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Abstract. Ornamental plants exhibit the capacity to augment visual appeal through their
diverse morphological features, encompassing floral forms, hues, foliage, and numerous
other attributes. These botanical specimens find application in landscaping, floral arrange-
ments, container gardening, and various commercial endeavors. As a result, there exists a
persistent need for the creation of novel cultivars to satisfy market demands. Traditional
plant breeding is slow and takes a lot of work. This has led to the use of biotechnology, es-
pecially molecular breeding. Molecular breeding lets breeders target specific, difficult-to-
change traits like flower color, scent, and plant shape. It uses advanced methods like
marker-assisted selection and genome-wide selection to speed up improvements and reduce
the time it takes to develop new varieties. Molecular breeding may revolutionize agriculture
in the 21st century by making genetic improvements faster and more efficient. Thanks to
advances in genomics, gene editing, and molecular plant breeding, we now understand mo-
lecular markers much better. This has improved breeding strategies and given us a deeper
understanding of crop diversity. This review elucidates the importance of various com-
mercially valuable ornamental traits and delineates the research endeavors and accom-
plishments in enhancing floral characteristics through molecular breeding techniques.

Molecular breeding encompasses a suite of
advanced techniques employed in plant breed-
ing to enhance crop characteristics by targeting
specific genes or genetic markers associated
with desirable traits. This methodology in-
volves the utilization of molecular biology
tools, such as DNA markers and genomics, to
identify and select plants with desired genetic
characteristics more efficiently than conven-
tional breeding methods. The advent of molec-
ular marker development and its applications
began in the 1980s, marking a significant mile-
stone in plant genomic research. This was

followed by the development of polymerase
chain reaction (PCR)–based DNA markers a
decade later. Subsequently, numerous molec-
ular markers have been used in various areas
of plant molecular breeding, showcasing their
widespread applications (Nadeem et al. 2017).
The advancement in developing genetic and
molecular tools for breeding ornamental crops
has been impeded by several factors. These in-
clude the extensive diversity of ornamental spe-
cies, many of which exhibit genetic complexity
due to outbreeding, polyploidy, and possession
of large genomes (Kuligowska et al. 2016).
In recent years, the application of molecular
approaches has led to a significant expansion
in the diversity of cultivars available across
various ornamental species, including roses,
carnations, gerbera, and other floral industry
staples. Consequently, the floral industry has
emerged as a highly promising and economi-
cally viable sector on a global scale (Jin et al.
2023). Understanding the genetic makeup and
variability within and among plant popula-
tions is crucial for their effective utilization
and conservation. Several factors influence
the level and structure of genetic variation
within plant species, including their evolu-
tionary history, population density, mating
system, and the mechanisms of gene flow
(Hamrick 1989).

Markers

A “marker” refers to any variation in DNA
that can be tracked through crosses, with some

markers potentially showing statistical associa-
tions with phenotypic traits, or we can say that
it is an allelic difference at a given locus in the
DNA that can be observed at the morphologi-
cal, biochemical, or molecular level. These
markers serve as signposts, landmarks, and
flags, helping scientists and breeders to identify
and track desirable traits during the breeding
process (Nadeem et al. 2017). These markers
can be classified into different types.

Morphological markers, such as seed struc-
ture, flower color, and growth patterns, are read-
ily observable visual traits used to distinguish
important agronomic characteristics. Their ad-
vantage lies in their simplicity, requiring no spe-
cialized equipment or complex biochemical/
molecular techniques. Plant breeders have long
relied on these markers in crop improvement
programs (Eagles et al. 2001). Indeed, the use
of morphological markers to study variation and
guide plant breeding practices has a long history
(Lewis 1957). Cytological markers, on the other
hand, are associated with variations in chromo-
some numbers, banding patterns, size, shape, or-
der, and position. These specific patterns serve
as chromosome landmarks that can distinguish
normal from mutated chromosomes. Addition-
ally, cytological markers are useful in identify-
ing linkage groups and in physical mapping,
aiding in the understanding of genetic relation-
ships and chromosome structures (Nadeem
et al. 2017).

Before the DNA revolution, biochemical
markers or isozymes were the first “molecular”
tool to be used for genetic characterization
(Tanksley and Orton 1983). Biochemical
markers, or isozymes, are multimolecular
forms of enzymes that are coded by various
genes but have the same functions. Isozymes,
as proteins, are the main outcomes of structural
genes. They represent distinct variations of an
enzyme that perform the same catalytic func-
tion but vary in their charge and, consequently,
their electrophoretic mobility. Isozymes come
with specific drawbacks: (1) there’s a restricted
number of enzyme loci with accessible stain-
ing protocols, (2) enzyme expression can vary
based on development and seasonal factors,
(3) staining agents used are highly toxic, and
(4) interpreting the banding pattern of dimeric
loci (enzymes with two subunits) without
segregating populations can be challenging
(Boyle et al. 1994). The limited number of
polymorphic isozyme markers and insufficient
biochemical assays to detect these markers re-
strict the utility of these marker systems in
crop improvement programs.

Molecular or DNA markers are nucleotide
sequences used to study genetic variation
(polymorphisms) between individuals (Nadeem
et al. 2017). DNA’s versatility, ubiquitous pres-
ence, and stability make it an ideal molecule
for this purpose. A “genetic marker” refers to a
specific, variable nucleotide sequence at a de-
fined genomic location. This sequence exhibits
sufficient variation (polymorphism) between
individuals to enable tracking of its inheritance
across generations. Crucially, these DNA se-
quence variations are phenotypically neutral
(Meerow 2005), meaning they do not directly
influence observable traits. DNA markers have
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become increasingly prevalent in research due
to their abundance across genomes and their
stability, being largely unaffected by environ-
mental influences during an organism’s devel-
opment (Amiteye 2021). A marker’s position
on a chromosome is called a “locus,” and the
different DNA sequences at that locus are
known as “alleles.” Markers are categorized as
either “dominant” or “codominant.” Dominant
markers only reveal one allele (represented by
a band on a gel), masking the presence of the
corresponding allele on the homologous chro-
mosome. If an individual has two copies of a
recessive allele at a dominant marker locus, no
band will be visible on the gel, making direct
measurement of heterozygosity impossible.
Conversely, codominant markers distinguish
both alleles at a locus, allowing direct observa-
tion of all genotypes (both heterozygotes and
homozygotes). Ideally, a DNA marker should
be codominant, evenly distributed throughout
the genome, highly reproducible, and capable
of detecting high levels of polymorphism
(Mondini et al. 2009). Molecular markers are
typically classified based on their mode of
gene action (codominant or dominant) or
their detection method (hybridization-based
or PCR-based) (Semagn et al. 2006). Various
DNA molecular markers have been created
and effectively used in genetics and breeding
across agricultural crops. Table 1 offers con-
cise details about molecular markers catego-
rized by their detection method, along with
comparisons of key traits of commonly used
markers.

