hexanucleotide, a tetranucleotide, and
15 dinucleotide repeats. Of 15 dinucleotide repeats, nine were perfect (5–31 repetitions) and six
were composite dinucleotide repeat type (Table 1). Of the 17 loci, only two (Hm 5 and Hm 13)
were polymorphic among studied samples.

The average number of alleles (A) observed in five populations examined ranged from 3.5 to
4.5, while the average observed heterozygosity (Ho) ranged from 0.3 to 0.6 (Table 2). The
allelic frequency was less homogeneous to the Hm 5 locus than for the Hm 13; its most
frequent allele was the same for all populations (Table 3).

Significant values of Fst were observed in all comparisons including Abaetetuba and the
comparison of Tucuruí × Conceição (Table 4) gave negative Rst values representing interac-
tions where the variance within a population exceeds the variance between populations.

4. Discussions

Although tested just by two polymorphic SSRs, genetic variability of H. marginatus population is
under the influence of the Tucuruí Dam on the Tocantis River and as measured by heterozygos-
ity test it is relatively low, regarding the number of alleles (absolute and effective). Few studies
use less than six microsatellite markers in population studies [30]. Although we would like to
stress that the results presented here are preliminary, they are consistent with results obtained
with other molecular markers. The importance of our work is that it described a library that can
be used to test for the polymorphism kind of economic importance to the Amazon.

Some populations of H. marginatus, such as those of Abaetetuba and Conceição, had remark-
able low values. We could indicate that the heterozygosity was similar to that shown by other
Siluriformes [31].

A comparison made elsewhere of H. marginatus cytochrome b gene with the same genes in
other freshwater fishes [32, 33] indicates very low genetic diversity levels in H. marginatus,
possibly reflecting a low mutation rate in this species [34] or a characteristic of Pimelodidae, as
found in other studies [35].

The heterozygosity values provided by two microsatellite loci in H. marginatus in five
populations analyzed did not differ between populations upstream and downstream of
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Tucuruí Dam. In these populations, the observed heterozygosity was lower than expected
heterozygosity for all populations, thus indicating that there is no evidence of population
bottleneck. On the other hand, the distribution of heterozygosity did not vary much in com-
parison with other species of commercial fish such as arowana (Osteoglossum bicirrhosum
(Vandelli 1829)) [15] or pirarucu (Arapaima gigas) [16].

There is no much information on populations of H. marginatus, or other Hypophthalmus, as this
knowledge would have been instrumental in understanding the effects of the Tucuruí Dam on
the populations of H. marginatus Tocantins and Araguaia. The values of Fst and Rst showed
little differentiation among populations of the same side of the current course of the Tocantins
River, for example, populations of Conceição and Itupiranga upstream of Tucuruí Dam or

Population (N) Locus A Ae Ho He P – EHW

Abaetetuba (14) Hm 5 4.0 4.0 0.3 0.4 0.3

Hm 13 4.0 4.0 0.4 0.6 0.1

Mean (SD) 4.0 (0.0) 4.0 (0.0) 0.3 (0.1) 0.5 (0.2) 0.2 (0.1)

Cametá (19) Hm 5 6.0 5.5 0.6 0.7 0.2

Hm 13 3.0 3.0 0.4 0.5 0.2

Mean (SD) 4.5 (2.1) 4.2 (1.8) 0.5 (0.1) 0.6 (0.1) 0.2 (0.0)

Itupiranga (15) Hm 5 5.0 5.0 0.7 0.8 0.1

Hm 13 2.0 2.9 0.4 0.5 1.0

Mean (SD) 3.5 (2.1) 4.0 (1.5) 0.6 (0.2) 0.6 (0.2) 0.5 (0.6)

Tucuruí (19) Hm 5 5.0 4.9 0.6 0.7 0.4

Hm 13 3.0 3.0 0.4 0.5 0.3

Mean (SD) 4.0 (1.4) 3.9 (1.3) 0.5 (0.1) 0.6 (0.1) 0.3 (0.1)

Conceição (15) Hm 5 5.0 4.9 0.5 0.7 0.4

Hm 13 4.0 4.0 0.5 0.6 0.9

Mean (SD) 4.5 (0.7) 4.4 (0.6) 0.5 (0.0) 0.6 (0.1) 0.6 (0.3)

N = sample size; A = number of alleles; Ae = allelic richness; Ho = observed heterozygosity; He = expected heterozygosity
second Nei (1973); SD = Standard deviation.

Table 3. Variability intrapopulation in five populations of Hypophthalmus marginatus.

Population Conceição Abaetetuba Itupiranga Cametá Tucuruí

Conceição **** 0.28 (0.000) 0.05 (0.05) 0.04 (0.09) 0.10 (0.001)

Abaetetuba 0.71 (0.0000) **** 0.24 (0.00) 0.28 (0.00) 0.27 (0.000)

Itupiranga 0.35 (0.0006) 0.26 (0.0061) **** 0.005 (0.41) 0.006 (0.350)

Cametá 0.20 (0.0100) 0.47 (0.0002) 0.04 (0.19) **** 0.008 (0.350)

Tucuruí 0.41 (0.0000) 0.42 (0.0000) -0.02 (0.63) 0.02 (0.223) ****

Table 4. Comparisons of peer to peer between the populations of H. marginatus analyzed, with FST values (above the
diagonal) calculated [21]according to Weir and Cockerham (1984), with their respective P-values (in quotes) and values of
Rst (below the diagonal) calculated according to Michalakis and Excoffier (1996) with their respective P-values (in quotes).
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Abaetetuba and Cametá downstream of the same dam gave values of Fst low, as between
populations separated by the dam as Abaetetuba and Conceição, accented Fst values indicat-
ing greater differentiation among populations, probably generated by low levels of gene flow.

Laroche and Durand [36] studied the genetic structure of the Percidae Zinger asper populations,
an endangered endemic species, affected by the construction of a dam built on the River Rhone
in France, and found significant genetic differences between upstream and downstream
populations.

5. Preliminary conclusions

If low differentiation is prevalent, the geographic distribution range of large samples would be
recommended for genetic analyses. It would also be useful to assess the levels of genetic
variability within and among populations from different basins for a better understanding of
population dynamics of these species. Although our conclusions were made by using only two
microsatellite loci analyses, results are consistent with data from mitochondrial markers.
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Abstract

The mud crab (Scylla paramamosain) is a commercially important species for aquaculture
and fisheries in China. In this study, a total of 302 polymorphic microsatellite markers
have  been  isolated  and  characterized.  The  observed  and  expected  heterozygosity
ranged  from  0.04  to  1.00  and  from  0.04  to  0.96  per  locus.  The  wild  populations
distributed along South-eastern China coasts showed high genetic diversity (HO ranged
from 0.62 to 0.77) and low genetic differentiation (FST = 0.018). Meanwhile, a significant
association (r2 = 0.11) was identified between genetic and geographic distance of 11
locations. Furthermore, a PCR-based parentage assignment method was successfully
developed using seven polymorphic microsatellite loci that could correctly assign 95%
of the progeny to their parents. Moreover, three polymorphic microsatellite loci were
identified to be significantly associated with 12 growth traits of S. paramamosain, and
four genotypes were considered to be great potential for marker-assisted selection.
Finally,  a  first  preliminary  genetic  linkage  map  with  65  linkage  groups  and  212
molecular  markers  was  constructed using  microsatellite  and AFLP markers  for  S.
paramamosain. This map was 2746 cM in length, and covered approximately 50% of the
estimated  genome.  This  study  provides  novel  insights  into  genome  biology  and
molecular marker-assisted selection for S. paramamosain.

Keywords: genetic linkage map, growth traits linked loci, microsatellite marker, pa-
rentage assignment, population genetic diversity
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1. Introduction

The mud crab (Scylla  paramamosain),  a  big size crustacean,  is  one of  the most important
aquaculture species and marine fisheries in China. It is naturally distributed along the coasts of
South-eastern China, as well as other East and Southeast Asian countries. Due to the good flavor,
high nutrition value, and fast growth speed, S. paramamosain is now becoming more and more
popular in the above countries. In China, the artificial culture of this crab can date back more
than 100 years [1], and in recent years, the culture production is usually above 100,000 tons per
year [2]. However, the current culture capacity cannot meet the demands of market. Under the
natural conditions, mature S. paramamosain mates inshore, then the gravid females migrate
offshore for spawning eggs, and finally the offspring return to inshore. Nowadays, the wild
resource of this crab including adults and larvae has been decreasing quickly due to seawater
pollution and overexploitation. Therefore, for conservation and sustainable utilization of this
valuable marine resource, we first need to better understand its population genetic diversity
and improve economic traits. Molecular marker-assisted selection (MAS) is thought to be a good
method for genetic improvement, because it can shorten the selection period, and increase the
accuracy of improvement. Of the many known molecular markers, microsatellite marker is an
ideal genetic tool for helping to fulfill this purpose.

Microsatellites, normally known as simple sequence repeats (SSR), are widely used for
population structure analysis [3, 4], parentage assignment [5], genetic map construction [6, 7],
and marker-assisted selection [8, 9] because they are abundantly distributed throughout
genome, codominant, and hyper-variable in most eukaryotic organism genomes. Before this
study, there were only 15 polymorphic microsatellite loci available for S. paramamosain [10,
11]. The lack of efficient microsatellite markers has severely blocked the genetic studies in S.
paramamosain.

The purpose of this study is to massively develop polymorphic microsatellite markers, uncover
the population genetic diversity, create molecular parentage assignment technique, identify
growth performance-associated markers, and construct a genetic linkage map, so as to provide
novel insights into population genetic diversity and genetic improvement of economic traits
for S. paramamosain.

2. Microsatellites and their application in population genetics and MAS

2.1. Material and methods

For microsatellite loci isolation, a total of six different strategies based on PIMA [12], FIASCO
[13], GenBank-derived genes [14], 5’ anchored PCR [15], cDNA library [16], and 454 sequencing
transcriptome [17, 18] have been employed to isolate microsatellite markers. The polymor-
phisms of microsatellite loci were evaluated by using a wild population with approximately
30 individuals.

Microsatellite Markers166



1. Introduction

The mud crab (Scylla  paramamosain),  a  big size crustacean,  is  one of  the most important
aquaculture species and marine fisheries in China. It is naturally distributed along the coasts of
South-eastern China, as well as other East and Southeast Asian countries. Due to the good flavor,
high nutrition value, and fast growth speed, S. paramamosain is now becoming more and more
popular in the above countries. In China, the artificial culture of this crab can date back more
than 100 years [1], and in recent years, the culture production is usually above 100,000 tons per
year [2]. However, the current culture capacity cannot meet the demands of market. Under the
natural conditions, mature S. paramamosain mates inshore, then the gravid females migrate
offshore for spawning eggs, and finally the offspring return to inshore. Nowadays, the wild
resource of this crab including adults and larvae has been decreasing quickly due to seawater
pollution and overexploitation. Therefore, for conservation and sustainable utilization of this
valuable marine resource, we first need to better understand its population genetic diversity
and improve economic traits. Molecular marker-assisted selection (MAS) is thought to be a good
method for genetic improvement, because it can shorten the selection period, and increase the
accuracy of improvement. Of the many known molecular markers, microsatellite marker is an
ideal genetic tool for helping to fulfill this purpose.

Microsatellites, normally known as simple sequence repeats (SSR), are widely used for
population structure analysis [3, 4], parentage assignment [5], genetic map construction [6, 7],
and marker-assisted selection [8, 9] because they are abundantly distributed throughout
genome, codominant, and hyper-variable in most eukaryotic organism genomes. Before this
study, there were only 15 polymorphic microsatellite loci available for S. paramamosain [10,
11]. The lack of efficient microsatellite markers has severely blocked the genetic studies in S.
paramamosain.

The purpose of this study is to massively develop polymorphic microsatellite markers, uncover
the population genetic diversity, create molecular parentage assignment technique, identify
growth performance-associated markers, and construct a genetic linkage map, so as to provide
novel insights into population genetic diversity and genetic improvement of economic traits
for S. paramamosain.

2. Microsatellites and their application in population genetics and MAS

2.1. Material and methods

For microsatellite loci isolation, a total of six different strategies based on PIMA [12], FIASCO
[13], GenBank-derived genes [14], 5’ anchored PCR [15], cDNA library [16], and 454 sequencing
transcriptome [17, 18] have been employed to isolate microsatellite markers. The polymor-
phisms of microsatellite loci were evaluated by using a wild population with approximately
30 individuals.

Microsatellite Markers166

For population genetics analysis, a total of 397 wild individuals were sampled from 11 locations
(Sanmen, Ningde, Zhangzhou, Shantou, Shenzhen, Zhanjiang, Haikou, Wenchang, Wanning,
Dongfang, and Danzhou) of South-eastern coasts of China. Nine polymorphic microsatellite
markers were genotyped in these specimens [19].

For development of parentage assignment technique, four G1 families were collected, with 46
progenies in each family. Family 1 lost both parents information, and families 2, 3, and 4 only
had maternal information. Ten polymorphic microsatellite loci were selected for genotyping
the above crabs [20].

