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Abstract 
Comparative genomics has emerged as a great tool in understanding 

variations/similarities among various species at molecular level. In classical genetics 

synteny was used to show that two or more loci are present on same chromosome. Now 

a day’s synteny is being used to answer questions concerning homeology (the remains 

of completely homologous chromosomes). Chromosome/genome synteny has been 

observed in closely related species, having several genes with similar map orders. 

Synteny is helpful in comparing different genomes. It is used in the study of evolution 

of genomes, observe functional conservation, help in genome annotation and observe 

genome assembly errors. Synteny among different genomes can be detected by 

identification of conserved sequence elements among genomes, comparing the 

conserved proteins with the help of BLASTP or by the combination of both. Numerous 

tools are available for the detection of synteny among different genomes. Synteny 

analysis has been used largely to study complex genomes and helped in discoveries at 

genomic, chromosomal and gene levels. Syntenic mapping in plant breeding holds 

promising future prospects. 
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Introduction 
 

By the advent of genome sequencing, it has become 

possible to compare entire genome sequences 

(Ghiurcuta and Moret, 2014).  Comparative genomics 

is a field of biological research in which the genomic 

features of different organisms are compared (Xia, 

2013). Comparative studies in biology have 

contributed significantly to understand the evolution 

of various organisms. It has worked as a great tool in 

this context which is being used to understand 

variations/similarities among various species at 

molecular level (amino acid/nucleic acid). 

Comparative genomics and its scientific effects have 

many practical uses (O'Brien et al., 1999). 

Comparative gene annotation helps to identify 

orthologos genes across species, especially when 

genes in similar locations are often orthologous 

(Ghedin et al., 2004). The first report of comparative 

genomics is referred to Thomas Morgan who used 
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chromosome banding techniques to compare genetic 

maps of different types of Drosophila (Morgan, 1910).  

Comparative genomics has been built around the idea 

that extensive analysis and comparison can expose 

components in unexplored genomes. Comparative 

genetic mapping emerged as an essential tool to 

identify similarities and differences among species. It 

enabled the transfer of information between different 

maps and assisted in reconstruction of ancestral 

genomes. This condition is known as synteny 

(Renwick, 1972). Synteny analysis allows close 

examination of selective and mutational forces 

working on chromosomal and genome structure 

(Ghedin et al., 2004). This review summarizes the 

tools and techniques used in comparative genomics 

and syntenic analysis. 

 
What is Synteny? 

Used in classical genetics “Synteny” (Greek; syn = 

together, taenia = ribbon) describes the occurrence of 

more than one loci on the same chromosome of two 

species (Renwick, 1972). The term was of great 

importance in the pre-genomics era when entire 

genome mapping techniques for detection of genes on 

chromosomes were not present. Concept of synteny 

has been expanded to answer the questions related to 

homeology (McCouch, 2001). Homologous genes 

remain on same chromosomes (synteny) and in same 

position (collinearity) in the course of evolution 

(Wang et al., 2012; Coghlan et al., 2005). 

 
Types of Synteny 

Comparative genomics depends upon the 

determination of homology. Homology can further be 

divided into two classes (i) orthology (across the 

genomes) and (ii) paralogy (within a genome) 

Qualitatively, synteny can be dived into different 

groups depending on the level involved. macrosynteny 

is the collinearity of the entire chromosomal gene 

order while microsynteny is the collinearity of few 

genes across a particular subchromosomal region and 

mesosynteny is the occurrence of same gene content 

within a chromosome without collinearity (Table 1) 

(Hane et al., 2011).  

 Degree of synteny breaks down over time by different 

phenomenon such as chromosomal rearrangements, 

gene gains/losses, and duplications of chromosomes 

and losses. Analysis of synteny helps scientists to 

answer questions which are related to the evolution of 

organisms and gene families. Depending upon the 

problem at hand the main focus of syntenic study may 

be upon the genes on a single chromosome on an 

entire genome or may be conducted between multiple 

organisms (Gehrmann and Reinders, 2015). 

 

Table-1. Difference between Types of Synteny 

Type of 

Synteny 

Gene 

order 

Gene 

content 

Gene 

density 

Macrosynteny Same Same High 

Microsynteny Same Same Low 

Mesosynteny Different Same 
Extremely 

Low 

 

Detection of Synteny 

Synteny detection among genomes is done either by 

identifying long, conserved sequence elements, or by 

the comparison of conserved proteins with the help of 

BLASTP, or by the use of both methods together 

(Altschul et al., 1990; Mural et al., 2002). 

1. BLASTP (Basic Local Alignment Search 

Tool for Proteins) Method: BLASTP compares a 

protein query sequence against a protein sequence 

database to find homologous sequences (Altschul et 

al., 1990).  

Usage: It's effective for identifying similar proteins 

across species, providing insights into evolutionary 

relationships and functional conservation. 

Strengths: Rapid identification of homologous 

proteins based on sequence similarity. 

Limitations: It relies on sequence similarity, which 

may not capture functional similarities in cases of 

divergent evolution. 

2. Conserved Protein Motif Analysis Method: 

Identifying conserved motifs involves searching for 

short, conserved sequence patterns or domains shared 

among proteins. 

Tools: Programs like MEME (Multiple Em for Motif 

Elicitation) (Bailey et al., 2006) or Pfam database 

(Finn et al., 2014) can be utilized. 

Usage: Helps in identifying functional domains or 

motifs shared among proteins, even in cases where 

overall sequence similarity is low. 

Strengths: Captures functional conservation beyond 

overall sequence similarity. 

Limitations: May miss distant homologs and relies on 

known motifs, potentially overlooking novel 

functional elements. 

3. Combined Approach Method: Integrating 

BLASTP with motif analysis allows for a 

comprehensive assessment of sequence elements and 

conserved proteins. 

Usage: Maximizes the chances of capturing both 
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overall sequence similarity and functional 

conservation.  

Strengths: Synergizes the advantages of both methods, 

providing a more holistic understanding. 

Limitations: Increased computational complexity and 

resource requirements. 

4. Orthology Analysis Method: Identifying 

orthologs involves finding genes in different species 

that share a common ancestor.  

Tools: OrthoFinder (Emms and Kelly, 2019), 

Orthologous MAtrix (OMA) (Dessimoz et al., 2005) 

and others help identify orthologous relationships. 

Usage: Enhances the understanding of evolutionary 

relationships and functional conservation. 

Strengths: Helps distinguish between orthologs 

(common ancestry) and paralogs (gene duplications 

within a species). 