Hybridization-Based Markers (RFLP)

For hybridization-based markers, restriction
fragment length polymorphism (RFLP) is the
sole marker method available. Due to point mu-
tations, translocations, inversions, duplications,
and insertions/deletions (InDels), individuals
within the same species display polymorphism.
In the RFLP process, pure DNA isolation is the

initial step. Restrictions enzymes and labeled
probe hybridization of the target fragment are
used in this process. Its foundation is the crea-
tion of various-sized DNA fragments as a result
of restriction enzyme digestion (Amom and
Nongdam 2017). In the RFLP process, pure
DNA isolation is the initial step. Restrictions en-
zymes that are isolated from bacteria are com-
bined with this DNA and used to cut the DNA
at certain loci, also referred to as recognition
sites. This leads to an enormous amount of frag-
ments of various lengths. These fragments are
separated using agarose or polyacrylamide gel
electrophoresis, which generates a sequence of
bands (Nadeem et al. 2017). The Southern blot
method is used to transfer the isolated DNA
fragments to nitrocellulose membrane. Usually,
RFLP band score responds to DNA fragments
of size range 2 to 10 kb. By hybridizing with a
complementary radioactively tagged probe,
fragments of interest are found, and following
autoradiography, a particular banding pattern
is shown (Southern 1975). The amount of
probes and restriction enzymes used in the
RFLP technique both affect the outcome. The
RFLP markers have been employed for ge-
netic diversity and population genetic study
in various floricultural genera, alone or in
combination with other types of markers
(Scovel et al. 1998 in Dianthus; Strommer
et al. 2002 in Petunia). Codominant, reliable
RFLPs provide an almost infinite number of
loci and do not require knowledge of the nucle-
otide sequence. They may be compared across
similar genomes and tested on a variety of de-
tection techniques. The method’s drawbacks in-
clude its labor intensiveness, relative expense,
and frequent slowness. Successful RFLP devel-
opment requires a high level of laboratory ex-
pertise, and the quantity of polymorphism
disclosed may be rather little (Meerow 2005).
RFLP is now obsolete due to the development
of technically less demanding and cheaper
PCR-based DNA marker profiling technol-
ogies. Extensively, RFLPs have been used

to reveal genetic variation and phylogenetic
associations in individuals, as well as gene
mapping studies.

PCR Based

PCR, invented by Cary Mullis in 1983
(Mullis et al. 1986), enables the amplification
of small DNA quantities without requiring
living organisms. PCR involves three key
steps: denaturation (DNA strand separation),
annealing (primer binding), and extension
(DNA synthesis). Random amplified polymor-
phic DNA (RAPD) uses PCR with short, arbi-
trary primers (8 to 15 nucleotides) to amplify
random DNA segments from large genomes
(Amiteye 2021). This process uses Taq DNA
polymerase, derived from Thermus aquaticus,
to amplify minute quantities of target DNA.
Unlike other PCR methods, RAPD does not
require prior sequence knowledge of the target
DNA flanking regions. A thermocycler con-
trols the cyclical process: DNA is heated for
denaturation, cooled for primer annealing,
and then heated again for DNA polymerase–
mediated extension using deoxynucleotides
(dNTPs) and primers. Each cycle exponen-
tially increases the target DNA copy number.
The advent of PCR has spurred the develop-
ment of numerous molecular markers for ap-
plications like genome characterization and
mapping (Meerow 2005).

Random amplification of polymorphic
DNA (RAPD). RAPD was first presented by
Welsh and McClelland (1990) and Williams
et al. (1990). It is the method that horticultu-
rists use most frequently, mostly because the
results can be produced quite inexpensively
and quickly. In this, the polymorphism is de-
pendent on the existence or absence of an
amplification result. Population research, ge-
netic linkage mapping, and the identification
of horticultural crop cultivars and varieties
have all made extensive use of RAPD techni-
ques (Azizi et al. 2021). Despite the many

Table 1. Characteristics and relative cost of various marker systems.

Origin Isozymes RFLP RAPD AFLP SSR EST SNP
Dominance Codominant Codominant Dominant Dominant Codominant Codominant Codominant
Reproducibility Very high High to very