For trait-marker association analysis, a total of 96 three-month-old full-sib specimens were
randomly sampled from a G1 family. Sixteen growth traits including carapace length (CL),
internal carapace width (ICW), carapace width (CW), body height (BH), carapace frontal width
(CFW), carapace width at spine 8 (CWS8), abdomen width (AW), fixed finger length of the
claw (FFLC), fixed finger width of the claw (FFWC), fixed finger height of the claw (FFHC),
distance between lateral spine 1 (DLS1), distance between lateral spine 2 (DLS2), meropodite
length of pereiopod 1 (MLP1), meropodite length of pereiopod 2 (MLP2), meropodite length
of pereiopod 3 (MLP3), and body weight (BW) were measured. Moreover, 129 transcriptome-
derived polymorphic microsatellite loci were genotyped in these animals [17].

For genetic linkage map construction, a G1 family with 95 individuals was selected as mapping
population. Microsatellite and AFLP markers were employed for linkage analysis. A total of
337 polymorphic microsatellite markers and 64 AFLP selective primer combinations were used
in this study [21].

For data analysis, the observed (Na) and effective (Ne) number of alleles, the observed (HO) and
expected (HE) heterozygosity, Hardy-Weinberg equilibrium (HWE), and linkage disequilibri-
um (LD) were calculated by softwares POPGENE 1.31 [22] and ARLEQUIN 3.01 [23]. Signifi-
cance values for multiple tests were corrected by sequential Bonferroni procedure [24]. The
null allele frequency was predicted by MICRO-CHECKER 2.2.3 [25]. Genetic differentiation
was tested by AMOVA analysis using software GENA1EX 6.41 [26]. The UPGMA tree among
11 locations was constructed by software MEGA 4.0 [27]. The links between genetic distance
and geographic distance were evaluated by Mantel test [28]. The exclusion probability of
microsatellite loci and parentage assignment were carried out using software CERVUS 3.0 [29].
Double-blind test was performed using seven most informative microsatellites and 40
specimens. The UPGMA tree of these 40 individuals was created by software MEGA 4.0. The
general linear model (GLM) was used to identify the association between microsatellite loci
and growth performance. A linear animal model with the fixed effects was used as follows:
Yijk = µ + Gi + Sj + eijk, where Yijk is the observed value of the ijkth trait; µ is the mean value of the
trait; Gi is the effect of the ith genotype; Sj is the effect of the jth sex; and eijk is the random error
effect. Significant differences in growth traits among the different genotypes were calculated
through multiple comparison analysis using the S-N-K method. The software JoinMap 3.0 [30]
was used for linkage analysis of microsatellite and AFLP genotypes. The population type was
defined as cross-pollination (CP). A critical logarithm of odds (LOD) score threshold ≥2.5 was
referenced for markers assignment. Linkage groups were drawn by MapChart 2.1 software
[31]. The expected genome size (Ge) was estimated using the formula: Ge = (Ge1 + Ge2)/2 [32]. The
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expected genome size is the sum of the revised lengths of all linkage groups [33]. The observed
map length (Goa) was the total length of groups, triplets, and doublets. The estimated coverage
of the genome (Coa) was calculated as: Goa/Ge accordingly.

2.2. Results and discussion

2.2.1. Isolation and characterization of microsatellite loci

In this study, a total of 302 polymorphic microsatellite markers were successfully developed
by using six different strategies. For methods based on PIMA, FIASCO, GenBank-derived
genes, 5’ anchored PCR, cDNA library, and 454 sequencing transcriptome, a total of 12, 54, 18,
18, 36, and 164 polymorphic microsatellite loci were identified, respectively. A total of 1858
alleles were detected with an average of 6.15 alleles per locus from these microsatellite markers.
The observed and expected heterozygosity ranged from 0.04 to 1.00, and from 0.04 to 0.96 per
locus, respectively. The genotype proportions at 45 microsatellite loci significantly deviated
from Hardy-Weinberg equilibrium expectations after Bonferroni correction; this could be due
to the small sample size or the presence of null alleles, but cannot be attributed to technical or
statistical artifacts. No significant linkage disequilibrium was detected between these loci pairs.
According to the utilities for comparative mapping, molecular markers are classified into two
types: type I markers are linked with genes of known functions, while type II markers are
linked with anonymous genomic fragments. Among these 302 microsatellite loci, 218 may be
associated with functional genes, which were classified as type I markers that are usually
considered to have lower polymorphic level than type II markers. In this study, the genetic
diversity level of type I loci was slightly lower than that of genome-derived loci too. Moreover,
the polymorphisms of type II loci isolated in this study were lower than those described in
previous references [10, 11].

2.2.2. Population genetic diversity and differentiation

The population genetic diversity of S. paramamosain distributed along South-eastern coasts of
China was found to be high by nine microsatellite markers. A total of 104 alleles were observed
at these nine microsatellite loci, with an average of 11.6 alleles per locus. The HO values ranged
from 0.32 to 1.00 per locus-location combination, and from 0.62 to 0.77 per location. This result
was in accordance with the previous study by mtDNA marker [34]. Three factors are usually
thought to be associated with high genetic variation of marine animals: environmental
heterogeneity, the life history characteristics, and large population size [35, 36]. Further, we
determined that the genetic diversity level of S. paramamosain population was gradually
increased from the Northern location to the South. This interesting trend was also found in
previous study by mtDNA marker [34].

Approximately 98.2% of variance was within locations and 1.8% of that was among locations,
which indicated that the population genetic variation mainly existed within locations, and the
genetic differentiation level was very low among locations (Table 1).
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from 0.32 to 1.00 per locus-location combination, and from 0.62 to 0.77 per location. This result
was in accordance with the previous study by mtDNA marker [34]. Three factors are usually
thought to be associated with high genetic variation of marine animals: environmental
heterogeneity, the life history characteristics, and large population size [35, 36]. Further, we
determined that the genetic diversity level of S. paramamosain population was gradually
increased from the Northern location to the South. This interesting trend was also found in
previous study by mtDNA marker [34].

Approximately 98.2% of variance was within locations and 1.8% of that was among locations,
which indicated that the population genetic variation mainly existed within locations, and the
genetic differentiation level was very low among locations (Table 1).
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Source of variation df  Sum of squares Variance components Percentage of variation FST

Among locations 10  83.706 0.064 1.83 0.0183

Among individuals within

locations

386  1465.290 0.388 11.18

Within individuals 397  1199.000 3.020 86.99

Total 793  2747.996 3.472 100

Table 1. AMOVA design and results in 11 locations of Scylla paramamosain.

The mtDNA data also indicated that the population genetic structure of this crab was geneti-
cally homogeneous [37]. Therefore, we concluded that S. paramamosain population distributed
along South-eastern coasts of China is a single genetically homogeneous population with low
differentiation. Moreover, from the UPGMA tree (Figure 1), we observed that there were totally

Figure 1. The UPGMA tree constructed among 11 locations of Scylla paramamosain. SM, Sanmen; ND, Ningde; ZZ,
Zhangzhou; ST, Shantou; SZ, Shenzhen; ZJ, Zhanjiang; HK, Haikou; WC, Wenchang; WN, Wanning; DF, Dongfang;
DZ, Danzhou.
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two groups: one consisted of 10 locations and the other one contained only one location
(Sanmen). Mantel tests showed a significantly positive link between pairwise FST/(1 − FST) and
natural logarithm of geographic distance (km) (Figure 2).

Figure 2. Relationship estimated between genetic differentiation and geographic distance (km) among 11 locations of
Scylla paramamosain.

2.2.3. Parentage assignment technique based on PCR

In this study, 10 polymorphic microsatellite loci produced 1870 genotypes in 184 offspring and
three parents. The genetic diversity indexes showed a relative high variation of these individ-
uals, with HO and PIC values ranging from 0.38 to 0.99 and from 0.44 to 0.75, respectively. Two
loci deviated from HWE in family 1 and 4, four loci in family 2, and six loci in family 3.
According to Mendelian inheritance principle, the genotypes of all parents were successfully
deduced based on genotypes of offspring, suggesting microsatellites are ideal molecular
markers for evaluating genetic relationship among different individuals. In panda and tiger,
microsatellite loci were also successfully used to identify the relationship among different
specimens [38, 39].

Furthermore, the exclusion probability was used to distinguish the pedigree relationship of S.
paramamosain individuals. The PIC value was found to be associated with the exclusion
probability: when the PIC value went up, the exclusion probability increased accordingly.
Moreover, the combined exclusion probability was observed higher than single locus in this
study (Figure 3). Ten microsatellite loci had 97% exclusion probability under without parent
information conditions. The assignment success rate reached to 100% when seven microsatel-
lite markers were combined together under the condition of no any parent information.
Practical application showed that seven microsatellite loci combination could accurately assign
95% of the offspring to right parents (Figure 4).
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Figure 3. Cumulative assignment success rates of seven most informative microsatellite loci of Scylla paramamosain.

Figure 4. The UPGMA dendrogram of 40 progeny of Scylla paramamosain constructed using double-blind test.

2.2.4. Identification of growth performance related microsatellite markers

In aquatic animals, a set of microsatellite markers were identified to link to growth traits [40,
41]. In this study, of 129 polymorphic microsatellite loci, 30 showed polymorphisms in the
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experimental G1 family. Statistical analysis indicated that three markers (Scpa36, Scpa75, and
Spm30) were significantly linked to 12 growth traits (CL, BH, ICW, AW, FFWC, FFLC, FFHC,
CWS8, MLP2, MLP3, DLS2, and BW) in S. paramamosain. Microsatellite marker Scpa36 was
significantly associated with growth traits CL, FFLC, FFWC, AW, MLP2, BH, FFHC, and MLP3.
Out of four genotypes AB, BB, BC, and AC at this locus, the genotype BC had the highest
potential for artificial selection (Table 2). Microsatellite marker Scpa75 was significantly linked
to growth traits ICW, DLS2, MLP3, AW, and CWS8. Among four genotypes AD, AC, BC, and
BD at this locus, the genotypes BC and BD showed the highest correlation rate with growth
traits in S. paramamosain (Table 3). Locus Spm30 was significantly associated with three traits
BH, BW, and DLS2. Multiple comparison analysis indicated that genotypes AC and BD at this
locus had the highest association degree with growth traits (Table 4). Moreover, growth traits
CW, CFW, DLS1, and MLP1 were not found to link to any microsatellite marker in this study.

Locus Genotype Number Growth trait (Means ± SD, mm) 

CL  AW  BH  FFLC  FFWC  FFHC  MLP2  MLP3 

Scpa36 AB 19 47.87

± 7.88a

23.85

± 3.62a

28.37

± 3.96a

43.98

± 7.34a

11.80 ±

2.25a

17.10

± 3.37a

26.58 ± 3.72a21.88 ± 2.88a

BB 21 49.80

± 7.85ab

24.48

± 4.08ab

28.97

± 4.68a

46.90

± 9.20ab

13.01

± 3.14ab

18.65

± 4.39ab

27.29

± 4.71ab

22.98

± 4.33ab

AC 23 52.50

± 8.83ab

26.20

± 4.86ab

30.73

± 5.36ab

49.79

± 9.72ab

14.07 ±

3.25b

19.99

± 4.86ab

28.70

± 5.30ab

24.73

± 3.98bc

BC 21 54.46

± 5.01b

27.08

± 2.75b

32.21

± 3.10b

52.37

± 7.57b

14.39 ±

2.68b

21.01

± 4.29b

30.45

± 3.36b

25.75 ± 2.64c

CL, carapace length; AW, abdomen width; BH, body height; FFLC, fixed finger length of the claw; FFWC, fixed finger
width of the claw; FFHC, fixed finger height of the claw; MLP2, meropodite length of pereiopod 2; MLP3, meropodite
length of pereiopod 3.
a, b, ab, bc and c, the superscripts in different genotypes without a common one are significant different (P < 0.05).

Table 2. Association analysis performed between microsatellite locus Scpa36 and eight growth traits of Scylla
paramamosain.

Locus Genotype Number Growth trait (Means ± SD, mm)

ICW AW CWS8 DLS2 MLP3

Scpa75 AD 32 69.79 ± 11.83a 24.10 ± 4.20a 71.90 ± 12.50a 43.45 ± 7.18a 22.45 ± 4.20a

AC 17 74.70 ± 11.75a 24.98 ± 3.75a 77.03 ± 12.06a 46.65 ± 6.50ab 24.63 ± 3.83a

BD 24 76.82 ± 9.99a 26.85 ± 4.32a 79.15 ± 10.16a 47.21 ± 5.28ab 24.54 ± 3.52a

BC 14 77.59 ± 7.34a 26.45 ± 2.65a 80.00 ± 7.74a 48.69 ± 4.30b 25.51 ± 2.83a

ICW, internal carapace width; AW, abdomen width; CWS8, carapace width at spine 8; DLS2, distance between lateral
spine 2; MLP3, meropodite length of pereiopod 3.
a, b and ab, the superscripts in different genotypes without a common one are significant different (P < 0.05).