Limitations: Sensitivity to the quality of genome 

annotations and potential misinterpretation in cases of 

gene loss or complex evolutionary scenarios. 

Choosing the appropriate method or combination 

depends on the specific research question, the nature 

of the data, and the available computational resources. 

Integrating multiple approaches often provides a more 

robust and comprehensive analysis of sequence 

elements and conserved proteins in genomics. Some 

important statistical parameters used for the detection 

of syntenic regions are: 

(1) Percentage and length of identical DNA sequence 

among syntenic blocks 

(2) Percentage of genomic sequence in the syntenic 

blocks 

(3) Syntenic blocks distribution in the genomes  

(4) Density, order, and content of genes in syntenic 

blocks  

(5) DNA repeats content.  

Results are graphically presented indicating the 

syntenic blocks in corresponding genomes that are 

used to identify genome rearrangement events 

(O’Brien et al., 1999). 

 
Methods and Tools Used for Detection and 

Visualization of Synteny 

Syntenic mapping involves comparing the 

arrangement of genes or other genomic features 

between different species. Common methodologies of 

syntenic mapping are discussed here in this 

manuscript. For the identification homologous regions 

and conserve gene different bioinformatics. Basic 

Local Alignment Search Tool (BLAST), is used for 

the rapid sequence comparison, by directly 

approximating the alignments which optimizes the 

measure of local similarity (Altschul et al., 1990). 

LAST is used for fast and sensitive comparison of 

large sequences with arbitrarily non-uniform 

composition (Frith et al., 2010). Gene groups having 

same gene order at DNA level can be discovered by 

ORTHOCLUSTER and SyMAP (Zeng et al., 2008; 

Soderlund et al., 2011). 

Genome assembly is a large collection of short DNA 

sequences brought together in the form of original 

chromosomes from which the DNA are originated.  

Synteny analysis depends highly on quality of the 

assembly quality. High-quality genome assemblies for 

the species of interest, are required for ensuring 

accurate representation of gene order and orientation 

(Rhie et al., 2021). Missing sequences in an assembly 

may lead to missing gene annotations and 

subsequently missing orthologous relationships. 

Synteny analysis is mostly performed on fragmented 

assembled sequences (Liu et al., 2018). 

Orthology Inference is used to Identify orthologous 

gene pairs to establish synteny. OrthoFinder provide 

highly accurate orthogroup inference about 

phylogenetic inference of orthologs, rooted gene trees, 

gene duplication events, the rooted species tree, and 

comparative genomics statistics (Emms and Kelly, 

2019). Inparanoid (http://inparanoid.cgb.ki.se/) is 

online database containing collection of pairwise 

ortholog groups between 17 eukaryotic whole 

genomes. Assess the collinearity of genes in syntenic 

blocks, emphasizing conserved gene order and 

orientation. i-ADHoRe is fast and sensitive tool for 

genomic homology detection in extremely large data 

sets (Proost et al., 2012). It is used at protein level for 

building homologous matrix of genes which is based 

on the alignment of proteins and detects gene clusters 

by the identification of diagonal gene groups. 

(Vandepoele et al., 2002). 

Visualizing and interpreting syntenic relationships is 

done by using different tools. Dot-matrix plots e.g. 

R2Cat and SyMAP (Husemann and Stoye, 2010; 

Soderlund et al., 2011) are helpful in visualizing whole 

genome synteny but does not work for inspecting 

specific regions. Modern technologies are used for 

visualization of synteny among different genomes at 

lower level. While working with large regions or 

organisms which are sufficiently different, they 

produce complicated figures (Shaw, 2008). To 

facilitate the display of relationships between pairs of 

positions ‘Circos’ uses a circular ideogram layout 

(Krzywinski et al., 2009). MCScanX identify putative 



Ikhlaq Ahmad et al. 

                                                                4/13  Asian J Agric & Biol. xxxx(x). 

homologous chromosomal regions, and align these 

regions using genes as anchors (Wang et al., 2012).  

Visualizations for the display of multilevel synteny 

among multiple organisms can be done by the use of 

CINTENY, but it cannot visualize exons (Sinha and 

Meller, 2007). SYNTENY PORTAL is used for the 

construction, visualization and browsing of synteny 

blocks. VECTOR GRAPH TOOLKIT OF GENOME 

SYNTENY AND COLLINEARITY (VGSC) is an 

online service for the visualization the synteny and 

collinearity in the common graphical formats (Lee et 

al., 2016). SYNTENY TRACKER is used to identify 

homologous synteny blocks among genomes which 

can tolerate common errors in radiation-hybrid 

comparative maps which are used for computerized 

entire genome chromosome rearrangements analysis 

occurred during the course of evolution (Donthu et al., 

2009).6. Evolutionary Analysis: Synteny analysis is 

helpful in answering questions related to the evolution 

of organisms and gene families. Examination of the 

evolutionary forces involved in syntenic conservation 

such as gene duplications, rearrangements, and 

selection pressures are important for the selection of 

specific synteny analysis to be performed (Gehrmann 

and Reinders, 2015). 

Association of syntenic blocks with biological 

functions is important in understanding the impact of 

conserved genomic regions. EASYFIG works at 

multiple levels and is used for the annotation of 

important blocks, but this is done manually (Sullivan 

et al., 2011). PROTENY analyzes synteny at the exon 

level thus helps in revealing homologies among distant 

genomes (Gehrmann and Reinders, 2015). 

Phylogenetic studies including multiple lineages are 

able to produce more accurate information about 

evolutionary process giving rise to the modern 

assemblage of a gene family (Finet et al., 2013; Li et 

al., 2015). Combination of syntenic mapping with 

phylogenetic analysis infers the evolutionary 

relationships and divergence times (Citerne et al., 

2013). By the inclusion of genomic synteny data 

essential information which impacts the identification 

of the evolutionary history of a gene family which 

evolved in parallel to the ancestral genome duplication 

events is discovered (Gao et al., 2018).  

Comparisons of multiple genomes is done in order to 

detect syntenic patterns across a broader evolutionary 

spectrum. Software including MULTIZ, MAUVE, 

MUGSY and SIBELIA are mostly used to analyze 

synteny among highly related genomes (Blanchette et 

al., 2004; Darling et al., 2004; Angiuoli and Salzberg, 

2011; Minkin et al., 2013). Synteny in non-related 

genomes can be detected by making conserved splice 

variants by inserting and removing exons from the 

genes (Long et al., 2003).  