high
Low to medium Medium to high Medium to high High High

Amount of
sample
required per
sample

Several mg of
tissues

High to very
high 2 to 10 ng

of DNA

Low to medium
2 to 10 ng DNA

Medium to high
0.2 to 1 mg

DNA

Medium to high
10 to 20 ng

DNA

10 to 20 ng
DNA

10 to 20 ng
DNA

Ease of
development

Moderate Difficult Easy Medium Difficult Medium Difficult

Genome and
QTL mapping
potential

Limited Good Very good Very Good Good Good Good

Candidate gene
mapping
potential

Limited Limited Useless Useless Useless Easy Easy

Potential for
studying
genetic
variation

Good Limited Limited Limited Limited Easy Easy

Equipment Inexpensive Moderate Moderate Moderate to
expensive

Moderate to
expensive

Moderate to
expensive

Moderate to
expensive

AFLP 5 amplified fragment length polymorphism; EST 5 expressed sequence tag; QTL 5 quantitative trait locus; RAPD 5 random amplified polymor-
phic DNA; RFLP 5 restriction fragment length polymorphism; SNP 5 single-nucleotide polymorphism; SSR 5 simple sequence repeat.
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benefits that RAPDs offer, there are a few
things to keep in mind. For example, domi-
nant markers like as RAPDs result in some
information loss because the amplification
process either happens at a locus or it does
not. Scores can therefore only be ascertained
by band presence or absence (Kumari and
Thakur 2014). Kumar et al. (2016) conducted
a study in which 10 RAPD primers were
used to analyze the genetic variation and pop-
ulation structure present in 38 Indian chrysan-
themum cultivars. Sufficient diversity was
obtained among all the chrysanthemum culti-
vars. All 38 cultivars were separated into two
subpopulations. A mixed population ancestry
was observed. In RAPD analysis, the pre-ex-
isting DNA sequence information is not a
necessary prerequisite (Premkrishnan and Ar-
unachalam 2012). A primer sequence chosen
for RAPD analysis should have as much GC
(guanine and cysteine) as possible, but 50%
to 80% of GC is often favored. With this GC
content, the primer will be able to function ef-
ficiently at the annealing temperature that fa-
cilitates the operation of DNA polymerase to
effect DNA elongation (Cao et al. 2015). Gen-
erally speaking, RAPD primers can simulta-
neously produce PCR products from 1 to 10
genomic DNA locations. The typical length of
a RAPD PCR fragment is between 0.5 and
5 kb. It is important to remember that primers
might either fail to amplify PCR fragments
or successfully amplify a specific region of
DNA. The existence, distribution, and place-
ment of primer complementary sequences on
the template genomic DNA determine whether
the RAPD PCR is successful or not. There is
no PCR fragment produced when the two
primer copies anneal too far apart or when
their 30 ends do not appear on the template in
the correct orientation to one another (Zakiyah
et al. 2019). The PCR result is subsequently
separated on an agarose gel and stained with
ethidium bromide for visibility. By verifying
the existence or lack of particular bands in the
electrophoresis, polymorphism at or between
primer binding sites can be found. The fre-
quency of RAPD markers can be affected by a
number of significant parameters, including
the amount and quality of DNA, PCR buffer,
magnesium chloride concentration, anneal-
ing temperature, and Taq DNA (a type of
DNA polymerase) (Nadeem et al. 2017).

Amplified fragment length polymorphism.
The amplified fragment length polymorphism
(AFLP) is a firmly established DNA marker
technique adopted to detect relationships
among closely related cultivars. AFLPs are
DNA fragments that range in size from
80 to 500 bp. They are produced by the re-
striction enzyme digestion reaction, which
is then followed by the oligonucleotide adapter
attachment to the restriction fragments and the
selective PCR amplification of a subset of the
fragments. Therefore, RFLP and PCR technolo-
gies are combined in the AFLP marker analysis
protocol in part to perform DNA digestion
and PCR amplification (Sorkheh et al. 2007).
The limitations present in the RAPD and RFLP
technique were overcome through the devel-
opment of AFLP markers (Vos et al. 1995).

The four main steps of the AFLP technique
including fragmentation of DNA by restric-
tion digestion, attachment of adapters and li-
gation, restriction fragment selective PCR,
and gel electrophoresis analysis. DNA is cut
during AFLP using two restriction enzymes:
a common cutter and a rare cutter. The oligo-
nucleotides are ligated at both ends of the re-
sultant fragments. Oligonucleotides are brief
segments of nucleic acid that are used in PCR
ligation. The uncommon cutter (6-bp recogni-
tion site) has a designated end, whereas the
frequent cutter (3-bp recognition site) has a
different end. Only the fragments that these
cutters have sliced will be amplified as a re-
sult of this. Known adapter sequences are used
in the primer production process (Nadeem et al.
2017). After performing PCR, visualization is
done in either agarose gel or polyacrylamide gel
stained with AgNO3 or by auto radiography.

Simple sequence repeats (SSRs). Simple
sequences known as SSRs are found randomly
throughout the nuclear, chloroplast, and mito-
chondrial genomes of many species. They ar-
range in tandem repeats of mononucleotide,
dinucleotide, trinucleotide, tetranucleotide, pen-
tanucleotide, and hexanucleotide motifs that
are highly abundant and polymorphic (Amiteye
2021). Microsatellites are also called as SSRs.
Studies have also confirmed the presence of
SSRs in protein-coding genes and expressed
sequence tags (ESTs) (Morgante et al. 2002). It
represents less repetition per locus with a
higher polymorphism level. This high polymor-
phism level can be easily identified by PCR
and is caused by different numbers of repeats
occurring in microsatellite areas. Single-strand
DNA slippage, double-strand DNA recombina-
tion, mobile element (retrotransposon) transfer,
and mismatches can all contribute to the occur-
rence of SSRs (Nadeem et al. 2017). SSR
marker loci are produced using two-primer
PCRs as compared with RAPDs or inter–simple
sequence repeat (ISSR) analysis, which uses
single primers per PCR. While the other
primer hybridizes to the DNA template in the
opposite orientation, the first primer anneals
to the template in a forward manner. When
complementary to particular DNA sequences
around the SSR sequence, both primers an-
neal (Mei et al. 2015). SSR PCR fragment
separation is accomplished with agarose or
polyacrylamide gel electrophoresis. Next, the
assessment and evaluation of gel banding pat-
terns are done. Finally, SSR profile analysis
and interpretation are performed for investi-
gation of polymorphism. SSRs are incredibly
informative, but the marker development or
discovery stage, which involves DNA se-
quencing, can be costly. Since locus-specific
SSR markers are more illuminating, their ad-
vancement represents a highly valuable ge-
netic resource (Kalia et al. 2011).

Single-nucleotide polymorphisms (SNPs).
SNPs are genetic polymorphism that results
from specific single-bp positional variations
in DNA sequences between members of the
same species or distinct species. In contrast
to other genetic markers, SNPs are the most
common type of DNA sequence polymor-
phisms found in living things (Manivannan

et al. 2021). Depending on which nucleotide
is substituted, SNPs can be transversions
(C/G, A/T, C/A, or T/G) or transitions (C/T
or G/A). Single-base alterations, such as
SNPs that are InDel in a single base, are typi-
cally seen in mRNA. The lowest unit of he-
redity is a single-nucleotide base, and SNP
can provide the greatest number of markers
in an easy-to-understand manner (Xu 2010).
In plants in which the genome is relatively un-
known or unmapped, such as many floricultural
species, it can provide a shortcut to finding
closely linked markers to the phenotype of in-
terest. SNPs are widely used in plants for char-
acterizing genetic resources, genetic diversity,
genetic diagnostics, phylogenetic analysis,
disequilibrium-based association mapping,
and variety/cultivar identification, among other
uses of genetic markers (Rafalski 2002). Nu-
merous SNP genotyping assays have been
created, each based on a distinct molecular
process. The most significant ones include
allele-specific hybridization, oligonucleotide
ligation, intrusive cleavage, and primer exten-
sion. Recent advances in high-throughput gen-
otyping techniques, including allele-specific
PCR, Genotyping-by-Sequencing (GBS), chip-
based next-generation sequencing (NGS), and
NGS, have made SNPs the most desirable
markers for genotyping (Sobrino et al. 2005).