Table 3. Association analysis performed between microsatellite locus Scpa75 and five growth traits of Scylla
paramamosain.

Microsatellite Markers172



experimental G1 family. Statistical analysis indicated that three markers (Scpa36, Scpa75, and
Spm30) were significantly linked to 12 growth traits (CL, BH, ICW, AW, FFWC, FFLC, FFHC,
CWS8, MLP2, MLP3, DLS2, and BW) in S. paramamosain. Microsatellite marker Scpa36 was
significantly associated with growth traits CL, FFLC, FFWC, AW, MLP2, BH, FFHC, and MLP3.
Out of four genotypes AB, BB, BC, and AC at this locus, the genotype BC had the highest
potential for artificial selection (Table 2). Microsatellite marker Scpa75 was significantly linked
to growth traits ICW, DLS2, MLP3, AW, and CWS8. Among four genotypes AD, AC, BC, and
BD at this locus, the genotypes BC and BD showed the highest correlation rate with growth
traits in S. paramamosain (Table 3). Locus Spm30 was significantly associated with three traits
BH, BW, and DLS2. Multiple comparison analysis indicated that genotypes AC and BD at this
locus had the highest association degree with growth traits (Table 4). Moreover, growth traits
CW, CFW, DLS1, and MLP1 were not found to link to any microsatellite marker in this study.

Locus Genotype Number Growth trait (Means ± SD, mm) 

CL  AW  BH  FFLC  FFWC  FFHC  MLP2  MLP3 

Scpa36 AB 19 47.87

± 7.88a

23.85

± 3.62a

28.37

± 3.96a

43.98

± 7.34a

11.80 ±

2.25a

17.10

± 3.37a

26.58 ± 3.72a21.88 ± 2.88a

BB 21 49.80

± 7.85ab

24.48

± 4.08ab

28.97

± 4.68a

46.90

± 9.20ab

13.01

± 3.14ab

18.65

± 4.39ab

27.29

± 4.71ab

22.98

± 4.33ab

AC 23 52.50

± 8.83ab

26.20

± 4.86ab

30.73

± 5.36ab

49.79

± 9.72ab

14.07 ±

3.25b

19.99

± 4.86ab

28.70

± 5.30ab

24.73

± 3.98bc

BC 21 54.46

± 5.01b

27.08

± 2.75b

32.21

± 3.10b

52.37

± 7.57b

14.39 ±

2.68b

21.01

± 4.29b

30.45

± 3.36b

25.75 ± 2.64c

CL, carapace length; AW, abdomen width; BH, body height; FFLC, fixed finger length of the claw; FFWC, fixed finger
width of the claw; FFHC, fixed finger height of the claw; MLP2, meropodite length of pereiopod 2; MLP3, meropodite
length of pereiopod 3.
a, b, ab, bc and c, the superscripts in different genotypes without a common one are significant different (P < 0.05).

Table 2. Association analysis performed between microsatellite locus Scpa36 and eight growth traits of Scylla
paramamosain.

Locus Genotype Number Growth trait (Means ± SD, mm)

ICW AW CWS8 DLS2 MLP3

Scpa75 AD 32 69.79 ± 11.83a 24.10 ± 4.20a 71.90 ± 12.50a 43.45 ± 7.18a 22.45 ± 4.20a

AC 17 74.70 ± 11.75a 24.98 ± 3.75a 77.03 ± 12.06a 46.65 ± 6.50ab 24.63 ± 3.83a

BD 24 76.82 ± 9.99a 26.85 ± 4.32a 79.15 ± 10.16a 47.21 ± 5.28ab 24.54 ± 3.52a

BC 14 77.59 ± 7.34a 26.45 ± 2.65a 80.00 ± 7.74a 48.69 ± 4.30b 25.51 ± 2.83a

ICW, internal carapace width; AW, abdomen width; CWS8, carapace width at spine 8; DLS2, distance between lateral
spine 2; MLP3, meropodite length of pereiopod 3.
a, b and ab, the superscripts in different genotypes without a common one are significant different (P < 0.05).

Table 3. Association analysis performed between microsatellite locus Scpa75 and five growth traits of Scylla
paramamosain.
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Among 16 growth traits tested in this study, traits AW and MLP3 were associated with two
loci Scpa36 and Scpa75, and traits BH and DLS2 were associated with two loci Scpa75 and
Spm30. Meanwhile, traits CL, FFWC, FFLC, ICW, MLP2, BW, and CWS8 were associated with
only one microsatellite locus. It is considered to be a common event that one locus contributes
to several quantitative traits and/or several different loci influence a same quantitative trait [41,
42]. In the next artificial breeding program, these three microsatellite markers should be first
considered for marker-assisted selection of S. paramamosain.

Locus Genotype Number Growth trait (Means ± SD, mm)

BH DLS2 BW

Spm30 CD 18 27.34 ± 4.47a 42.13 ± 7.28a 57.72 ± 31.66a

AB 24 29.52 ± 5.24ab 44.78 ± 7.07ab 79.68 ± 38.73b

BD 33 30.88 ± 4.22b 47.28 ± 5.30b 89.53 ± 32.98b

AC 21 31.08 ± 3.58b 47.54 ± 4.25b 92.99 ± 31.06b

BH, body height; DLS2, distance between lateral spine 2; BW, body weight.
a, b and ab, the superscripts in different genotypes without a common one are significant different (P < 0.05).

Table 4. Association analysis performed between microsatellite locus Spm30 and three growth traits of Scylla
paramamosain.

2.2.5. Construction of genetic linkage map

Of 337 microsatellite markers, 118 segregated from parents to offspring of S. paramamosain with
a rate of 35%. Meanwhile, 64 AFLP selective primer combinations produced 574 segregated
bands. After chi-square test according to Mendelian ratio, a total of 470 molecular markers
were suitable for genetic map construction. The phenomenon that markers deviated from
Mendelian ratio could be caused by small population size, scoring errors, selection pressure,
nonrandom segregation, and gametes competition [43].

A first preliminary genetic linkage map was developed for S. paramamosain (Figure 5). This
map contained 65 linkage groups and 212 molecular markers (60 microsatellites and 152
AFLPs). In theory, the number of linkage group is equal to the number of haploid chromosome.
In this study, the haploid chromosome number (N = 49) [44] was much lower than the total
group number (N = 65), which indicated that this genetic map may still be preliminary with
small number and low resolution of markers. The number of markers per genetic group ranged
from 2 to 14, with an average of 3.3. All markers were evenly distributed in genetic groups and
no clustering was found. This linkage map was 2746 cM in length with an average resolution
of 18.7 cM. The expected genome was estimated to be approximately 5540 cM, which covered
about 50% by our preliminary genetic map. In the next step, a high density genetic linkage
map needs to be constructed in order to facilitate QTL mapping and marker-assisted selec-
tion for S. paramamosain.
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Figure 5. Genetic linkage map constructed for the mud crab (Scylla paramamosain). Genetic distances are listed on the
left in Kosambi units (cM). Markers are shown on the right of each linkage group. Amplified fragment length polymor-
phism (AFLP) markers are named by the primer combination and fragment size. Microsatellite markers are in bold.

3. Conclusions

This study isolated and characterized 302 polymorphic microsatellite markers for the mud
crab (S. paramamosain), and uncovered the high polymorphism and low genetic differentiation
of wild populations distributed along South-eastern China coasts. Furthermore, a PCR-based
parentage assignment method was well developed which could correctly assign 95% of the
offspring to right parents. Moreover, three microsatellite loci were identified to link with
growth performance of S. paramamosain. Finally, a first preliminary genetic linkage map was
created for S. paramamosain using microsatellite and AFLP markers. These findings should
provide novel insights into genome biology, wild resource background, and molecular marker-
assisted selection in S. paramamosain.
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Abstract

Up to one million people within the United States may have Lynch syndrome (LS), but
only 10% have been diagnosed.  Early  identification of  these  individuals  is  critical
because they are predisposed to the development of colorectal and several other cancers
at a relatively young age. Individuals with LS carry a germline mutation in one of four
DNA mismatch repair genes, which leads to hypermutability in simple repetitive DNA
sequences. This hallmark molecular phenotype called microsatellite instability (MSI) is
now  widely  used  to  screen  individuals  needing  germline  sequencing  to  confirm
diagnosis of LS. Standardized markers for MSI testing and other improvements in
methodology have greatly improved the accuracy and cost-effectiveness of MSI testing.
The current trend toward universal MSI screening of all colorectal and endometrial
cancers will save lives by identifying LS prior to the development of deadly cancer. New
technologies for MSI detection, such as next generation sequencing, open the possibility
of a single test for LS that determines both tumor MSI status and germline mutations.
Moreover, MSI detection is poised to take on an even greater role in prediction of
responses to the new immunotherapies targeted at MSI-positive tumors.

Keywords: colon cancer, DNA mismatch repair, Lynch syndrome, microsatellite insta-
bility, MSI

1. Introduction

A form of hereditary colon cancer, we now call Lynch syndrome (LS), was first identified more
than 100 years ago, but it was not until 1993 that rapid progress in unraveling the underlying
genetic cause of this disease really began with the serendipitous discovery of a “mutator
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phenotype” in colon cancers. The mutator phenotype observed in colon tumors was mani-
fested as a high level of instability (i.e., insertion and deletion mutations) in simple repetitive
sequences called microsatellites [1–3]. This form of genomic instability now referred to as
microsatellite instability (MSI) has become the hallmark molecular signature of LS. Shortly
after the discovery of MSI, the four DNA mismatch repair (MMR) genes responsible for LS
were identified and the genetic basis for the disease was understood. The role of epigenetics
in silencing the MMR system was later discovered, first in sporadic MSI cancers, then in LS.
With this knowledge and the adoption of standardized guidelines for identifying and testing
individuals at risk for LS, large scale screening for LS became possible and has set the stage
for universal screening of all colorectal cancer (CRC) patients [4]. This milestone is important
as the vast majority of individuals with LS are not diagnosed and an early detection of LS and
identification of at-risk relatives is key to save lives. Finally, targeted immunotherapies offer
new hope for treating the more challenging cases of hereditary and sporadic of MSI-positive
CRC [5, 6].

2. Discovery of microsatellite instability (MSI) and its association with
CRC

2.1. Microsatellite repeats

Microsatellite sequences are 1–6 base pair short tandem repeats that are highly mutable and
ubiquitous in eukaryotic genomes [7–9]. As a consequence of high mutability, microsatellites
tend to be quite variable in populations and therefore are widely used as molecular markers
for linkage mapping, lineage mapping, and genotype identification purposes. Approximately
3% of the human genome contains microsatellite sequences, with mononucleotide repeats,
predominantly poly (A/T) tracts, being the most abundant [10]. Microsatellite mutation rates
vary greatly among loci, ranging from ∼10−6 to ∼10−2 mutations per locus per generation [11,
12]. The tendency of microsatellites to mutate increases with repeat number and can become
pronounced beyond a critical number of repeats [10, 11, 13–15]. The vast majority of mutational
variation can be attributed to intrinsic features of the locus, including repeat motif size, repeat
number, and sequence composition. The major mechanism of mutagenesis in microsatellites
is strand slippage during DNA replication, which can result in either insertion or deletion
mutations in repetitive sequences, if not repaired effectively [16]. Post-replication, mismatch
repair machinery removes any lesions occurring during replication to maintain genome
stability.

2.2. Mutator phenotype hypothesis

In the early 1970s, Loeb [17–21] extended the concept of the “mutator phenotype” observed in
bacteria to cancer biology. He proposed that high error rates due to alterations in DNA
synthesis are causally linked to malignant transformation [18]. Loeb further speculated that
high mutation rates caused by deficiencies in DNA repair activity could also contribute to
cancer development. While earlier discoveries in bacteria had shown increased mutagenesis
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due to defects in DNA polymerases and DNA repair, the contribution of Loeb was to propose
a connection between a mutator phenotype and cancer development. The role of a mutator
phenotype in cancer development is also integral to Nowell's model [21] on tumor progression
that is based on genomic instability providing the variability for clonal outgrowth and tumor
evolution. The type of genomic instability that is described in this model is mainly chromo-
somal instability, in which breaks and rearrangements are increased as a consequence of
inherited defects in DNA repair.

By 1991, Loeb [22] had refined his hypothesis arguing that an increased mutation rate or
mutator phenotype could explain the high number of mutations believed to be present in many
cancers that may be necessary for multistage tumor progression. He speculated that the
spontaneous mutation rate in somatic cells is too low to account for the high number of
mutations found in cancers and that an early step in tumorigenesis must be one that induces
a mutator phenotype. Confirmation that the mutator phenotype contributes to at least some
forms of CRC was conclusively demonstrated by the Cancer Genome Atlas Network study by
measuring genome-wide mutation frequencies in 276 CRC samples [23]. Some (16%) of CRC
samples were found to be hypermutated, with mutation frequencies 100-fold higher than
nonhypermutated CRC. Interestingly, the hypermutated CRC tumors were found to have
alterations in either DNA MMR genes or DNA polymerases.