Genetic maps are the order of molecular markers in a 

given chromosome of a particular species. It provides 

information about the organization of a plant genome 

(Duran et al., 2009). Syntenic information is integrated 

with genetic maps to link genomic and genetic data, 

aiding in marker-assisted breeding or trait mapping 

(Ahmad et al., 2022). Comparative mapping is an 

essential method to identify similarities and 

differences between species and is helpful in the 

transfer of information between different genetic 

maps. Comparative mapping also provides assistance 

for the reconstruction of ancestral genomes (Duran et 

al., 2009).  

Due to modernization of sequencing technologies, the 

genomic data available in the databases has 

exponentially expended. However, large portion of 

this data is of poor quality, producing unreliable 

results in analyses like genome-wide synteny and gene 

orthology detection (Liu et al., 2018; Marks et al., 

2021; Feron and Waterhouse, 2022; Wang and Wang, 

2023). Likewise, the choice of parameters in 

comparative genomics software can significantly 

impact the results obtained, as default parameters are 

typically optimised for particular (usually gold 

standard) datasets (Buchfink et al., 2021; Emms and 

Kelly, 2019). Hence a careful validation and quality 

control of the data is essential for accurate and reliable 

results of synteny analysis (Almeida‐Silva and Van de 

Peer, 2023).  

By combining these methodologies, researchers can 

gain insights into the genomic conservation and 

evolution across species, helping understand the 

functional implications of syntenic relationships. 
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Table-2. Online Software for Synteny Detection 

Software Functions References 

SynBrowse ➢ Construct synteny blocks among multiple species 

genome browser database 

➢ Visualize and download syntenic relationships 

➢ Browse synteny blocks  

➢ Download the details of synteny blocks to be used as 

input  

Pan et al., 2005 

AutoGRAPH ➢ Constructing and visualizing synteny maps between 

two or three species. 

➢ Determination and display of macrosynteny and 

microsynteny relationships among species. 

➢ Highlighting evolutionary breakpoints. 

Derrien et al., 2007 

GSV ➢ Allows users to upload files. 

➢ Visualize synteny regions between two or more 

genomes  

Revanna et al., 

2011 

Cinteny ➢ Finding regions syntenic across multiple genomes. 

➢ Measuring the extent of genome rearrangement using 

reversal distance as a measure. 

Sinha and Meller, 

2007 

Orthocluster ➢ Identification and visualization of synteny blocks Zeng et al., 2008 

Synteny Portal ➢ Construct synteny blocks among multiple species.  

➢ Visualize and download syntenic relationships as high-

quality images 

➢ Browse synteny blocks with genetic information 

➢ Download the details of synteny blocks to be used as 

input for downstream synteny-based analyses 

Lee et al., 2016 

CoGe: SynMap ➢ Generate a syntenic dotplot between two organisms. 

➢ Identify syntenic regions. 

Haug-Baltzell et al., 

2017 

Simple Synteny ➢ tool for visualization of microsynteny across multiple 

species 
Veltri et al., 2016 

Orthologous Matrix 

(OMA) 

➢ Identify orthologs among many genomes 

➢ OMA provides three different types of orthologs: 

pairwise orthologs, OMA Groups and Hierarchical Orthologous 

Groups (HOGs) 

Dessimoz et al., 

2005 

 

Table-3. Standalone Software for Synteny Detection 

Software 
Operating System/ 

System Requirement 
Synteny Detection References 

Mugsy ➢ x86-64-bit Linux 
➢ Multiple alignments of 

whole genomes. 

Angiuoli and 

Salzberg, 2011 

SyMAP 

➢ Linux 

➢ Mac OSX. 

➢ Windows (viewing and 

querying only) 

➢ Intel systems 

➢ Multiple CPUs 

➢ 64-bit computer 

➢ At least 5Gb RAM/CPU 

➢ Computing, displaying, and 

analyzing syntenic alignments 

between medium-to-high divergent 

eukaryotic genomes. 

Soderlund et al., 

2011 

Multiz  
➢ Align highly rearranged or 

incompletely sequenced genomes 

Blanchette et al., 

2004 
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Mauve 

➢ Windows 

➢ Linux 

➢ Mac OS X 

➢ Other Unix like operating 

system 

➢ 32/64-bit Computer 

➢ Java version 1.4 or later 

➢ Multiple alignment of 

conserved genomic sequence with 

rearrangements 

Darling et al., 

2004 

Sibelia 
➢ Unix-like operating systems 

 

➢ Finds synteny blocks in 

multiple closely related microbial 

genomes. 

Minkin et al., 

2013 

Cyntenator ➢ Linux 

➢ Identifies genomic regions 

of conserved synteny over a large set 

of diverging species 

Ro¨delsperger 

and Dieterich, 

2010 

DRIMM-

Synteny 
➢ Linux 

➢ Identifying the synteny 

blocks in highly duplicated genomes. 

Pham and 

Pevzner, 2010. 

i-ADHoRe ➢ Linux 

➢ Builds a homologous gene 

matrix 

➢ Detects clusters of genes 

Vandepoele et 

al., 2002; Proost 

et al., 2012 

DAGchainer ➢ Linux 

➢ Identifies chains of gene 

pairs sharing conserved order 

between genomic regions 

Haas et al., 2004 

ColinearScan 

➢ UNIX platform. 

➢ Linux X86 

➢ Linux AMD64 Solaris Sparc 

➢ Sequence alignment. 

➢ Collinearity between/within 

chromosome(s). 

Wang et al., 

2006 

MCScan ➢ Linux Cygwin 

➢ Scan multiple genomes to 

identify homologous chromosomal 

regions. 

➢ Align these regions using 

genes as anchors. 

➢ Generates synteny 

correspondences in Plant Genome 

Duplication Database. 

Tang et al., 

2008 

r2cat 
➢ Computer using Java webStart 

technology 

➢ Visualization for synteny 

inspection 

Husemann and 

Stoye, 2010 

Satsuma 
➢ 64-bit Linux 

➢ 24 CPUs 

➢ Whole-genome synteny 

alignments. 

Grabherr et al., 

2010 

Easyfig 
➢ Mac OS X, 

➢ UnixMicrosoft Windows 

➢ BLAST comparisons 

between multiple genomic regions. 

➢ Interactively colored figures 

are generated and visualized. 

Sullivan et al., 

2011 

SyDiG  
➢ Uncovers synteny in Distant 

Genomes. 

Jean and 

Nikolski, 2011 

MapSynteny  

➢ Create images to show the 

relationship between genetic maps 

and large sequences. 