Expressed sequence tag (EST). ESTs are
short DNA sequences derived from the ends
of cDNA, which are DNA copies of mRNA.
Since mRNA represents actively expressed
genes, ESTs provide a snapshot of the genes
being used in a specific tissue or at a particular
time. In molecular breeding, ESTs are valu-
able tools for gene discovery, particularly for
genes expressed under specific conditions or
in certain tissues. They aid in developing mo-
lecular markers for tracking desirable traits
during breeding, analyzing gene expression
levels, and annotating genomes by identifying
gene locations and potential functions. Essen-
tially, ESTs help breeders pinpoint and under-
stand the genes controlling important traits
like flower color or disease resistance, en-
abling more efficient and targeted crop im-
provement (Beruto et al. 2024). Messenger
RNA (mRNA) is converted into complemen-
tary DNA (cDNA) by reverse transcriptase,
which results in EST. To increase the stability
of mRNAs, EST generation is required. The
reason for this is that the chemistry of nucleic
acids makes them more stable in the form of
DNA or cDNA molecules than they are in
the form of RNA molecules. Sequencing of
cDNA produces ESTs. To create 50 ESTs
or 30 ESTs, respectively, a few hundreds of
nucleotides are sequenced starting at either
the 50 or 30 end of the cDNA (Amiteye
2021). Currently, there are several millions of
ESTs from a diversity of organisms available
in many databases. ESTs have been invaluable
in gene discovery, providing significant insights
into gene function. In the study of gene func-
tion, ESTs have contributed in the construction
of DNA microarrays and related probes. On the
plus side, numerous extremely valuable EST-
based molecular markers have been obtained,
including cleaved amplified polymorphic
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sequences (CAPSs), ISSRs, SNPs, and RFLPs
(Xiao et al. 2020). Table 2 showcased the ad-
vantages and disadvantages of some markers
whereas, in Table 3 comparision between some
major markers was done.

Potential Use of Molecular Markers in
Ornamental Crops. While ornamental crops
have been widely studied using approaches
like morphology, physiology, and functional
genomics, molecular studies have been compar-
atively limited (Baliyan et al. 2014). Ornamen-
tal breeding has challenges due to polyploidy
and its complex genetics. The primary goal
is to identify marketable plants with unique
aesthetic and ornamental qualities. Breed-
ing aims are generally based on economic
significance, as the breeding procedures
have lacked sophistication compared with
other agricultural crops, but with the advance-
ment in knowledge of molecular basis and
high technologies, various techniques are be-
ing developed for the thorough study of orna-
mentals at molecular level like marker-assisted
selection (MAS), Genome-Wide Association
Study (GWAS), quantitative trait loci (QTLs),
and association mapping for various concepts

like the phylogenetic relationship, genetic diver-
sity, genetic mapping, disease resistance, and
many more aesthetic and economically needed
traits. Some of them are discussed in the follow-
ing paragraphs (Fig. 1).

Genetic links between cultivars and their
parentage are valuable for geneticists, breeders,
and public policymakers. Morphological char-
acteristics and biochemical and molecular
markers can provide genetic links and par-
entage information. Morphological features
are limited in number and easily affected by
environmental factors. Biochemical markers
can identify cultivars without environmental
impact, although their effectiveness depends
on the developmental stage of plant tissues.
Molecular markers give valuable information
and may accurately detect variation among
individuals, populations, and species, com-
plementing earlier characterization. Various
studies have been conducted to study the ge-
netic diversity and linkage present between
different genotypes, species, varieties or culti-
vars of ornamental plants by using different
molecular markers. Mart�ı:n et al. (2002)
employed RAPD analysis on 15 commercial

chrysanthemum genotypes, using 10 primers
that generated 151 markers, 113 of which
were polymorphic, indicating substantial vari-
ability among the cultivars. Similarly, Mor
et al. (2008) used RAPD to assess genetic
diversity in marigold genotypes. While they
tested 25 primers, only 15 produced amplifica-
tions, resulting in 113 bands (an average of
4.5 per primer). Their analysis revealed 95
polymorphic and 18 monomorphic bands,
demonstrating 84% polymorphism across the
genotypes. This RAPD analysis effectively
differentiated between both genotypes and
species. Whankaew et al. (2014) also investi-
gated marigold, using ISSR markers and a
marigold-specific genomic DNA library to
develop SSRs. They analyzed 20 African
marigolds (Tagetes erecta L.)—comprising
14 commercial varieties and six Thai land-
races—and six French marigolds (Tagetes
patula L.). This analysis identified 38 poly-
morphic markers and 112 alleles, with two to
seven alleles per locus. The observed heterozy-
gosity were 0.48 and 0.32, while polymor-
phism values ranged from 0.10 to 0.71. Their
results demonstrated the effectiveness of SSR
markers for assessing genetic diversity, classi-
fying taxa, and identifying individual marigold
plants. Tang et al. (2013) investigated genetic
diversity and structure in tulip varieties. Using
236 polymorphic SNPs derived from ‘Kees
Nelis’ and ‘Cantata’, they selected 121 SNPs
(minor allele frequency>0.1) for genetic anal-
ysis of 72 accessions. Overall heterozygosity
(Ho) was 0.35, ranging from 0.22 in Tulipa
fosteriana to 0.43 in Tulipa gesneriana � T.
fosteriana hybrids. Genetic differences be-
tween T. gesneriana cultivar groups, based
on flowering time and shape, were relatively
small.

Furthermore, molecular markers are very
valuable for creating genetic maps. Genetic
mapping involves arranging markers in order,
showing their relative genetic distances, and
allocating them to linkage groups (Fig. 2) based
on recombination values from pairwise pairings
(Meerow 2005). To assess inheritance and
recombination patterns, highly polymorphic

Table 2. Advantages and disadvantages of some markers.