2.3. Discovery of MSI in CRC

In 1990, Fearon and Vogelstein [24] published the multistep model of colon tumorigenesis in
which they proposed that tumors develop as the result of mutational activation of oncogenes
coupled with the mutational inactivation of tumor suppressor genes. Loss of a specific
chromosomal region in CRCs was interpreted as evidence that the region contained a tumor
suppressor gene and was detected as “loss of heterozygosity” (LOH) in a linked genetic
marker. Following the publication of Fearon and Vogelstein, many investigators started
looking for LOH events to determine the chromosomal location of potential tumor suppressor
genes [24]. In 1993, Perucho and colleagues [1] performed arbitrarily primed polymerase chain
reaction (PCR) to identify differences between normal and tumor samples from the colon. They
noted that the amplicons actually became shorter in a few (12% of 130) tumors. Sequence
analysis revealed that the PCR amplicons were composed of simple repetitive sequences,
principally polyadenine tracts associated with Alu sequences in which one or more adenines
were lost by somatic deletion in the cancers. These cancers, with an estimated 105 ubiquitous
somatic mutations in simple repetitive sequences, had unique clinical and pathological
characteristics. First, these tumors were more likely to arise in the proximal colon, less likely
to be invasive, less likely to harbor mutations in KRAS and TP53, and more likely to occur in
younger patients. Based upon these findings, Perucho and colleagues [1] concluded that these
tumors arose from a unique pathway involving the “catastrophic loss of fidelity in the
replication machinery from normal cells” that caused them to be hereditary.

At the same time, two other groups were also using microsatellite markers to detect LOH to
identify potential tumor suppressor genes [2, 3]. Thibodeau and colleagues [2] found that
microsatellite repeats were often mutated in cancers, with alterations occurring in 25 out of 90
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CRCs. They called this phenomenon “microsatellite instability” and used the abbreviation of
“MIN.” The mutations were denoted as “type 1,” if the deletion or expansion was large and
“type II,” if the change was limited to a single 2-basepair repeat change. The significance of
this difference has never been fully resolved. CRCs with microsatellite instability were found
to be primarily in the proximal colon and were associated with a better prognosis. Based on
these findings, Thibodeau and colleagues [2] reasoned that this was a unique pathway to
tumorigenesis that involved microsatellite instability and not chromosomal instability.

Another group, led by Vogelstein and de la Chapelle, was looking for LOH in LS families at
the microsatellite marker D2S123, which they suspected was linked to a tumor suppressor gene
causing hereditary CRC [3]. They observed many mutations at D2S123 and other microsatel-
lites in the LS patients as well as 13% of sporadic CRC and called this phenomenon, replication
error phonotype. Thus, three different groups had independently discovered MSI and named
it either “ubiquitous somatic mutations in simple repetitive sequences,” microsatellite
instability, or replication error phenotype. These names persisted until 2004 when the partic-
ipants of the National Cancer Institute (NCI) workshop on MSI testing decided that the
biomarker for identifying LS would be called microsatellite instability or MSI [25].

2.4. DNA mismatch repair systems

In the 1960s, 1970s, and early 1980s, laboratories studying bacteria [17, 26–28] and yeast [16]
had discovered DNA mismatch repair and recognized that inactivation of the MMR genes
resulted in widespread mutations at microsatellite sequences (i.e., a mutator phenotype). The
first Escherichia coli mutator strain (mutS1) was isolated by Siegel and Byrson in 1967 and key
MMR genes including mutS, mutL, and mutH were identified through genetic studies in the
1980s [17, 29, 30]. In vitro reconstitution of the E. coli MMR system from individual purified
components facilitated mechanistic studies of individual E. coli MMR proteins [31, 32]. In the
E. coli MMR system, a mismatched base is recognized by a MutS homodimer (Table 1). A MutL
homodimer interacts with the MutS DNA complex, and then a MutH restriction endonuclease
is activated by MutL. The MMR system recognizes the newly synthesized strand by the lack
of methylation at GATC sites. MutH nicks the unmethylated error-containing strand to
introduce an entry point for excision by helicases and exonucleases, and subsequent resyn-
thesis by DNA polymerase III.

Shortly after the discovery of MSI in CRC, Strand and colleagues showed that MMR defi-
cient mutants of the yeast strain Saccharomyces cerevisiae exhibited 100–700-fold increased in-
stability in dinucleotide repeat tracts, demonstrating a clear link between loss of MMR and
MSI [33]. The knowledge that instability in microsatellites was associated with loss of MMR
activity, led to the rapid cloning and identification of the human homologs of yeast MMR
genes [33–37]. Eukaryotic MMR systems were found to be more complex than in prokar-
yotes, but many features are conserved (Table 1) (recently reviewed by [38–40]). In eukary-
otic MMR, MutS and MutL proteins do not function as homodimers, but instead form the
heteroduplexes MSH2-MSH6 (MutSα) or MSH2-MSH3 (MutSβ) that bind to specific mis-
matches to initiate MMR. These heterodimers have different binding specificities, with
MutSα being primarily responsible for repairing single base-base and insertion deletion
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loop (IDL) mismatches, and MutSβ for repairing IDL mismatches. There are also multiple
human homologs of the bacterial gene for MutL, including MLH1, MLH3, PMS1, and PMS2.
Heterodimer MLH1-PMS2 (MutLα), the major MutL complex in humans, is involved in re-
pairing a wide variety of mismatches. Two other MutL heterodimers, MLH1-PMS1 (MutLβ)
and MLH1-MLH3 (MutLγ), appear to have a minor role in MMR. Proliferating cell nuclear
antigen (PCNA) activates MutLα endonuclease activity to nick the DNA in a strand-specific
fashion, which is then removed by EXO1 digestion and the new strand resynthesized by
Polymerase δ and subsequently ligated [39, 41]. Mutator phenotypes conferred by defects in
MSH3, PMS1, and MLH3 are much milder than those conferred by defects in MLH1, MSH2,
MSH6, or PMS2, which are typically associated with LS.

E. coli S. cerevisiae  H. sapiens Function

MutS MSH2-MSH6

(MutSα) 

MSH2-MSH6

(MutSα)

Mismatch recognition, binds to single base and IDL

mismatches

MSH2-MSH3

(MutSβ) 

MSH2-MSH3

(MutSβ)

Mismatch recognition, binds to IDL mismatches

MutL MLH1-PMS1

(MutLα) 

MLH1-PMS2

(MutLα)

Strand incision, endonuclease activity

MLH1-MLH2

(MutLβ) 

MLH1-PMS1

(MutLβ)

Strand incision, endonuclease activity

MLH1-MLH3

(MutLγ) 

MLH1-MLH3

(MutLγ)

Strand incision, endonuclease activity

Dam methylase Absent Absent Methylation of as GATC sites in E. coli

MutH Absent Absent Endonuclease nicks daughter strand at GATC sites,

serves as strand discrimination signal in E. coli

RecJ, ExoI, ExoVII,

ExoX

EXO1 EXO1 Strand excision, 5′–3′dsDNA exonuclease

UrvD None None Helicase, promotes strand excision

β-Clamp PCNA PCNA DNA polymerase processivity factor

γ-Clamp RFC RFC Loading of β-clamp/PCNA

SSB RPA RPA ssDNA binding protein, acts in excision &

resynthesis

DNA Pol III Pol delta Pol delta DNA polymerase involved in gap filling

DNA ligase Unknown Ligase I Repair synthesis

Table 1. Mismatch repair proteins in E. coli, S. cerevisiae, and H. sapiens.

The rate of replication errors can vary by more than a million-fold, depending on the DNA
polymerase and the local DNA sequence [39]. Correcting replication errors in MMR-defi-
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cient and MMR-proficient cells can vary by more than 100,000-fold. The highest error rates
in MMR-deficient yeast strains are for single-base insertion or deletion in long mononu-
cleotide repetitive sequences, reflecting increased strand slippage during replication in
these sequences. For example, Kunkel and Erie [39] reported the probability that a particu-
lar mismatch that will be made by a replicase varies from extremely rare misinsertion of
the dCTP opposite template C by Pol α (≤10−7) to much more frequent single-base deletion
mismatches in long mononucleotide runs (≥10−3). This high intrinsic error rate in replication
of mononucleotide runs helps to explain why mononucleotide repeat markers are extreme-
ly sensitive to MSI in the absence of a functional MMR system.

2.5. MSI pathway in familial and sporadic CRC tumorigenesis

Many investigators support the view that some type of genomic instability is necessary to
generate all the mutations observed in CRC, whereas others reason that mutations required
to form cancer are accumulated spontaneously over long periods of time. Recent advances in
molecular biology, especially sequencing, have revealed that CRCs are highly heterogeneous
arising from several distinct pathways. Four types of genomic or epigenetic instability have
been described in CRCs: chromosomal instability (CIN), microsatellite instability (MSI), CpG
island methylator phenotype (CIMP), and global DNA hypomethylation.

About 3% of all MSI-positive CRCs are LS and about 15% are sporadic CRC [42, 43]. Tumor
development in both LS and sporadic MSI-positive CRC involves the MSI pathway. The
difference is that loss of MMR activity in LS tumors is the consequence of germline mutations
or epimutations, while sporadic MSI-positive CRCs are caused by somatic methylation of the
MLH1 promoter [44]. Sporadic CRCs with MSI are typically diploid, have biallelic methylation
of the MLH1 promoter and subsequent loss of MLH1 protein expression, frequently have
mutations in the BRAF gene, and are associated with better prognosis compared to individuals
with non-MSI tumors. LS CRCs are also typically diploid and are associated with better
prognosis, but have mutations in KRAS instead of BRAF, and have germline mutations or
epimutations in MMR genes MLH1, MSH2, MSH6, and PMS2.

Tumorigenesis in MSI-positive CRC involves changes in the same signaling pathways as
tumors without MSI, but often alterations occur in different genes and by different mecha-
nisms. For example, initiating mutations in the APC gene are common in sporadic CRC. In
contrast, a substantial portion of MSI-positive CRCs do not have mutations in the APC gene,
but rather have mutations with similar consequences in CTNNB1 or other genes in the WNT
signaling pathway. Sporadic non-MSI CRCs typically arise through CIN, whereas MSI-positive
CRCs arise through the MSI pathway. The MSI pathway is characterized by a genome-wide
increase in mutations, especially in microsatellite sequences. Since most microsatellites are in
noncoding regions of the genome, mutations in these loci do not increase cancer risk. In
contrast, mutations in short coding microsatellite sequences can lead to frame shift mutations
and gene inactivation that are linked to cancer risk. For example, mutations in TGFβ-R2 occur
primarily (>90%) in an A10 microsatellite tract that results in inactivation of the TGFβ-R2
protein [45, 46]. Transforming growth factor-β (TGF-β) signaling inhibits proliferation in the
colonic epithelium and MSI-positive tumors often lack inhibitory TGF-β signaling due to
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mutations in the gene for TGF-β type II receptor (TGFβ-R2). Loss of TGFβ signaling is a critical
driver in the MSI pathway, but this is just the tip of the iceberg. There are an estimated 17,654
coding mononucleotide repeats in the human genome [47]. Sequencing of MSI-High (MSI-H)
CRCs has identified recurring mutations in many other coding microsatellite sequences
including tumor suppressor genes and DNA repair genes [48].

Cancer type MSI-High, % Unselected1 Cancer risk, % LS2 References unselected; LS

Colon 13% 10–80% [58]; [49, 51, 59–62]

Endometrium 18–33% 15–71% [63, 64]; [49–52, 59, 65, 66]

Stomach 22% 1–13% [67]; [49, 53, 55, 59, 68–70]

Ovary 10% 4–20% [71]; [49, 53, 54, 58, 59, 69, 72]

Small bowel <1–12% [49, 53, 54, 59, 69]

Urinary tract <1–25% [49, 53, 54, 69, 72, 73]

Skin (sebaceous tumors) 35–60% 1–9% [74, 75]; [76–78]

Brain 1–4% [53, 69, 72, 79]

Prostrate 1% 9–30% [53, 54, 56, 57]

Breast 0–1% 5–18% [80–83]; [49, 53–55, 84]

Hepatobiliary tract 16% <1–4% [85]; [53, 58, 59, 68, 72]

Pancreas 1–4% [53, 66, 86]

Thyroid 63% [87]

Skin (melanoma) 11% [88]

Cervix 8% [89]

Esophageal adenocarcinoma 7% [90]

Sarcoma (soft tissue) 5% [91]

1Percent of MSI-high tumors in unselected population.
2Cumulative risks of cancer by 70 years of age in germline MMR mutation carriers (for all MMR genes and both sexes)
[49–91].

Table 2. Frequency of MSI cancers in LS and unselected populations.