Fernandez et al., 

2012 

MCScanX 
➢ Mac OS (via X11) Linux 

systems 

➢ Identify putative 

homologous chromosomal regions, 

➢ Align these regions using 

genes as anchors. 

 

Wang et al., 

2012 
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SynChro ➢ Linux Mac OS X 

➢ Identify conserved synteny 

blocks. 

➢ Reconstructs synteny blocks 

between pairwise comparisons of 

multiple genomes. 

Drillon et al., 

2014 

Proteny 

➢ Linux 

➢ 8 cores, 

➢ At least 10GB of memory. 

➢ Analyze synteny at the 

protein level between two organisms. 

Gehrmann and 

Reinders, 2015 

OrthoFinder 

➢ Linx 

➢ Windows 

➢ Mac OS 

➢ Accurate, Fast, and 

comprehensive platform for 

comparative genomics 

➢ Finds orthogroups and 

orthologs 

➢ Infers rooted gene trees for 

all orthogroups 

➢ Identifies all of the gene 

duplication events in those gene trees 

Emms and 

Kelly, 2019 

MicroSyn ➢ Windows 
➢ Detection of microsynteny in 

a gene family 
Cai et al., 2011 

Figure-1. Types Syntenic Mapping and Important Tools for Their Detection 

 

Use of Synteny Mapping in Discovery of New 

Genes/Genomes 

Synteny analysis is a useful method to compare 

genomes. It is used to understand the evolution of 

organisms, functional conservation, genome 

rearrangements, genome annotation and genome 

assembly errors (Overbeek et al., 1999; Vallenet et al., 

2006; Sinha and Meller, 2007; McClean et al., 2010). 

 

A. At Genome Level 

Genomics helps in the identifying presence and 

functions of genes in model organisms which can be 
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utilized to understand complex organisms using 

genome synteny. Research demonstrated that rice and 

wheat genomes had a similar structure and gene order 

(Wijerathna-Yapa et al., 2023). Comparative maps 

show that synteny and collinearity exist among eight 

chromosomes of rice and seven homologous 

chromosome groups (A, B and D) of wheat (Kurata et 

al., 1994). Syntenic comparison of the members of 

Gramineae family are the most developed. “Anchor 

probes” having low-copy cDNA have been used for 

the development of comparative maps among the 

members of grass family (Van Deynze et al., 1998).  

Whole-genome comparative maps among the 

members of Solanaceae family have been developed. 

Tomato and potato genomes show collinearity of DNA 

markers along the 12 chromosomes (Bonierbale et al., 

1998; Bukhari et al., 2022). Various events of genome 

duplication have indicated the evolution of 

Arabidopsis and tomato from a common ancestor. It 

has been observed by the revelation of various 

distributed networks of synteny (Devos and Gale, 

1997; Van Deynze et al., 1998; Ku et al., 2000).  

 Syntenic blocks having complicated mosaic patterns 

have been observed between genomes of watermelon, 

cucumber, and melon by using cross species SSR 

markers (Zhu et al., 2016). Regions having synteny 

between sugar beet and rosid species have been 

detected which consists 1400-2700 genes in 

Arabidopsis, cacao, grapevine, and poplar (Dohm et 

al., 2012). 

 

B. At chromosomal Level 

A good level of collinearity has been observed among 

sugarcane and sorghum in four out of eight homology 

groups. These homology groups are syntenic to 4 

sorghum chromosomes about 98- 100%. Four 

important chromosomal rearrangements have been 

identified among the remaining 4 sugarcane homology 

groups and sorghum out of which two are 

condensations of chromosomes which has reduced the 

basic sugarcane chromosome set from x = 10 to x = 8. 

This macro synteny has been observed in other 

members of Poaceae family like maize and helped in 

discovering important evolutionary relationships 

between sugarcane and other member species (Aitken 

et al., 2014). 

 Chestnut showed blocks of synteny with ten plant 

species, with the chestnut physical map alignment 

ranging from 10 to 39 %. At microsytenic level by the 

use of QTL-associated genomic sequence chestnuts 

showed synteny range of 5.4 to 12.9 % with other plant 

genomes. Both at micro and macro synteny levels in 

grape, poplar and peach genomes showed the most 

structural conservation with chestnut. These regions 

with synteny provide important tool for gene 

cataloging and defining in the QTL regions for the 

research advancement in chestnut blight resistance 

(Staton et al., 2015). 

 Comparison of chromosome 5 of Arabidopsis with 

genome of Brassica napus identified conserved loci 

among these two species. Arabidopsis chromosome 5 

has 8Mb region which is having 6 highly conserved 

copies in the genome of B. napus. Genetic linkage map 

alignment of B. napus with the genomic sequence of 

Arabidopsis showed that for specific regions 1cM 

genetic distance of in B. napus is equivalent to 285 Kb 

DNA sequence of Arabidopsis. Thus, Arabidopsis can 

be utilized in map-based cloning of genes, 

identification of candidate genes and development of 

markers for larger genomes of Brassica crop species 

(Parkin et al., 2002). 

 

C. At Gene Level 

Studies have revealed that many cereals are syntenic. 

Rice and Brachypodium may be utilize for the 

identification genes/genetic markers of interest that 

may be utilized in breeding and research of wheat 

(Moore et al., 1995). Synteny played essential role in 

identification of the Ph1 locus in wheat which controls 

the fertility and stability of genome has been identified 

by the use of information obtained from syntenic 

regions in rice and brome (Griffiths et al., 2006). 

Conserved micro-collinearity has been observed in 

some regions of barley, wheat and rice. Linkage 

analysis DNA markers in barley has shown complete 

correspondence with their genetic order in rice having 

distance between linked sequences on rice 

chromosomes being <1.6 cM or <1×10° bp (1 Mb). 

Thus, DNA markers separated in this range are 

collinear in rice and barley (Dunford et al., 1995). The 

region of wheat chromosome 5 containing VRN1 gene 

is collinear with a region from rice chromosome 3 

which contains the HD-6 quantitative trait locus for 

heading date (Kato et al., 1999). Collinearity was 

observed in Sh2/A1 orthologous regions of rice, 

sorghum, and maize and Triticeae species (Bennetzen 

and Ramakrishna, 2002; Li and Gill, 2002). Cloning 

of a gene of one plant species on the basis of position 

and sequence information of homoeologous region in 

another genus was first carried out in homologous 

chromosomal regions of rice (Oryza sativa) and barley 

(Hordeum vulgare) (Kilian et al., 1997).  
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Excellent examples of syntenic mapping have been 

obtained in legumes by the determination of genes 

which regulates N-fixing symbiosis relationship 

between rhizobia and pea by the use of Lotus 

japonicus or Medicago truncatula (Endre et al., 2002; 

Krusell et al., 2002; Limpens et al., 2003; Lévy et al., 

2004; Stracke et al., 2004; Tabussam et al., 2022). 