Markers Advantages Disadvantages
Morphological Easy to use, cheaper, visually characterized Less polymorphic, influenced by environment,

influenced by plant growth stages
Isozymes No need of specific instrument, easy to use,

codominant
Less polymorphic, influenced by environmental

factors
RFLPs Codominant, no need of prior sequence

information
Time consuming, high quantity of pure DNA

needed, expensive, time consuming
RAPD Easy to use, lower quantity of DNA is required,

polymorphic
Dominant, highly purified DNA is required, low

reproducibility.
AFLP Reliable, high reproducibility, more informative Dominant marker, highly purified DNA is

required, high quantity of pure DNA needed
SSRs Codominant marker, lower quantity of DNA is

required, high reproducibility
High developmental cost, presence of more null

alleles, occurrence of homoplasy
SNP Cost effective, widely distributed in genome, no

need of prior sequence information, high
reproducibility

High developmental cost

DArT Cost effective, high throughput, highly
polymorphic, prior sequence information not

needed, high reproducibility

Dominant marker, high developmental cost

AFLP 5 amplified fragment length polymorphism; DArT 5 diversity array technology; RAPD 5 random amplified polymorphic DNA; RFLP 5
restriction fragment length polymorphism; SNP 5 single-nucleotide polymorphism; SSR 5 simple sequence repeat.

Table 3. Comparing some salient characteristics of major markers.

Marker PCR-based Mode of inheritance Level of polymorphism Reproducibility
RFLP No Codominant Low-medium High
RAPD Yes Dominant Medium-high Low
SCAR Yes Codominant High High
AFLP Yes Dominant High Medium
SSR Yes Codominant High High
ISSR Yes Dominant High Medium
SRAP Yes Dominant Medium-high Low
SAMPL Yes Codominant High High
CAPS Yes Codominant High High
SNP Yes Codominant Extremely high High
DArT No Dominant High high
STS Yes Codominant High High
RAMP Yes Codominant High High

AFLP 5 amplified fragment length polymorphism; CAPS 5 cleaved amplified polymorphic sequence;
DArT 5 diversity array technology; ISSR 5 inter–simple sequence repeat; PCR 5 polymerase chain re-
action; RAPD 5 random amplified polymorphic DNA; RAMP 5 randomly amplified microsatellite poly-
morphism; RFLP 5 restriction fragment length polymorphism; SAMPL 5 selective amplification of
microsatellite polymorphic loci; SNP 5 single-nucleotide polymorphism; SRAP 5 sequence-related am-
plification polymorphism; SSR 5 simple sequence repeat; STS 5 sequence-tagged site.
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markers like RFLPs, SNPs, SSRs, or AFLPs
are needed, together with a known population
(family). Markers that form a linkage group
are presumed to be on the same chromosome.
Oyant et al. (2007) constructed a consensus
linkage map for roses by integrating data
from various existing genetic maps. This inte-
grated map facilitated the identification of
QTLs associated with flowering date and
petal number. Novel rose SSR markers were
used to enhance genomic maps of interspe-
cific F1 progeny. Using a pseudo test cross
mapping strategy, separate genetic maps were
developed for each parent of the progeny. The
resulting maps comprised seven linkage groups,
encompassing 105 markers spanning 432 cM
for the maternal map and 136 markers covering
438 cM for the paternal map. SSR markers
were instrumental in establishing homolo-
gous relationships between linkage groups on
the maternal and paternal maps. These genetic
maps successfully localized a major gene and
QTLs influencing key flowering traits, specifi-
cally petal number and flowering date.

An integrative genetic linkage map of
Catharanthus roseus was created by Gupta
et al. (2007) using an F2 population of 144
plants and various molecular and morphologi-
cal markers. The map defines 14 linkage groups
(LGs) and consists of 131 marker loci, includ-
ing 125 molecular DNA markers (76 RAPD,
3 RAPD combinations; 7 ISSR; 2 EST-SSR
fromMedicago truncatula; and 37 other PCR-
based DNA markers), chosen from a total of
472 primers or primer pairs, and six morpho-
logical markers. Similarly, Shahin et al. (2010)

in their work tested the feasibility of diversity
array technology (DArT) and nucleotide-
binding site (NBS) profiling in lily; they de-
veloped higher density genetic linkage maps
for two lily populations, one of which is a
continuation of the mapping study of Van
Heusden et al. (2002), and mapped important
ornamental traits in the set of lily populations
and additionally, resistance to lily mottle vi-
rus (LMoV) was mapped. To accurately map
traits and initiate marker-assisted breeding
(MAB), it is important to have adequate map
coverage with markers that target desired
qualities and can be easily used for down-
stream breeding applications. That is the rea-
son of DArT and NBS profiling were used in
this study. Jaccoud et al. (2001) developed
DArT for lily. Given that resistance to Fusar-
ium and LMoV is a primary objective in MAB,
and the cultivar ‘Connecticut King’ serves as
the exclusive source of resistance within the
studied populations, DNA from this cultivar
was used to generate DArT microarrays. This
approach facilitated the simultaneous develop-
ment of both the NBS markers and DArT li-
braries, a novel achievement. This combined
methodology enabled the construction of ge-
netic maps for lily, a species characterized by
one of the largest genomes in both the plant
and animal kingdoms. NBS markers are well
distributed over the linkage groups. Figure 3
presents the work done by Shahin et al. 2010.
The construction of genetic linkage maps for
lily was achieved using two populations, LA
and AA that share one parent Connecticut
King. Three different molecular marker systems