Lifetime cancer risks for LS individuals vary depending upon which MMR gene is mutated
and by gender. The majority (∼80%) of LS tumors have mutations in MLH1 or MSH2. Lifetime
risk of CRC by 70 years of age for MLH1 and MSH2 germline mutation carriers range from 40
to 80%, with higher risk for men (Table 2) [49]. The cumulative lifetime risk of CRC in MSH6
and PMS2 germline mutation carriers is lower, ranging from 10 to 22% [50–52]. LS individuals
also have a significantly increased risk for a variety of extracolonic malignancies (Table 2). The
highest risk is for endometrial cancer, which occurs in up to 71% of women with MSH6
mutations, 54% of those with MLH1 and MSH2 mutations, and 15% of those with PMS2
mutations [51, 52]. Significant cumulative risks also exist for cancers of the stomach, ovary,
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small bowel, urinary tract, skin, pancreas, and brain. Breast and prostate cancers have not
generally been considered part of the LS-associated cancer spectrum, but recent studies have
found an increased risk for these cancers in germline MMR mutation carriers [53–57]. Dudley
and colleagues [6] reviewed reports on the frequency of MSI-H across different tumor types
in unselected populations, which includes both sporadic and familial cancers (Table 2).

3. Early development of MSI markers

3.1. Standardization of MSI testing

After the discovery of MSI in 1993, many laboratories began developing their own methods
for measuring MSI and started to test different types of cancers. Unfortunately, there were no
standards for MSI testing. Assays varied as to which and how many microsatellite markers to
use. Moreover, investigators differed on the per cent of unstable markers necessary to classify
a tumor as MSI-positive. This lack of standardization made it nearly impossible to compare
results between laboratories and resulted in considerable variability in the frequency of MSI
reported for a given tumor type. A number of studies were conducted to determine which
microsatellite markers and what type of repeat motif was most sensitive and specific for the
detection of MSI tumors. Two key studies described below provided the basis for markers
chosen at the National Cancer Institute (NCI) workshop on MSI [25]. The first was by Dietmaier
and colleagues [92] who tested 31 different microsatellites including six mononucleotide, 15
dinucleotide, three trinucleotide, five tetranucleotide, and two pentanucleotide repeats on a
series of 58 primary CRCs. They found that sensitivity and specificity of markers were closely
related to the type of the repeat (highest for mono and dinucleotide repeats) and that MSI could
be subdivided into MSI-H (>20% of markers were unstable), MSI-Low (MSI-L) (<10% unstable
markers), and microsatellite stable (0% unstable markers). The vast majority (14/15) of MSI-H
tumors failed to express MSH2 or MLH1. In contrast, all of the MSI-L and MSI stable tumors
had normal MMR expression. Based on these results, they recommended a diagnostic strategy
for MSI assessment that utilizes a uniform panel of 10 microsatellites in which BAT26, BAT40,
MfdlS, D2S123, and D5S346 were tested first, followed by BAT25, D10S197, D18S58, D18S69,
and MYCLJ if less than 40% of the initial set were mutated. Tumors were defined as MSI-
positive if at least 40% of the tested markers were unstable.

The second study cited by the NCI workshop on MSI testing as a basis for the choice of MSI
markers was a multicenter study to test the reliability and quality of MSI analysis [93]. Eight
laboratories compared MSI analyses performed on 10 matched pairs of normal and tumor
DNA from patients with CRC. They proposed that five microsatellite markers, which were
selected from a panel of 30, should be analyzed in the first run and five additional microsatellite
loci should be added in cases where less than two markers displayed MSI. A preferred set of
five markers was not identified, but they suggested that the microsatellite panel should be
comprised of different repeat types including mononucleotide and dinucleotide repeats. Cases
with more than 40% unstable markers were classified as MSI-positive and those with less than
10% unstable markers were classified as MSI-negative [93].
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In December 1997, the NCI sponsored an international workshop on Microsatellite Instability
in Cancer Detection and Familial Predisposition to further review and unify the field [25]. The
following recommendations (often referred to as the Bethesda guidelines) were made: (1) the
form of genomic instability associated with defective MMR in tumors was to be called
microsatellite instability or MSI, (2) a panel of five microsatellites (two mononucleotide repeats,
BAT-26 and BAT-25; and three dinucleotide repeats, D5S346, D2S123, and D17S250) was
recommended as a reference panel for MSI testing, (3) tumors should be classified as MSI-H
if two or more of the five markers show instability, and MSI-L if only one of the five markers
show instability, and MSI stable (MSS) if no markers were unstable, and (4) a unique clinical
and pathological phenotype is identified for the MSI-H tumors, which comprise about 15% of
colorectal cancers, whereas MSI-L and MSS tumors appear to be phenotypically similar. This
standard was followed until 2004 when revisions were made at a second workshop.

The sensitivity, reproducibility, and cost effectiveness of MSI testing have improved consid-
erably since the early days thanks to the use of all mononucleotide repeat markers and the
introduction of fluorescent multiplex PCR and capillary electrophoresis technologies [94].
Currently, MSI testing involves comparing allelic patterns in microsatellite markers derived
from a tumor and a normal (usually blood) samples from the same individual. A change in
allele size between the normal and tumor samples indicates MSI. To generate the allelic profiles,
DNA is extracted from each sample and amplified by PCR using fluorescently labeled primers
flanking each microsatellite repeat locus. This is most efficiently done by multiplexing,
allowing for simultaneous amplification and analysis of all markers in the panel. The resulting
PCR products are resolved by capillary electrophoresis and the output is analyzed to determine
allele sizes in comparison to known size standards [94]. The classification of tumor MSI status
is based on the Bethesda guidelines [25].

3.2. Lynch syndrome screening guidelines

A number of different sets of criteria have been developed to identify patients who should be
tested for LS (Box 1). The first set was the Amsterdam criteria in 1991, which was later modified
to the Amsterdam II criteria in 1999 [95]. The Amsterdam criteria are very stringent and could
miss as many as 58% of individuals with LS [96]. To address this limitation, the NCI published
the Bethesda guidelines in 1997 and later the revised Bethesda guidelines in 2004 [97, 98]. Still,
between 12 and 28% of individuals with LS could be missed using the revised Bethesda
guidelines [4, 49]. To further increase sensitivity for the detection of LS, the trend has been

Figure 1. National Comprehensive Cancer Network (NCCN) guidelines for LS testing.
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moving toward universal screening of all patients with newly diagnosed CRC. The National
Comprehensive Cancer Network (NCCN) recommends either a selective approach using MSI/
IHC to screen all patients with CRC diagnosed before 70 years of age and also those older
patients who meet the Bethesda guidelines, or universal screening [99] (Figure 1). The selective
strategy would miss only 4.9% of individuals with LS, whereas, universal screening would
theoretically miss none, assuming 100% sensitivity [4].

Box 1. Lynch syndrome screening guidelines

Amsterdam criteria I (1991)

Three or more relatives with colorectal cancer, plus all of the following:

• One affected patient should be a first-degree relative of the other two

• Colorectal cancer should involve at least two generations

• At least one case of colorectal cancer should have been diagnosed before the age of 50 years

Amsterdam II criteria (1999)

Three or more relatives with LS-related cancer (colorectal cancer or cancer of the endometrium, small
bowel, ureter, or renal pelvis) plus all of the following:

• One affected patient should be a first-degree relative of the other two

• Two or more successive generations should be affected

• Cancer in one or more affected relatives should be diagnosed before the age of 50 years

• Familial adenomatous polyposis should be excluded in any cases of colorectal cancer

• Tumors should be verified by pathological examination

Bethesda guidelines (1997)

Only one of the following criteria needs to be met:

• Cancer in families that fulfill the Amsterdam criteria

• Two LS-associated cancers in the same individual, including synchronous and metachronous CRC or
associated extracolonic cancers (including endometrial, ovarian, gastric, hepatobiliary, or small-bowel
cancer, or transitional-cell carcinoma of the renal pelvis or ureter)

• CRC and first-degree relative with CRC and/or LS-associated extracolonic cancers and/or colorectal
adenoma; one of the cancers must have been diagnosed before the age of 45 years and the adenoma
diagnosed before the age of 40 years

• CRC or endometrial cancer that was diagnosed before the age of 45 years
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• Right-sided CRC with an undifferentiated pattern on histology, which is diagnosed before the age of
45 years

• Signet-ring-cell-type CRC that was diagnosed before the age of 45 years

• Adenoma that was diagnosed by the age of 40 years

Revised Bethesda guidelines (2003)

Only one of the following criteria needs to be met:

• CRC before the age of 50 years

• Synchronous or metachronous LS-related tumor

• CRC with 1 or more first-degree relatives with LS-related tumor before the age of 50 years

• CRC with 2 or more first- or second-degree relatives with LS-related tumor

• MSI in CRC in patient before the age of 60 years

• A panel of five quasi-monomorphic mononucleotide repeats may be more sensitive for MSI-High
tumors than other microsatellite markers and may obviate the need for normal tissue for comparison

National Comprehensive Cancer Network (NCCN) guidelines (2015)

• Lynch syndrome tumor screening (i.e., MSI or IHC) should be performed for all patients with colorectal
cancer diagnosed at or before the age of 70 years and also those after the age of 70 years who meet the
Bethesda guidelines

• Or, universal MSI/IHC screening of all CRCs

4. Current use of microsatellite markers for detection of MSI

4.1. Mononucleotide repeats

In 2004, the revised Bethesda guidelines recommended the use of a panel of all mononucleotide
repeat markers to increase the sensitivity of detection [98]. The recommendation was based on
the observation that the original Bethesda MSI panel may underestimate the number of MSI-
H tumors because of the use of dinucleotide repeats [100]. The revised guidelines indicate that
the use of mononucleotide markers improves the sensitivity; hence, workshop participants
suggested that more mononucleotide markers be used to evaluate MSI. The basis for the
recommendation for the use of mononucleotide repeat markers is described below.

The BAT-26 mononucleotide repeat marker in the Bethesda panel is one of the most sensitive
markers for MSI testing. Some investigators have suggested that MSI can be identified by
analyzing tumor DNA with only BAT-26 [101, 102]. Zhou and colleagues analyzed 542 tumors
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from various organs for MSI using a panel of 10 or more microsatellite markers versus BAT-26
[103]. They found concordance of results in 539 out of 542 (99.5%) cases [103].

An unusual property of BAT-26 and a few other microsatellite markers is that most individuals
in the population have a single allele and are thus quasi-monomorphic, which permits MSI
testing using tumor samples only [101, 102]. However, others have shown germline polymor-
phisms in BAT-26, especially in certain racial groups. For example, a study by Samowitz and
colleagues found 7.7% of African Americans are polymorphic for BAT-26 [104]. A more
extensive population study performed by Bacher and colleagues, which included individuals
of Caucasian, African, and Asian descent, found low-level germline variation in BAT-26 and
other quasi-monomorphic markers (Table 3) [94]. Thus, polymorphisms in these microsatel-
lites limit their utility in MSI determinations without the corresponding normal DNA.

NR-21 (%) NR-24 (%) BAT-25 (%) BAT-26 (%) MONO-27 (%)

Caucasian-American 1.1 0.0 0.5 0.6 0.0

African-American 0.8 0.9 9.9 9.8 0.8

Asian-American 5.9 0.0 0.0 0.8 0.8

Table 3. Quasi-monomorphic mononucleotide repeat markers (% polymorphic alleles).

Inclusion of dinucleotide repeats in the Bethesda panel might lead to misclassification of some
cancers. Incorrect assignments can result from a number of different factors. First, dinucleotide
repeats are less sensitive to MSI than mononucleotide repeats [94, 105]. Second, instability
involving only dinucleotide markers can occur in MSS tumors [94, 101, 106]. Third, size
alterations in dinucleotide repeats can be difficult to interpret. Finally, mutations in MSH6 often
do not lead to alterations in dinucleotide repeats [107]. These limitations lead Suraweera and
colleagues [100] to propose using a panel of five quasi-monomorphic mononucleotide repeats
(BAT-25, BAT-26, NR-21, NR-22 and NR-24). They determined the MSI status of 124 colon
tumors, 50 gastric tumors, 20 endometrial tumors, and 16 colon cancer cell lines that had been
previously established. The results were 100% concordant.

Figure 2. The relative sensitivity and specificity of mono-, di-, tetra- and penta-nucleotide repeats for detection of MSI
in mismatch repair deficient CRC.
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To determine the best markers for the MSI testing, a study of 266 mono-, di-, tetra-, and
pentanucleotide repeat markers was conducted to identify those with the highest sensitivity
and specificity for the detection of MSI in MMR deficient tumors [94]. A subset of each marker
type was used to screen 225 human colon tumor samples that had been previously character-
ized for mismatch repair status. Consistent with previous studies, mononucleotide repeats
were found to be the most sensitive and specific type of microsatellite marker for the detection
of MSI (Figure 2). Based on this study, the MSI Analysis System (Promega Corporation,
Madison, United States) was developed; it contains five quasi-monomorphic mononucleotide
repeats, BAT-25, BAT-26, NR-21, NR-24, and MONO-27. The MSI Analysis System has several
advantages over the Bethesda panel, including: (1) increased sensitivity and specificity, (2)
easier interpretation of MSI patterns in mononucleotide repeats compared to dinucleotide
repeats, (3) the quasi-monomorphic nature of the markers simplifies analysis and allows MSI
classification in cases where only tumor samples are available, and (4) the inclusion of two
highly polymorphic pentanucleotide repeats to prevent sample mix-ups (Figure 3) [94, 108].
This MSI kit is now a widely used alternative to the Bethesda panel [94, 108, 109].