Microcollinearity analysis between tomato and 

Arabidopsis for identification of candidate gene which 

controls ovate shape of tomato fruit. A 105-kb tomato 

genome sequence was compared against complete 

genome of Arabidopsis. Tomato clone indicated the 

conservation of gene order and content with 

Arabidopsis chromosomes 2-5 at four different 

segments. The synteny order and content of the tomato 

gene with these l Arabidopsis segments show that they 

were derived from same ancestral segment by the 

means of two or more rounds of large-scale genome 

duplication events possibly polyploidy (Ku et al., 

2000).  

High level microsynteny and conservation between 

the genomes of melon and cucumber has been 

observed at the DNA level. Comparison of genomic 

DNA of cucumber and melon flanking around the 

zucchini yellow mosaic virus resistance locus detected 

high degree of marker collinearity (Park et al., 2004; 

Meyer et al., 2008). Syntenic analysis of the gene 

family MADS-box transcription factor for complete 

genomes of 51 plants have showed several novel 

evolutionary patterns of synteny network clusters. 

Lineage-specific clusters have been from transposition 

events that controls floral development) and time of 

flowering in Brassicales and development of roots in 

Poales. Type II MADS-box gene group which consists 

of two large gene clusters have been identified which 

together control different important phenotypic 

functions. Conservation of synteny of many less 

studied classes has been identified in angiosperms 

(Zhao et al., 2017). Functional syntenic analysis 

revealed that 61 cotton ESTs involved in drought and 

heat tolerance had shown functional homology with 55 

okra unigenes (Ahmad et al., 2022). 

 

Future Prospects 

 Syntenic mapping in plant breeding holds promising 

future prospects. It enables the identification of 

conserved genomic regions across related species, 

aiding in the transfer of beneficial traits. This approach 

enhances the efficiency marker assisted selection, 

accelerates breeding programs and facilitates the 

development of with improved yield, resistance and 

adaptability to changing environmental conditions. As 

genomic tools advance, syntenic mapping is likely to 

play crucial role in unraveling complex genetic 

networks and contribute to sustainable and resilient 

crop production. 
 
Conclusion 
 
Synteny analysis has been used largely to study 

complex genomes and helped in discoveries at 

genomic, chromosomal and gene levels among the 

members of different plant families. In the future 

genome/chromosome synteny can be utilized to 

understand the genomic structure, DNA sequences and 

gene functions of the less studied crop species. 
 

Disclaimer: None. 

Conflict of Interest: None. 

Source of Funding: None. 
 

Contribution of Authors 
 

Ahmad I: Collected data and wrote manuscript. 

Khan AI & Ali S: Contributed in literature review and 

editing of manuscript. 

Rana RM: Conceived idea, prepared outlines and 

edited the manuscript. 

 

References 
 
Altschul SF, Gish W, Miller W, Myers EW and 

Lipman DJ, 1990. Basic local alignment search 

tool. J. Mol. Biol. 215:403-410. 

Ahmad I, Rana RM, Hassan MU, Khan MA and Sajjad 

M, 2022. Association mapping for abiotic stress 

tolerance using heat-and drought-related syntenic 

markers in okra. Mol. Biol. Rep. 49(12):11409-

11419. 

Aitken KS, McNeil MD, Berkman PJ, Hermann S, 

Kilian A, Bundock PC and Li J, 2014. 

Comparative mapping in the Poaceae family 

reveals translocations in the complex polyploid 

genome of sugarcane. BMC Plant Biol. 14:1-15. 

Almeida‐Silva F and Van de Peer Y, 2023. Assessing 

the quality of comparative genomics data and 

results with the cogeqc R/Bioconductor package. 

Methods. Ecol. Evol.14(12): 2942-2952. 

Angiuoli SV and Salzberg SL, 2011. Mugsy: fast 

multiple alignment of closely related whole 

genomes. Bioinformatics. 27: 334–342. 

 



Ikhlaq Ahmad et al. 

                                                                10/13  Asian J Agric & Biol. xxxx(x). 

Bailey TL, Williams N, Misleh C and Li WW, 2006. 

MEME: discovering and analyzing DNA and 

protein sequence motifs. Nucleic. Acids. Res. 

34(2): 369-373. 

Blanchette M, Kent WJ, Riemer C, Elnitski L, Smit 

AF, Roskin KM, Baertsch R, Rosenbloom K, 

Clawson H, Green ED and Haussler D, 2004. 

Aligning multiple genomic sequences with the 

threaded blockset aligner. Genome. Res. 14(4), 

pp.708-715. 

Bonierbale MW, Plaisted RL and Tanksley SD, 1998. 

QTL analysis of trichome mediated insect 

resistance in potato. Genet. 120: 1095–1103. 

Bennetzen JL and Ramakrishna W, 2002. Numerous 

small rearrangements of gene content, order, and 

orientation differentiate grass genomes. Plant. 

Mol. Biol. 48: 821–827. 

Buchfink B, Reuter K and Drost HG, 2021. Sensitive 

protein alignments at tree-of-life scale using 

DIAMOND. Nat. Methods. 18(4): 366-368. 

Bukhari T, Rana RM, Hassan MU, Naz F and Sajjad 

M, 2022. Genetic diversity and marker trait 

association for phytophthora resistance in chilli. 

Molecular Biology Reports, 49(6): 5717-5728. 

Cai B, Yang X, Tuskan GA and Cheng ZM, 2011. 

MicroSyn: a user friendly tool for detection of 

microsynteny in a gene family. BMC. Bioinform. 

12:1-12. 

Citerne HL, Le Guilloux M, Sannier J, Nadot S and 

Damerval C, 2013. Combining phylogenetic and 

syntenic analyses for understanding the evolution 

of TCP ECE genes in eudicots. PLoS. One. 8(9): 

74803. 

Coghlan A, Eichler EE, Oliver SG, Paterson AH and 

Stein L, 2005. Chromosome evolution in 

eukaryotes: a multi-kingdom perspective. Trends 

Genet.21: 673–682. 

Darling AC, Mau B, Blattner FR and Perna NT, 2004. 