(AFLPTM, DArT and NBS profiling) were
used in generating linkage maps for Connecti-
cut King. The LA and the AA populations
consist of 20 and 21 linkage groups (LGs),
respectively. Average density between markers
was 3.9 cM for the LA and 5 cM for the AA
population. Several horticultural traits were
mapped for the first time in Lilium and showed
to be single gene based. We propose to name
these genes as LFCc for flower colour, lfs for
flower spots, LSC for stem colour, lal for an-
therless phenotype and lfd for flower direction
whereby upper and lower case names refer to
dominant and recessive genes, respectively.
Additionally, resistance to Lily mottle virus
(LMoV) was mapped as a locus on LG AA10.
Peltier created the first genomic map of petu-
nia in 1994. Since then, genetic maps for at
least 27 ornamental plants have been created.
Traditional markers like AFLPs and SSRs
were used in most maps, resulting in poor
mapping resolution due to a restricted number
of available molecular markers (Yagi 2018).
SNP markers from NGS are appropriate for
creating high-density genomic maps. A high-
density genetic map was constructed for
identification of loci controlling flower-type
traits in chrysanthemum. Flower type is a
significant and complex feature of chrysan-
themum. The corolla tube merged degree
(CTMD) and relative number of ray florets
(RNRF) are major elements influencing chry-
santhemum flower types. Few studies have
addressed the inheritance of these two com-
plicated features, hindering targeted breeding
for flower-type improvement. Song et al.
(2020) analyzed 305 F1 hybrids from two
parents, with notable variances in CTMD and
RNRF performance. They used Specific-
Locus Amplified Fragment (SLAF) sequenc-
ing technology to create a high-density genetic
linkage map with an average distance of
0.76 cM. Over a 2-year period, three key
QTLs governing CTMD and four major QTLs
underpinning RNRF were consistently identi-
fied. They also studied the genetic map’s syn-
teny with other Compositae species and found
weak collinearity. The genomes of Helianthus
annuus L. and Lactuca sativa L. var. ramosa
Hort. were explored in QTL regions with sub-
stantial genomic collinearity. Eight genes were
identified. These findings provide a basis for
molecular marker–assisted breeding and gene
exploration in chrysanthemum without a refer-
ence assembly.

Another utilization of molecular breeding
is in developing disease resistance in crops.
Although disease control is of importance in
ornamental production, breeding efforts to
reach higher levels of resistance in most orna-
mental breeding programs have been rela-
tively limited. If resistance is considered as a
selection criterion, it is often used at a relative
late stage in the breeding process or when
cultivars are in the trialing stage. This is due
to a number of specific problems related to
ornamental breeding such as the many differ-
ent ornamental crops and ploidy level in a
number of the most important ornamentals
(Debener 2009). MAS and QTLs for disease
resistance have been created for several crops

Fig. 2. General representation of linkage on a chromatid.

Fig. 1. Uses of molecular markers in different techniques.
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and diseases. MAS can be useful in plant
breeding for features that are difficult to char-
acterize, costly, or time consuming; depend
on developmental stage or environment;
need backcrossing to select recessive al-
leles; or involve gene pyramiding (Xu and
Crouch 2008). However, the use of MAS in
breeding programs is not as widespread as ex-
pected. Complex characteristics, cost efficiency
relative to phenotyping selection, high-throughput
precision phenotyping for QTL mapping, usable
computational tools, genotype-by-environ-
ment interaction, and epistasis are major
challenges. As a result, many crops suffer
from a lack of QTL validation into usable
MAS (Neale and Kremer 2011).

Since the early 1990s, there has been in-
creasing work at identifying markers. Hundreds
of RFLPs, AFLPs, SSRs, RGAs, PKs, CAPs,
SCARs, and other markers (Byrne 2009) have
been described and used to create both diploid
and tetraploid maps (Spiller et al. 2011). On
these maps, loci have been placed for a variety
of traits including for disease resistance and the
related resistant gene analogs (RGAs) and path-
ogenesis resistance (PR) genes. Nevertheless,
in the last few years, a number of new develop-
ments have changed the roadmaps for research
in the life sciences and also the feasibility of
disease resistance mapping and marker assisted
breeding in ornamentals. Thus “far markers”
have been identified for resistance to diseases
like black spot (Rdrs) and powdery mildew in
rose and with the ability of genotyping by se-
quencing to generate thousands of markers, and

our ability to identify markers useful in plant
improvement have increased exponentially.
Transgenic rose lines with various fungal re-
sistance genes inserted have shown limited
success, and RNA interference technology has
potential to provide virus resistance. Roses, as
do other plants, have sequences homologous
to characterized R-genes in their genomes,
some of which have been related to specific
disease resistance. With improving next gener-
ation sequencing technology, our ability to do
genomic and transcriptomic studies of the re-
sistance related genes in both the rose and the
pathogens to reveal novel gene targets to de-
velop resistant roses will accelerate (Debener
and Byrne 2014). Arens et al. (2012) exam-
ined ornamental plant resistance to diseases
such as Fusarium oxysporum, Tulip shatter-
ing virus, and Botrytis tulipae, using SNP
markers. Markers for disease resistance
have been developed in polyploids, includ-
ing roses (Leus 2018). Compared with dis-
eases, breeding for pest or mite resistance in
ornamentals is still in its early stages. Only a
few examples exist, such as mite resistance
screening in azalea (Luypaert et al. 2014).
Recently, the construction of a genome-wide
genetic linkage map and identification of
quantitative trait loci for powdery mildew re-
sistance in Gerbera daisy was done by Bhat-
tarai et al. 2023. Powdery mildew (PM) is a
widespread fungal disease that affects many
key crops. The PM caused by Podosphaera
xanthii has been the most difficult problem in
commercial cultivation of Gerbera worldwide,

frequently resulting in significant crop yield
and quality losses. A few PM-resistant breed-
ing lines and cultivars have been identified in
Gerbera, but the underlying genetics of PM re-
sistance in Gerbera remain unexplained. There-
fore, a genome-wide genetic linkage map was
created with 791 SNP site markers covering
1912.30 cM over 27 linkage groups and has a
marker density of 1 per 2.42 cM. One large
consistent QTL was found in LG16, account-
ing for more than 16.6% of the phenotypic var-
iance in PM resistance. This genetic linkage
map will be highly valuable for discovering
and tagging QTLs for other critical features in
Gerbera, and the newly identified QTL and
SNP markers will enable the construction of
molecular markers for enhancing Gerbera’s re-
sistance to PM.