Figure 3. MSI analysis of CRC and the corresponding normal sample using the MSI Analysis System (Promega Corpo-
ration, Madison, United States). The electropherogram shows the allelic profile generated from a normal sample (top
panel) and a matching MLH1-deficient tumor sample (bottom panel). New alleles in tumor sample that are not found
in matching normal are indicated by arrows. The panel contains five quasi-monomorphic mononucleotides for MSI de-
terminations, including: JOE-labeled (green) NR-21, BAT-25 and MONO-27; fluorescein-labeled (blue) BAT-26 and
TMR-labeled (black) NR-24. Two highly polymorphic pentanucleotide repeats (Penta-C and Penta-D) are included for
sample identification in case of sample mix-ups or contamination problems.

4.2. Relative utility of MSI and IHC for Lynch syndrome screening

Commonly used screening tools for LS include: family history, tumor pathology, MSI, and
MMR protein detection by immunohistochemistry (IHC). It has been found that family history
and tumor pathology lack sensitivity and specificity for selecting patients for germline
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mutation analysis [4]. In contrast, both MSI and IHC are highly effective strategies. Which
method to use as the primary screening method for the detection of LS is a subject of ongoing
debate [110, 111].

As the hallmark molecular signature of LS, MSI is widely accepted as a primary method for
identifying individuals at risk for LS. Recent improvements in MSI testing have significantly
enhanced accuracy and reduced cost. The advantages of MSI as a screening method for LS
include: (1) high sensitivity for the detection of MMR loss, (2) use of quasi-monomorphic
mononucleotide repeat markers which simplifies data interpretation and allows analysis of
tumor samples alone when matching normal is not available, (3) utilization of fluorescent
multiplex PCR technology that reduces labor, time, and cost of testing, (4) relatively easy
interpretation, and (5) excellent intra- and interlaboratory reproducibility. Disadvantages of MSI
testing include: (1) lack of specificity for LS as sporadic MSI is common, (2) failure to identify
which MMR gene is involved, and (3) 5–10% false negative rate.

Advantages of IHC testing include: (1) high sensitivity and specificity for MMR loss, (2) wide
availability in general pathology laboratories, and (3) identification of which MMR gene is
mutated. IHC has several disadvantages including: (1) requirement for an experienced pathol-
ogist to interpret the results, (2) variable staining pattern, resulting in uncertainty in interpre-
tation, (3) dependence of sensitivity on the antibody panel used, (4) possible lack of reliability
in small biopsy samples, and (5) potential loss of antigenicity owing to nonpathogenic
mutations, which can lead to a 5–10% false negative rate.

The significance, use and implications for MSI and IHC testing are similar, although the tests
are slightly complementary. NCCN guidelines state that both MSI and IHC miss about 5–10%
of cases [99]. Therefore, many labs have adopted the practice of using both MSI and IHC to
maximize sensitivity for the detection of LS.

5. Emerging applications for MSI testing

5.1. Universal screening for Lynch syndrome

Up to one million individuals within the United States may have LS, but less than 5–10% are
likely to have been diagnosed [112, 113]. The optimal strategy for identifying individuals with
LS is a subject of continued debate. Some advocate targeted screening based on age of onset,
family history, and/or histologic criteria to reduce the number of unnecessary tests. Others
prefer universal screening of all CRCs to maximize sensitivity and improve outcomes through
early monitoring. For example, Moreira and colleagues compared various strategies for
identifying patients with LS and found that the revised Bethesda guidelines had a sensitivity
of 87.8% compared with 100% sensitivity of the universal screening approach [4].

To help identify the undiagnosed cases of LS, the NCCN recommends that institutions use
either a selective approach of testing all patients with CRC diagnosed before 70 years of age
plus those diagnosed at older ages who meet the Bethesda Criteria, or universal testing.
Universal MSI/IHC testing on all newly diagnosed colorectal and endometrial cancers
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regardless of family history is practiced by many NCCN member institutions and other
comprehensive cancer centers to identify which patients should have genetic testing for LS
[114–117]. Universal screening has been shown to be cost effective for colorectal cancers and
is endorsed by the Evaluation of Genomic Applications in Practice and Prevention working
group at the Centers for Disease Control and Prevention (CDC), the US Multi-society Task
Force on Colorectal Cancer, and the European Society of Medical Oncology [118–121]. The
Cleveland Clinic has implementing universal MSI/IHC screening since 2004 [122]. Similarly,
Ohio State University Comprehensive Cancer Center has screened all CRC patients for LS since
2006 and projects that if universal screening were adopted nationwide it could save thousands
of lives every year (Figure 4) [112].

Figure 4. Early identification of Lynch syndrome patients saves lives. In 2014, 4100 or 3% of patients newly diagnosed
with CRC carry germline mutations in MMR genes. Each of these individuals will on average have three at-risk rela-
tives. Thus, 16,400 people per year could be potentially saved if all LS patients were identified early by testing CRC for
MSI (adapted from Powell [112]).

5.2. Early identification of LS through screening polyps

Early identification of LS is highly desirable as the risk of developing CRC can be significantly
reduced with increased cancer surveillance [123]. About 60% of CRC in LS cases are not
diagnosed until after the age of 50 [124]. Thus, screening colorectal polyps obtained during
colonoscopy that begins at 50 years of age could help identify LS patients and at-risk family
members before cancer develops.

Screening for MSI in colon polyps could shift LS diagnosis earlier, allowing for earlier
monitoring and improved chances of preventing cancer. However, colorectal polyps exhibit a
milder MSI phenotype compared to more advanced neoplasms, limiting adoption of this
strategy. Estimates for the incidence of MSI in LS adenomas range from 41 to 86% (average of
70%), which is comparable to IHC sensitivity of 49–82% (average of 72%) [125–131]. A study
by Yurgelun and colleagues [130] found that while the overall MSI detection rate in adenom-
atous polyps from individuals with known pathogenic MMR mutations was 54%, all polyps
larger than 10 mm in size exhibited MSI-H and loss of MMR expression by IHC. The higher
level of MSI in the larger polyps is likely due to stepwise nature of MSI, in which larger
deletions result from multiple smaller sequential replication errors that accumulate through-
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out many cell divisions [132]. This phenomenon might explain why it is more difficult to detect
MSI in small polyps as they would undergo fewer cell divisions after loss of MMR activity.
Despite this, MSI can occur at a very early stage of adenoma formation, as it has been found
in aberrant crypt foci of microscopic size [133, 134] and has even been observed in normal
colonic mucosa of patients with LS [135].

Figure 5. Mutation frequency in mononucleotides increases exponentially with repeat length. Markers with poly-A
tracts of 20–30 base pairs are currently used for MSI testing. Markers over 40 base pairs exhibit higher mutability and,
therefore, increased MSI sensitivity.

Increasing the sensitivity of MSI testing could facilitate screening adenomas for early identi-
fication of LS patients. Bacher and colleagues compared the sensitivity of microsatellite
markers with very long poly-A runs of 40–60 base pairs with currently used markers for MSI
testing. The long mononucleotide repeat markers were identified from BLAST searches of
human genome databases and the frequencies of insertion/deletion mutations were compared
to existing markers with shorter poly-A tracks [136, 137]. Mutation frequencies were found to
increase exponentially with increasing repeat length (Figure 5) in agreement with other studies
of microsatellites [13, 15, 138, 139]. This finding is significant as mutation frequencies can serve
as a surrogate for MSI sensitivity.

To determine whether the detection of MSI in colorectal polyps could be increased using long
mononucleotide repeat markers, 430 polyps from 160 patients were screened using the
Bethesda panel, MSI Analysis System (Promega Corporation, Madison, United States), and an
experimental panel of long mononucleotide repeats (Promega Corporation, Madison, United
States) (Figure 6) [140]. Using the long mononucleotide repeat panel, 15 tumors were scored
as MSI-H compared to nine for the Bethesda panel and eight for the MSI Analysis System. This
difference represented a 1.7–1.9-fold increase in relative sensitivity for the detection of MSI-H
polyps over currently used markers. Importantly, a high proportion (80%) of MSI-H polyps
was likely from LS patients. The relative MSI sensitivity of the long mononucleotide repeat
markers was higher than any markers in the Bethesda panel and the MSI Analysis System
(Figure 7). The sensitivity and specificity for the detection of MMR-deficient lesions were
estimated based on IHC data on MMR protein expression (Table 4). The sensitivity and
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specificity were 100 and 96% for the long mononucleotide repeat panel compared to 67 and
100% for the MSI Analysis System and 75 and 97% for the Bethesda panel. The difference in
sensitivity between the long mononucleotide repeat panel and the other panels was statistically
significant.

Figure 6. Prototype MSI Analysis System 2.0 (Promega Corporation, Madison, United States). The multiplex contains
both short mononucleotide repeat markers, NR-21, BAT-25, BAT-26, and MONO-27, and new long mononucleotide re-
peat markers BAT-52, BAT-56, BAT-59, BAT-60, and pentanucleotide repeats Penta-C and Penta-D. The short mononu-
cleotide repeats have a proven track record for MSI testing of CRC and the longer mononucleotide repeats have
increased sensitivity for detection of MSI in colon polyps and extra-colonic tumors that often exhibit attenuated pheno-
types. The pentanucleotide repeats are included to confirm sample identity.

Figure 7. The relative MSI sensitivity of the long mononucleotide repeat (LMR) markers. The percentage of MSI-H tu-
mors that were MSI-positive for each individual marker was determined. The sensitivity of the LMR panel was signifi-
cantly higher than the Bethesda panel (p < 0.0038) and the MSI Analysis System (p = 0.0012) using the t-test.
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Marker True positive False negative True negative False positive Sensitivity (%) Specificity (%)

LMR panel 12 0 67 3 100 96

MSI analysis system 8 4 75 0 67 100

Bethesda panel 9 3 66 2 75 97

Table 4. Sensitivity and specificity of new long mononucleotide repeats (LMR).

The use of the long mononucleotide repeat markers increased confidence in the MSI scoring
as a consequence of a higher number of MSI-positive markers and larger allelic size changes
for a given sample. MSI analysis with the long mononucleotide repeat panel resulted in MSI-
H samples typically (80% of cases) exhibiting instability in four out of five or five out of five
markers. With one exception, these cases also exhibited loss of MMR expression by IHC, had
a germline MMR mutation, or both. Moreover, the significantly larger size changes in long
mononucleotide repeats further simplified MSI classification by reducing the number of
ambiguous calls often associated with small changes in the allele size that are observed when
assaying shorter mononucleotide repeat sequences (Figure 8). The results of this study indicate
that these new long mononucleotide repeat markers can increase sensitivity for the detection
of MSI in polyps to a level approaching that reported in the literature for CRC with current
marker systems. This increased sensitivity opens the possibility of screening polyps for an
early detection of LS, while further study will be needed to be fully confident in these results
and conclusions.

Figure 8. Long mononucleotide repeat markers for MSI analysis typically result in larger allele size changes in MSI-H
tumors. Electropherogram of MSH2-deficient colon tumor and matching normal tissue screened for MSI using the ex-
perimental long mononucleotide repeat panel which shows all five markers were unstable with size shifts of up to 23
base pairs.
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5.3. Alternative methods for LS testing

Current PCR-based MSI testing utilizes a small, standardized panel of highly unstable
mononucleotide repeat markers to detect loss of MMR function. An alternative approach for
MSI testing is to use highly scalable next generation DNA sequencing (NGS) technologies to
infer MSI status. The main advantages of NGS are that multiple targets can be tested simulta-
neously, more efficiently, more cost effectively, and with higher sensitivity than with traditional
Sanger sequencing. The main disadvantages are the greatly increased complexity of results
and the return of uncertain or unexpected findings. Because the majority of MSI-positive
tumors are due to epigenetic changes rather than genetic changes in MMR genes, even
sequencing all MMR genes by NGS will not reliably infer MSI status in a tumor. To address
this limitation, Hempelmann and colleagues [141] used NGS to sequence the five standard
mononucleotide repeat loci in the MSI Analysis Kit (Promega Corporation, Madison, United
States) to determine tumor MSI status. Using NGS they analyzed 81 CRC specimens (44 MSI-
H and 37 MSI stable) previously subjected to PCR-based MSI testing. The MSI status of 95%
of the specimens was interpretable by NGS and all but four samples were concordant with
previous MSI classification. The samples generating ambiguous results were repeated and the
result was the same, indicating that the NGS assay may not confidently infer MSI status for a
small fraction of samples. While the NGS approach did not substantially improve sensitivity
or specificity over existing assays, NGS offers an advantage of automated analysis based on
quantitative, descriptive statistics which the authors suggest may improve intra- and interla-
boratory variation.