Mauve: multiple alignment of conserved genomic 

sequence with rearrangements. Genome 

Res.14:1394–1403. 

Derrien T, Andre C, Galibert F and Hitte C, 2007. 

AutoGRAPH: an interactive web server for 

automating and visualizing comparative genome 

maps. Bioinform. 23:498-499. 

Dessimoz C, McLysaght A and Huson DH, 2005. 

RECOMB 2005 Workshop on Comparative 

Genomics. 

Devos KM and Gale MD, 1997. Comparative genetics 

in the grasses. Plant. Mol. Biol. 35: 3–15. 

 

Dohm JC, Lange C, Holtgräwe D, Sörensen TR, 

Borchardt D, Schulz B, Lehrach H, Weisshaar B 

and Himmelbauer H, 2012. Palaeohexaploid 

ancestry for Caryophyllales inferred from 

extensive gene-based physical and genetic 

mapping of the sugar beet genome (Beta vulgaris). 

Plant. J. 70: 528–540. 

Donthu R, Harris AL and Denis ML, 2009. 

SyntenyTracker: a tool for defining homologous 

synteny blocks using radiation hybrid maps and 

whole-genome sequence. BMC Res. Notes. 2: 

148. 

Drillon, G, Carbone A, and Fischer G, 2014. SynChro: 

a fast and easy tool to reconstruct and visualize 

synteny blocks along eukaryotic chromosomes. 

PloS One 9(3): e92621. 

Dunford RP, Kurata N, Laurie DA, Money TA, 

Minobe Y and Moore G, 1995. Conservation of 

fine-scale DNA marker order in the genomes of 

rice and the Triticeae. Nucleic. Acids. Res. 23: 

2724–2728. 

Duran C, Edwards D and Batley J, 2009. Genetic maps 

and the use of synteny. Plant Genomics: Methods 

and Protocols, pp.41-55. 

Endre G, Kereszt A, Kevei Z, Mihacea S, Kalo P and 

Kiss GB, 2002. A receptor kinase gene regulating 

symbiotic nodule development. Nature. 417: 962–

966. 

Emms DM and Kelly S, 2019. OrthoFinder: 

phylogenetic orthology inference for comparative 

genomics. Genom. Biol. 20:1-14. 

Feron R and Waterhouse RM, 2022. Assessing species 

coverage and assembly quality of rapidly 

accumulating sequenced genomes. Giga.Sci. 

11:006. 

Fernandez AC, Carlos H, Karen C and Matthew WB, 

2012. MapSynteny: creating images of synteny. 

International Plant and Animal Genome 

Conference. Jan 14-18 2012. San Diago, 

California, USA. 

Finet C, Berne-Dedieu A, Scutt CP and Marlétaz F, 

2013. Evolution of the ARF gene family in land 

plants: old domains, new tricks. Mol. Biol. Evol. 

30(1): 45-56. 

Finn RD, Bateman A, Clements J, Coggill P, 

Eberhardt RY, Eddy SR, Heger A, Hetherington 

K, Holm L, Mistry J and Sonnhammer EL, 2014. 

Pfam: the protein families database. Nucleic. 

Acids. Res. 42(1): 222-230. 

  



Ikhlaq Ahmad et al. 

                                                                11/13  Asian J Agric & Biol. xxxx(x). 

Frith MC, Wan R and Horton P, 2010. Incorporating 

sequence quality data into alignment improves 

DNA read mapping. Nucleic. Acids. Res. 38(7): 

100. 

Gao B, Chen M, Li X, Liang Y, Zhu F, Liu T, Zhang 

D, Wood AJ, Oliver MJ and Zhang J, 2018. 

Evolution by duplication: paleopolyploidy events 

in plants reconstructed by deciphering the 

evolutionary history of VOZ transcription factors. 

BMC. Plant. Biol. 18: 1-19. 

Ghiurcuta CG and Moret BME, 2014. Evaluating 

synteny for improved comparative studies. 

Bioinform. 30: 9–18. 

Ghedin E, Bringaud F, Peterson J, Myler P, Berriman 

M, Ivens A, Andersson B, Bontempi E, Eisen J, 

Angiuoli S and Wanless D, 2004. Gene synteny 

and evolution of genome architecture in 

trypanosomatids. Mol. Biochem. Parasitol. 

134(2): 183-191. 

Griffiths S, Rebecca S, Tracie NF, Isabelle B, Michael 

W, Steve R, Isabelle C and Graham M, 2006. 

Molecular characterization of Ph1 as a major 

chromosome pairing locus in polyploid wheat. 

Nature. 439: 749–752. 

Grabherr MG, Russell P, Meyer M, Mauceli E, Alföldi 

J, Palma FD and Toh KL, 2010. Genome-wide 

synteny through highly sensitive sequence 

alignment: Satsuma. Bioinform. 26: 1145–1151. 

Gehrmann T and Reinders MJ, 2015. Proteny: 

discovering and visualizing statistically 

significant syntenic clusters at the proteome level. 

Bioinform. 31: 3437–3444. 

Hane JK, Rouxel T, Howlett BJ, Kema GH, Goodwin 

SB and Oliver RP, 2011. A novel mode of 

chromosomal evolution peculiar to filamentous 

ascomycete fungi. Genome. Biol. 12: 1-16. 

Haas BJ, Delcher AL, Wortman JR and Salzberg SL, 

2004. DAGchainer: a tool formining segmental 

genome duplications and synteny. Bioinform. 

20:3643–3646 

Haug-Baltzell A, Stephens AS, Davey S, Scheidegger 

EC and Lyons E, 2017. SynMap2 and SynMap3D: 

web-based whole-genome synteny browsers. 

Bioinform. 33: 2197–2198. 

Husemann P and Stoye J, 2010. R2Cat: synteny plots 

and comparative assembly. Bioinform, 26: 570–

571. 

Jean G and Nikolski M, 2011. SyDiG: uncovering 

Synteny in Distant Genomes. Int. J. Bioinform. 

Res. Appl. 7:43-62. 

 

Kato K, Miura H and Sawada S, 1999. Comparative 

mapping of the wheat Vrn-AI region with the rice 

Hd-6 region. Genom. 42(2): 204-209. 

Kilian A, Chen J, Han F, Steffenson B and Kleinhofs 

A, 1997. Towards map-based cloning of the barley 

stem rust resistance genes Rpg1 and rpg4 using 

rice as an intergenomic cloning vehicle. Plant. 

Mol. Biol. 35: 187–195. 

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne 

R, Horsman D, Jones SJ and Marra MA, 2009. 