Ornamental plants are known for their
beautiful foliage. They can have different col-
ors, sizes, and shapes, which all together add
a sense of beauty to a place. Why do they dif-
fer so much? The differences can be primar-
ily because of genetic diversity and selective
breeding. Ornamental plants belong to a vast
array of species and varieties, each with a
unique genetic makeup. Natural selection in
diverse environments over millennia has driven
variation. Like leaves, they have adapted dif-
ferent shapes (e.g., broad, needle, fern-like)
and sizes to optimize light absorption, wa-
ter conservation (by reducing surface area),
and protection against herbivores in their na-
tive habitats. Similary with color (Pigments):
Different colors are due to the presence and

Fig. 3. Linkage groups. Aligned genetic maps of the LA and AA populations. All the bold markers are common markers. The mapped traits (LFCc, lfs,
LSC, lal, lfd, and LMoV) are circled. The six putative Fusarium quantitative trait loci are placed in rectangles (Shahin et al. 2010).
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concentration of various pigments. Selective
Breeding: Horticulturists deliberately cross-
breed and stabilize naturally occurring muta-
tions (like variegation) to enhance aesthetic
appeal, resulting in the extreme and unique
foliage seen in commercial markets today.
Feng et al. 2020 identified the genes that in-
fluence leaf shape in ornamental kale. This
would provide insight into the mechanism
underlying leaf development. They created
F1, F2, BC1P1, BC1P2, and F2:3 populations
of ornamental kale from a cross between
F0819, a feathered-leaved inbred line, and
S0835, a smooth-leaved inbred line. Genetic
analysis revealed that the feathered-leaved
trait was controlled by a semidominant gene,
BoFL. The gene was mapped on chromosome
C9 using bulked segregate analysis sequenc-
ing. Fine-scale mapping between the two
flanking markers IN was used to narrow down
the candidate region. CAPS4610, the first non-
synonymous SNP, was found to be associated
with leaf form. BoALG10, a homolog of
ALG10, encodes an a-1,2-glucosyltransferase
in Arabidopsis thaliana and may be responsi-
ble for the feathery-leaved characteristic. This
research is crucial for understanding leaf
growth mechanisms and breeding ornamen-
tal kale with unique leaf forms. Gu et al.
(2002) and Zhang and Shen (2007) found
that the feathered-leaved trait has partial
dominance over the smooth leaf trait after
conducting genetic crosses. Ren et al. (2015)
investigated the genetic basis of red leaf color
in ornamental kale, a commercially important
trait driven by anthocyanin accumulation, re-
searchers created a large F2 population by
crossing red- and white-leaved double hap-
loids. The inheritance pattern revealed that the
red leaf trait is controlled by a single dominant
gene (Re). Using the white-leaved plants for
genetic mapping, the ‘Re’ gene was success-
fully mapped to Linkage Group C09 of Bras-
sica oleracea. The gene’s locus was precisely
positioned between six SSR markers, with the

closest one being only 0.3 cM away. These re-
sults are critical for implementing marker-as-
sisted selection (MAS) to accelerate red-leaf
breeding and for the future map-based cloning
of the ‘Re’ gene.

Diversity in flower color is another aspect
that has to be studied at molecular level. There
are hundreds of thousands of flowers having
various degrees of color pigments. Previously,
flower color was determined through visual
observation or measurement using the Royal
Horticultural Society Color Chart (RHSCC)
(Voss 1992). Analyzing the relationship be-
tween flower color and pigmentation, as well
as understanding the genetic mechanism of
floral coloring, can serve as a guide for direc-
tional breeding of ornamental plant flower
colors. The study of the links between floral
color and pigments requires a quantitative
and accurate determination of flower color
(Lu et al. 2021). Thus, molecular markers
help in discovering the genetic basis of dif-
ferent flower color and inheritance pattern
and identifying QTLs related to these traits.

Orchids are among the most beautiful
flowers, with diverse genera classification like
Phalaenopsis, dendrobiums, oncidium, cymbi-
diums, cattleya, and many more. The orchid’s
diverse and beautiful flower colors depend on
the presence of pigments like carotenoid and
anthocyanin (Hsiao et al. 2011). Key enzymes
like PSY, CHS, and DFR play important roles
in the formation of carotene and anthocyanin
pigments (Sudarsono et al. 2017). Flower col-
ors vary greatly across Phalaenopsis species
and have been used to identify commercial or-
chids. Phalaenopsis with unique, fresh, and
novel traits are in high demand, with buyers
willing to pay premium prices. The diversity
of Phalaenopsis spp. can be understood
through their morphological, biochemical,
and molecular characteristics (Haristianita et al.
2017). Molecular markers can be effectively
used to distinguish genotypes, to analyze
genetic relationships between genotypes or

to infer phylogenetic relationships between
species and closely related genera (Weising
et al. 1995). As Phalaenopsis species exhibit
varying flower hues. DNA sequence diversity
was analyzed, and SNPs were discovered by
Sudarsono et al. (2017). The objective was to
isolate and describe PSY (for carotenoid),
CHS, DFR, F3'-H, F3-H, and F3'-50-H (all five
for anthocyanin) genes from Phalaenopsis spe-
cies, analyze nucleotide sequence variability,
and construct gene-specific molecular markers
to promote breeding for unique Phalaenopsis
flower colors. The primary goal of Phalaenop-
sis breeding is to improve blossom color diver-
sity, which includes white, yellow, purple,
red, and other unique colors. Short, single-
stranded DNA fragment primers (SNAPs) were
designed based on nonsynonymous SNP sites
identified in six pigment biosynthesis genes.
These primers were used to generate SNAP
markers. Three sets of primers were designed
for CHS, four for PSY, and one for other genes.
The genetic diversity of 30 Phalaenopsis spe-
cies and commercial hybrids was evaluated us-
ing 10 SNAP markers based on six genes
linked with color production. The investigation
revealed considerable genetic variety among in-
vestigated species that are linked to changes in
flower color. Future research could help forecast
flower color in Phalaenopsis progeny by ana-
lyzing the primary flower color characteristics
and genotype grouping of the examined species.

Yan et al. (2005) clarified the genetic
basis of inheritance of flower color in Salvia
miltiorrhiza and also constructed a high-
density genetic linkage map. For this, the
two color extremes found in this species,
S. miltiorrhiza with dark violet flowers and
S. miltiorrhiza f. alba with white flowers,
were selected. The genomic map includes
605 SNPs spanning 738.3 cM across eight link-
age groups, with an average distance of 1.22
cM between two markers on the created ge-
netic map and the RGB values of the flowers,
two QTLs for blossom color were identified.