Another approach to diagnose LS is direct sequencing of the MMR genes without previous
screening with MSI or IHC. This approach simplifies the traditional multi-step testing
procedure, but greatly increases the number of cases receiving costly germline MMR sequenc-
ing. Moreover, germline mutations in MMR genes may not be found in up to 30% of suspected
LS cases [43]. Heritable, constitutional epimutations in MLH and MSH2 explain many of these
cases [142, 143]. Biallelic somatic mutations in MMR genes may account for up to 60–70% of
germline MMR-negative cases [144]. Another potential limitation of direct sequencing of MMR
genes is the high number of variants of unknown clinical significance, which account for
around one third of germline MMR mutations [145]. The International Society of Gastrointes-
tinal Hereditary Tumors currently reports a total of 3104 MMR gene variants (1198 for
MLH1, 1098 for MSH2, 547 for MSH6, and 261 for PMS2) [146]. Communicating test results
showing variants of unknown significance to patients can be challenging due to the potential
psychological impact of reporting uncertain test results. Since both LS and MSI are caused by
MMR defects, screening with MSI serves as a surrogate marker of LS and is a functional test
for loss of MMR. Determining tumor MSI status also provides a prognostic and therapeutic
value for individualizing treatment not only for LS patients, but also for those with sporadic
MSI-H CRC lacking a germline MMR mutation [5, 6].

5.4. Distinguishing Lynch syndrome from non-Lynch syndrome CRC

There are multiple types of non-Lynch syndrome CRC that can mimic the disease and
confound diagnosis [144, 147]. Many of these tumors are MSI-positive or show loss of MMR
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gene expression by IHC, but lack germline mutations [144, 148]. Distinguishing these mimics
from LS is clinically important, as treatment and surveillance for these patients and their at-
risk family members differ.

Nonfamilial LS mimics include sporadic MSI-positive CRC and Lynch-like syndrome (LLS)
cancers. Hyper-methylation of the MLH1 gene is responsible for about 80% of cases where
MLH1 is missing without MLH1 germline mutations. These sporadic MSI-positive CRC are
fairly easy to distinguish from LS because of older age of onset, lack of family history of cancer,
the presence of BRAF V600E mutation, and/or methylation of MLH1. More challenging are
cases where the LLS cancers exhibit MSI and loss of MMR expression, but patients lack
germline MMR mutations [149]. Mutations in EPCAM explain about 20–25% of LLS cases
which show loss of MSH2 expression but no germline MSH2 mutation. Deletions in the
EPCAM gene lead to hypermethylation of the MSH2 promoter and subsequent MSH2
silencing. Most (70%) of the remaining unexplained LLS cases have cancers with biallelic
somatic MMR mutations [148]. Thus, the distinguishing features of LLS are an MSI-positive
phenotype and somatic biallelic MMR gene mutations. LLS has also been shown to occur in
some endometrial cancers [148].

Familial CRC mimics include (1) polymerase proofreading associated polyposis (PPAP) caused
by mutations in POLE or POLD1, (2) familial colorectal cancer type X (FCCTX) of unknown
etiology, (3) germline MLH1 methylation, and (4) constitutional mismatch repair-deficiency
(CCMRD) caused by biallelic germline MMR mutations. PPAP is a rare inherited form of CRC
that is caused by germline mutations in POLE (encoding DNA polymerase ε) or POLD1
(encoding DNA polymerase δ) [150, 151]. Individuals with PPAP can develop CRC as early as
20 years of age and POLD1 mutation carriers are also at increased risk for endometrial and
brain cancers. Tumors from PPAP individuals are MSI stable even though they have 100-fold
more mutations in nonrepetitive DNA than sporadic MSI-positive tumors [23]. The absence
of MSI in these CRCs is a distinguishing feature of PPAP. Another type of familial CRC lacking
MSI and germline MMR mutations is familial colorectal cancer type X (FCCTX) [152]. The
genetic cause of FCCTX is unknown. FCCTX individuals have about twofold increased risk of
CRC compared to the general population, but do not develop other LS-spectrum cancers.
Methylation of MLH1 is usually associated with sporadic MSI-positive CRC and is not
heritable. However, in rare cases inherited germline epigenetic silencing of MLH1 has been
reported to predispose to cancer development in a pattern typically found in LS families [153].
CRC and other tumors from individuals with MLH1 germline epimutations exhibit MSI and
lack of MLH1 expression. Diagnosis of MLH1 germline epimutations is accomplished by
methylation analysis of tumor and germline samples. Constitutional mismatch repair-
deficiency (CMMRD) is another rare disorder that is caused by biallelic germline mutations in
MMR genes (most commonly PMS2 and MSH6) that predisposes them to childhood cancers
[154]. CMMRD individuals may present with CRC, brain tumors and/or leukemia and
lymphoma. These tumors exhibit MSI and loss of MMR protein expression like LS, but can be
distinguished by presence of biallelic germline MMR gene mutations. Screening CRC tumors
for MSI followed by germline MMR sequencing is an effective strategy to distinguish LS from
these non-LS diseases.
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5.5. Use of MSI as a predictive biomarker

MSI-positive CRC is associated with a better prognosis and a decreased likelihood of metastasis
to lymph nodes and distant organs [155]. A meta-analysis with 7642 cases clearly demonstrated
that patients with MSI-H tumors have a significantly better prognosis than those with MSS
tumors (hazard ratio for death = 0.65) [156]. There is growing evidence that the improved
prognosis of MSI-positive tumors is due to the accumulation of frame shift mutations in genes
containing coding microsatellites [157]. Translation of proteins with mutation-induced frame
shift peptides renders MSI cancers highly immunogenic, allowing the body's immune system
to more effectively target cancer cells.

Figure 9. MSI is a biomarker for PD-1 blockage immunotherapy. Increased mutational burden in MMR-deficient tu-
mors creates mutation associated neo-antigens (MANA) responsible for the immune response. Tumors with MSI evade
immune surveillance by upregulation of immune checkpoint proteins programmed cell death 1 (PD-1) and its ligand
PD-L1. Interaction of the PD-1 co-receptor and its ligand PD-L1 suppresses the immune system, and antibodies to ei-
ther molecule have shown promise for reinvigorating the immune system, allowing T-cells to target and destroy cancer
cells. Ab, antibody; MHC, major histocompatibility complex; TCR, T cell receptor; *, mutation.

While MSI status is a good prognostic factor for CRC, its predictive value for chemosensitivity
remains controversial. The initial study on the use of 5-FU-based adjuvant chemotherapy by
Ribic and colleagues [158] found that patients with advanced stage MSI-negative CRC
benefited, but patients with MSI-H CRC did not. A number of subsequent clinical studies have
confirmed these results [159, 160]. The clinical results are supported by in vitro evidence
showing that MutSα and/or MutSβ binds to 5-FU incorporated DNA resulting in cell death,
indicating that a functioning MMR system is required for the cytotoxic effect of 5-FU [161]. In
contrast, a number of studies have failed to find any effect of MSI status on 5-FU treatment
response [162–164]. A recent meta-analysis involving 9212 patients concluded that there was
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no clear difference in response to treatment based on MSI status [164]. However, the evidence
for a detrimental effect of 5-FU treatment on MSI-positive tumors was sufficiently strong to
justify another clinical trial (ClinicalTrials.gov identifier: NCT00217737; this study is ongoing)
to assess the role of MSI in predicting response to adjuvant chemotherapy.

One of the most promising new approaches for treating advanced CRC is immune checkpoint
therapy, which activates the body's natural antitumor activity (Figure 9) [5, 6]. Immune
checkpoint therapy is less toxic than chemotherapeutic regimens and has potential for durable
responses in advanced cancer patients who may otherwise only live a few months. It is
estimated that approximately 50% of CRC in patients will progress to metastatic cancer.
Prognosis for advanced CRC remains poor with overall 5-year survival at 70% for patients with
localized lymph node metastases and 13% for patients with organ metastases.
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point molecules in MSI CRC creates an immunosuppressive microenvironment that is thought
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of stage IV CRC with anti-PD-1 antibody pembrolizumab have been shown to be promising
for reinvigorating the immune system to target and destroy cancer cells (Figure 10) [5]. MSI
was found to be a significant predictor of the progression-free survival rate of 78% for MMR
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by frameshift mutations in coding repeats in MMR-deficient cells. High expression of check-
point molecules in MSI CRC creates an immunosuppressive microenvironment that is thought
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of stage IV CRC with anti-PD-1 antibody pembrolizumab have been shown to be promising
for reinvigorating the immune system to target and destroy cancer cells (Figure 10) [5]. MSI
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6. Summary and concluding remarks

The vast majority of the estimated one million individuals with LS in the United States are not
diagnosed. Early identification of individuals with LS is critical as the risk of developing cancer
can be significantly reduced with increased surveillance. It is now recognized that screening
strategies which rely on clinical criteria alone for the diagnosis of LS lack the needed sensitivity
and that new strategies are required to address the underdiagnoses of the disease. The medical
and life costs related with missed diagnosis are substantial due to the high costs and poor
prognosis associated with treating advanced cancers. In an effort to increase detection of LS,
there has been a growing support for universal screening of all new colorectal and endometrial
cancers. Since definitive diagnosis of LS requires expensive germline MMR mutation analysis,
cost-effective strategies are needed to prescreen for possible LS patients to triage those who
will need germline analysis. In 1993, MSI became the first biomarker to be used for the detection
of LS. Subsequent improvements, such as the change to all mononucleotide repeats and the
introduction of fluorescent multiplex PCR methodology, have made MSI a highly accurate and
cost-effective biomarker for LS (Figure 11). New technologies for MSI detection, like next
generation sequencing, open the possibility of a single test for LS that determines tumor MSI
status and MMR germline mutations. MSI is currently an important prognostic and diagnostic
biomarker for LS, but it is poised to take on a much greater role in prediction of responses to
the new immunotherapies targeted at MSI-positive tumors.

Figure 11. Time line of important events in the development of MSI testing for LS [1, 6, 8, 17, 25, 37, 44, 94, 98, 100, 118,
122, 124, 141, 165–174].
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Abstract

Cancer is a genetic disease. Cancer cells contain various mutations, which includes SNPs
to  chromosomal  aberrations.  Together,  these  changes  are  referred  to  as  genome
instability. Genetic instability is one of the common characteristics of colorectal cancer.
In colorectal cancer three major types of genetic instability have been reported. They are
chromosomal  translocations,  microsatellite  instability  (MSI),  and  chromosome
instability (CIN). Microsatellite instability occurs due to variations in DNA mismatch
repair genes, while chromosomal instability is distinguished by major chromosomal
alterations occurring at cell division and usually involves β‐catenin and Adenomatous
polyposis coli protein (APC) mutations. This chapter summarizes the major molecular
mechanisms leading to genomic and microsatellite instability and tumorigenesis.

Keywords: cancer, colorectal cancer, genomic instability, microsatellite instability, mis‐
match repair

1. Introduction

Genomic and microsatellite instability (MSI) play critical roles in both cancer initiation and
progression. This instability can manifest itself genetically on several different levels, ranging
from simple deoxyribonucleic acid (DNA) sequence changes to structural and numerical
abnormalities at the chromosomal level [1]. Since 1990s many researchers reported the presence
of microsatellite instability as a common molecular mechanism in colorectal cancers [2]. Since
then, several studies using numerous methods have characterized MSI molecular subtype [3].
Around 15% of colorectal cancer tumors with a mismatch repair (MMR) system deficiency is
owing to germline, somatic, or epigenetic inactivation [4]. Large number of CRC patients is
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reported to have deficient MMR system [5]. MSI has only slowly been accepted as a clinically
significant aspect of tumor biology even though it is a well‐established molecular marker for
Lynch syndrome patients [6]. The present chapter provides an overview of genomic instability
and molecular basis of the MMR system, the detection of MSI, and the molecular features of
these tumors.

2. Genomic instability

Genetic instability is one of the common characteristics of colorectal cancer. Three major types
of genetic instability have been reported in colorectal cancer [7–10]. Microsatellite instability
occurs due to variations in DNA mismatch repair genes, while chromosomal instability (CIN)
is distinguished by major chromosomal alterations occurring at cell division and usually
involves β‐catenin and Adenomatous polyposis coli protein (APC) mutations [11–13]. Less
prevalent are mutations (germline) in DNA stability genes, including the DNA MMR genes,
MSH6, MSH2, PMS2, and MLH1, which are connected with frameshift mutations and base
pair substitutions in short‐tandem repeat sequences causing microsatellite instability in
HNPCC [14, 15].