Circos: an information aesthetic for comparative 

genomics. Genom. Res. 19: 1639-1645. 

Ku HM, Vision T, Liu J and Tanksley SD, 2000. 

Comparing sequenced segments of the tomato and 

Arabidopsis genomes: Large-scale duplication 

followed by selective gene loss creates a network 

of synteny. In Proceedings of National Academy 

of Sciences, USA. 97 (16): 9121–9126. 

Kurata N, Moore G, Nagamura Y, Foote T, Yano M, 

Minobe Y and Gale M, 1994. Conservation of 

genome structure between rice and wheat. Nat. 

Biotechnol. 12: 276–278. 

Krusell L, Madsen LH, Sato S, Aubert G, Genua A, 

Szczyglowski K, Duc G, Kaneko T, Tabata S, de 

Bruijn F, Pajuelo E, Sandal N and Stougaard J, 

2002. Shoot control of root development and 

nodulation is mediated by a receptor-like kinase. 

Nature. 420: 422–426. 

 Lee J, Woon-young H, Minah C, Mikang S, Daehwan 

L, Younhee K and Jaebum K, 2016. Synteny 

Portal: a web-based application portal for synteny 

block analysis. Nucleic. Acids. Res. 44. 

Lévy J, Bres C, Geurts R, Chalhoub B, Kulikova O, 

Duc G, Journet EP, Ané JM, Lauber E, Bisseling 

T, Dénarié J, Rosenberg C and Debellé F, 2004. A 

putative Ca2+ and calmodulin-dependent protein 

kinase required for bacterial and fungal 

symbioses. Sci. 303: 1361–1364. 

Li W and Gill BS, 2002. The colinearity of the Sh2/A1 

orthologous region in rice sorghum and maize is 

interrupted and accompanied by genome 

expansion in the Triticeae. Genet. 160: 1153–

1162. 

Li FW, Melkonian M, Rothfels CJ, Villarreal JC, 

Stevenson DW, Graham SW, Wong GKS, Pryer 

KM and Mathews S, 2015. Phytochrome diversity 

in green plants and the origin of canonical plant 

phytochromes. Nat. Commun. 6(1): 7852. 

Liu D, Hunt M and Tsai IJ, 2018. Inferring synteny 

between genome assemblies: a systematic 

evaluation. BMC Bioinform. 19(1):1-13. 



Ikhlaq Ahmad et al. 

                                                                12/13  Asian J Agric & Biol. xxxx(x). 

Limpens E, Franken C, Smit P, Willemse J, Bisseling 

T and Geurts R, 2003. LysM domain receptor 

kinases regulating rhizobial Nod factor-induced 

infection. Sci. 302: 630–633. 

Long M, Betrán E, Thornton K and Wang W, 2003. 

The origin of new genes: glimpses from the young 

and old. Nat. Rev. Genet., 4: 865–875. 

Marks RA, Hotaling S, Frandsen PB and VanBuren R, 

2021. Representation and participation across 20 

years of plant genome sequencing. Nat. Plants. 

7(12):1571-1578. 

Meyer JDF, Deleu W, Garcia-Mas J and Havey MJ, 

2008. Construction of a fosmid library of 

cucumber (Cucumis sativus) and comparative 

analyses of the eIF4E and eIF(iso)4E regions from 

cucumber and melon (Cucumis melo). Mol. 

Genet. Genomics. 279:473-480. 

McCouch SR, 2001. Genomics and Synteny. Plant. 

Physiol. 125: 152-55. 

McClean PE, Sujan M, Melody M, Shireen C and Rian 

L, 2010. Synteny mapping between common bean 

and soybean reveals extensive blocks of shared 

loci. BMC. Genom, 11:184.  

Minkin I, Anand P, Mikhail K, Nikolay V and Son P, 

2013. Sibelia: a scalable and comprehensive 

synteny block generation tool for closely related 

microbial genomes. In Proceedings of the 13th 

Workshop Algorithms in Bioinformatics 

(WABI’13), Vol. 8126 of Lecture Notes in 

Computer Science. pp. 215–229. Springer Verlag, 

Berlin. 

Moore G, Devos KM, Wang Z and Gale MD, 1995. 

Cereal genome evolution. Grasses, line up and 

form a circle. Curr. Biol. 5(7):737–739. 

Morgan TH, 1910. Sex Limited Inheritance in 

Drosophila. Sci. 120: 2. 

Mural RJ, Adams MD and Myers EW, 2002. A 

comparison of whole genome shotgun-derived 

mouse chromosome 16 and the human genome. 

Sci. 296:1661–1671. 

O'Brien SJ, Menotti-Raymond M, Murphy WJ, Nash 

WG, Wienberg J, Stanyon R, Copeland NG, 

Jenkins NA, Womack JE and Marshall Graves JA, 

1999. The promise of comparative genomics in 

mammals. Sci. 286(5439): 458-481. 

Overbeek R, Fonstein M, D'Souza M, Pusch GD and 

Maltsev N, 1999. Use of contiguity on the 

chromosome to predict functional coupling. In 

Silico. Biol. 1: 93–108. 

Pan X, Stein L and Brendel V, 2005. SynBrowse: a 

synteny browser for comparative sequence 

analysis. Bioinform. 21: 3461–3468. 

Parkin IAP, Lydiate DJ and Trick M, 2002. Assessing 

the level of collinearity between Arabidopsis 

thaliana and Brassica napus for A. thaliana 

chromosome 5. Genome. 45: 356–366. 

Park Y, Katzir N, Brotman Y, King J, Bertrand F and 

Havey M, 2004. Comparative mapping of ZYMV 

resistances in cucumber (Cucumis sativus L.) and 

melon (Cucumis melo L.). Theor. Appl. Genet. 

109:707-712. 

Proost S, Jan F, Dieter DW, Bart D, Piet D, Yves VP 

and Klaas V, 2012. i-ADHoRe 3.0–fast and 

sensitive detection of genomic homology in 

extremely large data sets. Nucleic. Acids. Res. 40: 

e11. 

Pham SK and Pevzner PA, 2010. DRIMM-Synteny: 

decomposing genomes into evolutionary 

conserved segments. Bioinform. 26:2509–2516. 

Revanna KV, Chiu CC, Bierschank E and Dong Q, 

2011. GSV: a web-based genome synteny viewer 

for customized data. BMC Bioinform. 12, 1-4. 

Rhie A, McCarthy SA, Fedrigo O, Damas J, Formenti 

G, Koren S, Uliano-Silva M, Chow W, 

Fungtammasan A, Kim J and Lee C, 2021. 