Table 4. Work done in some ornamental crops using molecular markers.

Ornamental crops Marker types Achievements References
Rose RFLPs, AFLPs, RAPD, SSR, ISSRs Phylogenetic relationship Yan et al. 2005

SSR Genetic linkage maps, QTL Oyant et al. 2007
EST-SSR, SSRs Diversity analysis in 48 rose genotypes Qi et al. 2018

SSRs Characterization of Indian-bred rose cultivars Veluru et al. 2020
Chrysanthemum RAPDs, ISSRs and AFLPs Identification of different cultivars, genetic diversity Zalewska et al. 2007
Lilium RAPD, ISSR Parental linkage maps Abe et al. 2002

AFLP, DArT and NBS profiling Mapping of major genes and QTL for several ornamental
traits and disease resistances

Shahin et al. 2010

Gladiolus ISSR Genetic diversity evaluation Kumar et al. 2016
Marigold RAPDs DNA fingerprinting Mor et al. 2008
Carnation RAPDs, SRAPs and ISSRs Mapping of plant chromosomes Fu et al. 2008
Jatropha RAPDs Genetic diversity Subramanyam et al. 2009
Ornamental kale SNPs, CAPS, InDelS Mapping and identification of the leaf shape gene BoFL Feng et al. 2020
Tulip SNPs Genetic diversity and structure in a collection of tulip

cultivars
Tang et al. 2013

Phalaenopsis RAPD Genetic diversity Goh et al. 2005
AFLP Genetic map for leaf traits Xu et al. 2012
SNAP Genetic diversity Sudarsono et al. 2017

AFLP 5 amplified fragment length polymorphism; CAPS 5 cleaved amplified polymorphic sequence; DArT 5 diversity array technology; EST 5 ex-
pressed sequence tag; InDel 5 insertions/deletion; ISSR 5 inter–simple sequence repeat; NBS 5 nucleotide-binding site; RAPD 5 random amplified
polymorphic DNA; RAMP 5 randomly amplified microsatellite polymorphism; RFLP 5 restriction fragment length polymorphism; SAMPL 5 selective
amplification of microsatellite polymorphic loci; SNAP 5 short, single-stranded DNA fragment primer; SNP 5 single-nucleotide polymorphism; SRAP 5
sequence-related amplification polymorphism; SSR 5 simple sequence repeat.
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These two QTLs are placed on LGs 4 and 5.
The study’s findings establish the groundwork
for cloning genes that govern flower color and
investigating the molecular mechanisms of flo-
ral color regulation in S. miltiorrhiza. Genetic
studies (GWAS, QTL mapping) are revealing
genes that control ornamental plant traits like
petal number. Advanced molecular breeding
tools, including CRISPR-Cas9, TALENs, and
ZFNs, are revolutionizing the field by boosting
cold and heat tolerance in these crops (Husain
et al. 2024).

Flowers like rose, jasmine, tuberose, mari-
gold, and lavender are also used in perfume
and in the cosmetic, pharmaceutical, and food
industries. Although cultivated for centuries,
the gene pool of these flowers’ cultivars used
for industrial cultivation has been poorly
characterized. Annual market demand for dif-
ferent flowers drives scientists and breeders to
develop new varieties (cultivars) that boast bet-
ter aesthetics, higher quality, and enhanced re-
silience to stress. Developing new cultivars
typically involves conventional breeding meth-
ods, such as crossbreeding and mutation. Tradi-
tionally, breeders pick superior progeny or
mutants based on phenotypes, which can be
time consuming and unproductive for traits
with significant genotype–environment interac-
tions. New breeding lines were developed
through clonal selection of vegetatively propa-
gated industrial populations. In the rose, the in-
dustry avoided cross-breeding with other rose
species due to concerns about potential changes
in rose oil composition. Research on rose
molecular genetics and scent has advanced
significantly during the last decade. Molec-
ular markers have been successfully used to
characterize rose genetic diversity and iden-
tify cultivars (Rusanov et al. 2009). Microsat-
ellite markers are particularly informative for
detecting polymorphism and studying the di-
versity of rose cultivars. SSR utilization can
help identify cultivars, safeguard them from
unauthorized commercialization, and docu-
ment genetic variability for the conservation
of Indian rose germplasm. Research on the
genetic diversity of Rosa damascena is
crucial for understanding its origins and
initiating cross-breeding programs to im-
prove oil-bearing damask roses Kiani et al.
(2008). Work done in some ornamental crops
using molecular markers is displayed in Table 4.

Conclusions

Molecular marker technology has dramati-
cally advanced in the past 30 years, progress-
ing from RFLPs to SNPs and array-based
markers. Coupled with the rise of cost-effective,
high-throughput NGS, these advancements
offer immense potential for ornamental plant
improvement. Adopting these cutting-edge
techniques is essential for overcoming exist-
ing limitations and introducing desirable traits.
While valuable cultivars exist, challenges like
complex genetic backgrounds, long life cycles,
polyploidy, and self-incompatibility impede
breeding efficiency. Traditional breeding meth-
ods, reliant on recombination and hybridization,
are often slow, inefficient, and unpredictable.

Genetic manipulation offers a powerful alterna-
tive to address these shortcomings. The increas-
ing accessibility of genetic marker technology
in research settings promises an expanded
role in evaluating and improving floricultural
germplasm. This has significant economic
implications. The ability to precisely select for
desirable traits minimizes resource expenditure
on undesirable plants. This leads to faster re-
lease of improved cultivars to market, captur-
ing potential economic gains more quickly.
Furthermore, developing disease-resistant and
pest-resistant varieties reduces the need for
costly chemical interventions, benefiting both
growers and the environment. Enhanced
product quality, including novel flower col-
ors, shapes, and fragrances, can command
premium prices, boosting profitability. Future
molecular breeding efforts will require a deeper
understanding of the molecular networks con-
trolling target traits to broaden the gene pool
and unlock further innovation. Sequencing-
based technologies will be central to future
ornamental crop research, driving cultivar
development and facilitating the study of
complex biological phenomena. Ultimately,
elucidating the genetic basis of complex traits
will not only enhance breeding efficiency but
also drive economic growth within the orna-
mental plant industry.
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