Key changes in chromosomal instability in CRC consist of prevalent alterations in chromosome
number and noticeable losses at the molecular level on 5q, 18q, and 17p chromosomes; and
KRAS oncogene mutation. Major genes involved in these alterations are TP53 (17p), Adenom‐
atous polyposis coli protein (APC) (5q), and MADH2/MADH4/DCC (18q) [16, 17]. The loss of
chromosome is linked with instability at the chromosomal and molecular level. In approxi‐
mately 13% of colorectal cancer tumors, MMR deficiency leads to MSI [18]. About 40% of
colorectal cancer cases are distinguished by epigenetic alterations particularly DNA methyl‐
ation, a phenomenon called CpG islands methylator phenotype (CIMP) [19, 20]. In the other
47% of colorectal cancers, CIN affects the tumors by insertions and deletions in chromosomes
[18]. The chromosomal instability group includes cancers with polypoid or aneuploid karyo‐
types, and cancers which have numerous insertions or losses of chromosomal arms. Chromo‐
somal instability results from specific molecular alterations, gene silencing, and also result
from structural defects occurred during cell cycle [21]. In some of the colorectal adenomas it
was observed that the tumor progression starts with chromosome 7 amplification. After this
event, the other specific chromosomal alterations, such as losses on 17p, 8p, 18q, 20q, and 15q
and gains on 20q, 8q, 13, and 7 will generally occur in the colorectal cancers [21–24].

Tumors with microsatellite instability are well known to possess more mutations than other
tumors. Chromosomal instability and microsatellite instability tumors were primarily
considered as equally special, as microsatellite instability tumors usually have constant and
diploid karyotypes [25, 26]. Recent reports have illustrated that the microsatellite instability
and chromosomal instability can arise in the same tumor [27, 28]. Trautmann et al. [29] found
have observed that approximately 50% of hereditary microsatellite instability (MSI‐H) tumors
have similar level of chromosomal aberrations. Although confirmation for similar level of
chromosomal instability can be observed in the majority of hereditary microsatellite instability
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tumors, the specific mutations recognized differed between hereditary microsatellite instabil‐
ity and microsatellite stability tumors [30]. Hereditary microsatellite instability tumors harbor
losses of 15q and 18q and gains of chromosomes 8, 12, and 13, whereas microsatellite stability
tumors have a high level and variable range of chromosomal aberration [29, 31]. In a recent
study by Lassmann et al. [32] in 22 Caucasian colorectal tumors on about 287 sequences found
frequent aberrations in specific regions of chromosomes. This study suggested few candidate
genes with frequent deletion and amplifications in these chromosome regions. A recent exome
analysis of colorectal cancer genomes identified approximately eightfold more nonsynony‐
mous variation in a tumor that displayed microsatellite instability [33].

Genomic instability is a basic feature of tumorigenesis. Three types of genomic instability have
been reported in colon cancer: (i) chromosomal translocations, (ii) microsatellite instability,
and (iii) chromosome instability [34]. The origin of chromosomal instability has been reported
in few subsets of colorectal cancers. Nonetheless, microsatellite instability is renowned to result
from inactivating variations or from unusual methylation of genes in the DNA MMR gene
family. The MMR genes repair nucleotide mismatches arising during the replication [8].
Variations leading to inactivation of MMR system occur in 1–2% of colorectal cancers due to
germline mutations in members of the mismatch repair genes, MSH2, MLH1, MSH6, and
PMS2. Mutations in MMR system are one of the major causes of the familial adenomatous
polyposis syndrome and hereditary nonpolyposis colon cancer syndrome [35].

In microsatellite instability or chromosomal instability the loss of genomic instability occurs
after adenoma formation, but before progression to frank malignancy [36]. However, genomic
instability can be a striking target for anticancer therapies as it is almost omnipresent in
colorectal cancer and is a distinctive feature of cancerous cells. The possibility of targeting
genomic instability for anticolorectal cancer therapy has been proved in in vitro systems [37].
Exploring the basis and roles of genetic and epigenetic instability in colorectal carcinogenesis
has the potential to result in further development of efficient prevention methods and
therapeutics for colorectal cancer [2].

According to the proposed theories, mutations in many pathways have major role in adenoma
carcinoma progression series. In colon cancer, mutations in Adenomatous polyposis coli
protein (APC) as well as the p53 pathways are seen in approximately 95% of the cases [38]. It
has been reported that in approximately 70% of the tumors somatic mutations lead to alteration
of the Ras/Raf pathway. The effect and particular roles of somatic mutations in other genes and
pathways of colorectal cancer are less examined and less understood [36].

Mutational profiling and comparative studies require both tumor and normal tissue samples.
Attaining tumor samples for colorectal cancer studies poses significant technical difficulty. The
signal and noise are indistinguishable when the tumor samples render contamination with
normal tissue. Very few studies have conducted a systematical analysis to resolve the spectrum
of particular mutations in a series of genes in colon cancer tissues and their matching normal
tissues, i.e., a systematic analysis of all genes in the Adenomatous polyposis coli protein (APC)
pathway (Adenomatous polyposis coli protein, axin, and β‐catenin), p53 pathway (BAX, p53,
and MDM2), and RAS pathway (B‐Raf and K‐Ras) in the colorectal cancer tissues [39]. Few
such studies have reported specific variations among the mutations observed in chromosomal
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instability and microsatellite instability tumors. Most of the microsatellite instability tumors
have 30% more mutations in β‐catenin when compared to Adenomatous polyposis coli protein
(APC), while β‐catenin mutations are exceptionally rare in nonmicrosatellite instability
cancers [40]. This is an indirect confirmation recommending that the microsatellite instability
occurs prior to the inactivation of the Adenomatous polyposis coli protein Adenomatous
polyposis coli protein (APC) pathway. Moreover, the spectrum of mutations is different in the
Adenomatous polyposis coli protein (APC) pathway in many of the microsatellite instability
tumors without β‐catenin mutations when compared to nonmicrosatellite instability tumors.
Specially, in simple repeat sequences of microsatellite instability there is an elevated rate of
recurrence of mutations than in the nonmicrosatellite instability cancers [33].

3. Genomic instability in cancer

Genomic instability is a common symptom of most of the tumors and it includes several
genomic alterations ranging from SNPs to large‐scale chromosomal aberrations [41]. This can
be classified into three groups based on the type of genetic changes.

3.1. Nucleotide instability (NIN)

NIN has several genetic variations which includes one or more nucleotide substitutions,
deletions, and insertions. These errors may occur during DNA replication or due to faults in
DNA repair mechanism, such as nucleotide excision repair (NER) and base excision repair
(BER) [42]. These variations in DNA may lead to variations in gene structure and function.

3.2. Chromosomal instability

CIN is one of the common forms of genomic instability, reported in more than 90% of all
cancers. CIN is detected in all stages of cancer [43]. For example, chr 10 is frequently lost in
glioblastomas, which leads to the inactivation of the tumor‐suppressor gene, PTEN. Generally,
CIN refers to changes of chromosomal segments, or entire chromosomes, in terms of their
structure or number, including translocations, additions, deletions, insertions, inversions and
loss of heterozygosity (LOH) [43]. Variation in chromosome numbers is a condition known as
aneuploidy. Chromosome translocation involves the merging of various chromosomes, or of
two distant parts on the same chromosome, which results in the formation of a chimeric
chromosome [44]. In cancer cells, CIN modifies the expression of numerous genes, leading to
a poorer prognosis of patients with MIN or NIN tumors.

3.3. Microsatellite instability

Microsatellites are small tandem repetitive sequences of DNA located throughout the genome.
MIN arises due to the malfunctioning of DNA mismatch repair system. This may result in the
development, shrinkage, deletion, and random insertion of microsatellites [45]. The MMR
system recognizes and attaches to the mismatch, and deletes the erroneous nucleotide and
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maintains the genome integrity. MIN has been recognized in several cancers, including
colorectal, ovarian, lung, endometrial, and gastric [46]. Till now, five MIN markers have been
suggested for disease screening in patients prone to Lynch syndrome. MIN is generally
observed in approximately 15% of all colorectal cancer patients, which contain both hereditary
and sporadic forms. Tumors with MSI are reported to show better prognosis than nonMSI
tumors [46].

4. Molecular basis of the MMR system

Microsatellites are small repetitive sequences dispersed in whole genome, which contain
mono, di, trinucleotide, or tetra nucleotide repeats like (A)n or (CA)n. Most of these repeats are
precisely predisposed to accumulation of mutations, mainly due to the DNA polymerases,
which cannot bind DNA competently at DNA synthesis period. Generally, observed errors in
microsatellites are base–base mismatches, which escape the DNA polymerases proofreading
activity, and insertion–deletion loops, which form DNA hairpins [47]. These unpaired
nucleotides arise when the initial nucleotide and template strand separates and incorrectly
reanneals in a microsatellite. Insertions or deletions in microsatellites situated in exonic regions
causes frameshift mutations, which may lead to truncations of protein [47].

The MMR system is accountable for the recognition and correction of errors that occur in
microsatellites. The major proteins involved in MMR system are MLH1, MSH2, MSH3, MSH6,
and PMS2, and interact as heterodimers. When a mismatch is identified, MsH2 associates with
either MSH6 or MSH3 (forming Mutsα and Mutsβ complexs), and MLH1 couples WITH PMS2,
PMS1, or MLH3 (forms MutLα, MutLβ, or MutLγ complexes) [48]. Muts and a MutL complexes
recognizes mismatches and mutations, and interacts with the replication factor C. Exonuclease
1 and proliferating cell nuclear antigen participate in the excision of mismatches [48]. As a
final step, resynthesis and relegation of the nucleotide strand is done by DNA polymerase δ
and DNA ligase. Variations in the genes responsible for the identification step lead to gathering
of mutations in DNA, which may results in MSI. This has been recognized in various cancers,
including CRC, gastric, endometrial, and few other carcinomas, such as glioblastoma and
lymphomas [2].

5. Detection of MSI

Several techniques that are available to detect tumors with MSI are well established and are
being used as a clinical diagnostic tool. Microsatellite repeats specific to MSI are being detected
by PCR amplification. This can also be determined by comparing the length of nucleotide
repeats in tumor cells and adjacent normal cells. This analysis was initially performed using
polyacrylamide gels and radiolabeled primers; later on, this analysis has been made easier
with fluorescent primers and capillary electrophoresis. In the 1990s, a microsatellite markers
panel, known as the Bethesda panel, with appropriate sensitivity and specificity to diagnose
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MSI CRC has been developed. This panel includes five microsatellite loci: two mononucleoti‐
des (BAT25 and BAT26) and three dinucleotides (D5s346, D2s123, and D17s250) [2].

Few researchers and clinicians have expanded this MSI panel to 10 markers. Three different
MSI groups have been established based on the instability criteria: MSI‐high (MSI‐H),
indicating instability at two or more loci; MSI‐low (MSI‐L), indicating instability at one locus;
and microsatellite stable (MSS), indicating no loci with instability [49]. In most of the patients
MSI‐low cases only show instability for dinucleotide markers, so the analysis of dinucleotides
alone may lead to the misclassification of MSS or MSI‐L colorectal cancer as MSI‐H. In contrast
to this, mononucleotides BAT25 and BAT26 are nearly monomorphic, MSI determination could
be easy using these markers in the absence of normal tissue [50]. Hence, MSI panel has an
appropriate set of markers for MSI detection. These days commercial kits include a majority
of mononucleotide markers with improved sensitivity [51].

MSI can also be detected by gene expression analysis methods. Immunohistochemical analysis
of MMR proteins has become a standard procedure to detect MSI in the diagnosis centers and
as an alternative to the genetic testing of Lynch syndrome [52]. Antibodies against MMR
pathway proteins such as MLH1, MSH2, MSH6, and PMS2 will give a clear awareness about
the mechanism and functioning of the MMR system [15]. Variation in functionality of one or
more MMR genes is diagnostic, and concludes about the gene which is most probable to have
a mutation or which gene got inactivated. Elucidation of the Immunohistochemistry (IHC)
pattern may give more benefit for the dependent expression of heterodimers in the diagnosis
of CRC as described by Vilar and Gruber [2]. They reported that CRCs that are deficient of
expression of MLH1 and PMS2, but gain expression of MSH2 and MSH6, show scarcity in the
expression of MLH1. In this state, deficiency of expression of PMS2 is simply a result of the
inactive MLH1. Whether the absence of MLH1 is initiated by promoter hypermethylation that
leads to inactivation of the gene or a germline mutation that causes Lynch syndrome need
more exploration, but Immunohistochemistry (IHC) results direct the evaluation to
concentrate on MLH1 than the other MMR genes.

6. Conclusions

Genetic instability and microsatellite instability are the most common characteristics of
colorectal cancer. Microsatellite instability is a subclass of CRC, which is reported to show a
clear histopathological and therapeutic profile compared to other molecular subtypes. Various
advanced methods have been developed in the past two decades for the detection of MSI. The
molecular basis of MSI in cancer is still being explored. Recent findings revealed that MSI is
caused due to mutations in genes coding for kinases. Further studies are required to identify
the molecular basis of MSI and also to develop more cost‐effective diagnosis and prognosis
methods.
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