Towards complete and error-free genome 

assemblies of all vertebrate species. Nature, 

592(7856): 737-746. 

Renwick JH, 1972. The mapping of human 

chromosomes. Annu. Rev. Genet. 5: 81–120. 

Ro¨delsperger C and Dieterich C, 2010. 

CYNTENATOR: Progressive Gene Order 

Alignment of 17 Vertebrate Genomes. PLoS 

ONE. 5(1): e8861. 

Shaw CD, 2008. Genomic spring-synteny 

visualization with IMAS. In Fifth International 

Conference BioMedical Visualization: 

Information Visualization in Medical and 

Biomedical Informatics, IEEE Computer Society, 

pp. 3–8. 

Sinha AU and Meller J, 2007. Cinteny: flexible 

analysis and visualization of synteny and genome 

rearrangements in multiple organisms. BMC 

Bioinform. 8:82. 

Staton M, Zhebentyayeva T, Olukolu B, Fang GC, 

Nelson D, Carlson JE and Abbott AG, 2015. 

Substantial genome synteny preservation among 

woody angiosperm species: comparative 

genomics of Chinese chestnut (Castanea 

mollissima) and plant reference genomes. BMC 

Genom.16: 744. 

 



Ikhlaq Ahmad et al. 

                                                                13/13  Asian J Agric & Biol. xxxx(x). 

Stracke S, Sato S, Sandal N, Koyama M, Kaneko T, 

Tabata S and Parniske M, 2004.  Exploitation of 

colinear relationships between the genomes of 

Lotus japonicus, Pisum sativum and Arabidopsis 

thaliana, for positional cloning of a legume 

symbiosis gene. Theor. Appl. Genet. 108: 442–

449. 

Sullivan MJ, Petty NK and Beatson SA, 2011. 

Easyfig: a genome comparison visualizer. 

Bioinform, 27: 1009–1010. 

Soderlund C, Matthew B and William MN, 2011. 

SyMAP v3.4: a turnkey synteny system with 

application to plant genomes. Nucleic. Acids. Res. 

39: e68. 

Tabussam N, Rana RM, Wattoo FM, Khan AI, Amir 

RM, Javed T, Ahmar S, Dessoky ES and 

Abdelsalam NR, 2022. Single nucleotide 

polymorphism based assessment of genetic 

diversity in local and exotic onion genotypes. Mol. 

Bio. Rep. 49(6): 5511-5520. 

Tang H, Bowers JE, Wang X, Ming R, Alam M and 

Paterson AH, 2008. Synteny and Collinearity in 

Plant Genomes. Sci. 320: 486-488. 

Vallenet D, Labarre L, Rouy Z, Barbe V, Bocs S, 

Cruveiller S, Lajus A, Pascal G, Scarpelli C and 

Médigue C, 2006. MaGe: a microbial genome 

annotation system supported by synteny results. 

Nucleic. Acids. Res. 34: 53–65. 

Van Deynze AE, Sorrells ME, Park WD, Ayres NM, 

Fu H, Cartinhour SW, Paul E and McCouch SR, 

1998. Anchor probes for comparative mapping of 

grass genera. Theor. Appl. Genet. 97: 356–369. 

Vandepoele K, Yvan S, Cedric S, Jeroen R and Yves 

VP, 2002. The automatic detection of homologous 

regions (ADHoRe) and its application to 

microcolinearity between Arabidopsis and rice. 

Genome. Res. 12:1792–1801.  

Veltri D, Wight MM and Crouch JA, 2016. 

SimpleSynteny: a web-based tool for visualization 

of microsynteny across multiple species. Nucleic. 

Acids. Res. 44(1): 41-45. 

 

 

Wang X, Shi X, Li Z, Zhu Q, Kong L, Tang W, Ge S 

and Luo J, 2006. Statistical inference of 

chromosomal homology based on gene colinearity 

and applications to Arabidopsis and rice. BMC. 

Bioinform. 7:1-13. 

Wang Y, Tang H, DeBarry JD, Tan X, Li J, Wang X, 

Lee TH, Jin H, Marler B, Guo H, Kissinger JC and 

Paterson AH, 2012. MCScanX: a toolkit for 

detection and evolutionary analysis of gene synteny 

and collinearity. Nucleic. Acids. Res. 40: e49. 

Wang P and Wang F, 2023. A proposed metric set for 

evaluation of genome assembly quality. Trends. 

Genet. 39(3):175-186. 

Wijerathna-Yapa A, Bishnoi R, Ranawaka B, Magar 

MM, Rehman HU, Bharad SG, Lorenc MT, 

Ramtekey V, Gohar S, Lata C, Harun-Or-Rashid 

M, Razzaq M, Sajjad M and Basnet R, 2023. 

Rice–wheat comparative genomics: Gains and 

gaps. The Crop Journal. 

Xia X, 2013. What is comparative genomics? (pp. 1-

20). Springer Berlin Heidelberg. 

Zeng X, Jian P, Ismael AV, Matthew JN, Ke W and 

Nansheng C, 2008. OrthoCluster: a new tool for 

mining synteny blocks and applications in 

comparative genomics. In Proceedings of the 11th 

International Conference on Extending Database 

Technology: Advances in Database Technology, 

ACM New York, NY, USA, pp.656–667. 

Zhao T, Holmer R , de Bruijn S, Angenent GC 

and van den Burg HA, 2017. Phylogenomic 

Synteny Network Analysis of MADS-Box 

Transcription Factor Genes Reveals Lineage-

Specific Transpositions, Ancient Tandem 

Duplications, and Deep Positional Conservation. 

The. Plant. Cell. 29: 1278–1292, 

Zhu H, Pengyao S, Dal-Hoe K, Luqin G, Yanman L, 

Shouru S, Yiqun W and Luming Y, 2016. 

Genome wide characterization of simple sequence 

repeats in watermelon genome and their 

application in comparative mapping and genetic 

diversity analysis. BMC. Genom. 17:557. 

 

 

https://pubmed.ncbi.nlm.nih.gov/?term=Holmer+R&cauthor_id=28584165
https://pubmed.ncbi.nlm.nih.gov/?term=de+Bruijn+S&cauthor_id=28584165
https://pubmed.ncbi.nlm.nih.gov/?term=Angenent+GC&cauthor_id=28584165
https://pubmed.ncbi.nlm.nih.gov/?term=van+den+Burg+HA&cauthor_id=28584165

