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ABSTRACT 

 

SATTLER, Mariana Cansian, D.Sc., Universidade Federal de Viçosa, October, 2021. 
Cytogenomics in Coffea L. Adviser: Wellington Ronildo Clarindo. 

 

The genus Coffea comprises ~124 species, including C. arabica and C. canephora, 

which are responsible for the commercial production of coffee beans. Although most 

cytogenomic researches are focused on commercial species and its relatives, efforts 

have been made to expand the scope to wild species. However, molecular cytogenetic 

data are still limited to karyotype organization, especially due to low quality of the 

cytogenetic preparations. Considering this, the present work is focused on the 

cytogenomics of Coffea species. The first chapter provides an up to date review on the 

history of Coffea cytogenomics, initiating with the first classical cytogenetic studies, 

encompassing the main challenges and landmarks in cytogenetics and genomics, as 

well as their integration. These cytogenomic data allowed us to understand the 

phylogenetic relationships in Coffea, as well as their genomic origins, highlighting the 

relatively recent events of allopolyploidy. These events include the origin of the 

allotetraploid C. arabica (2n = 4x = 44, C. canephora x C. eugenioides) and the 

allotriploid hybrid �Híbrido de Timor� (2n =3 x = 33, C. arabica x C. canephora). The 

second chapter is devoted to the study of repetitive sequences (repeatome) of the C. 

eugenioides genome, by integrating bioinformatic tools with cytogenetic mapping. We 

showed that repetitive sequences comprise ~47% of C. eugenioides genome, with 

mobile elements representing 45%. The Ty3/Gypsy to Ty1/Copia ratio was high (32:4), 

as also observed for other Coffea species. We mapped three Ty1/Copia (Bianca, TAR 

and Tork) and one Ty3/Gypsy (Athila) LTR-retrotransposon in metaphase 

chromosomes and interphase nuclei of C. eugenioides. Their distribution exhibited a 

clustered pattern throughout different chromosomes and regions of the chromosomes. 

The results obtained here are unprecedented for Coffea. Thus, we hope they lay the 

background for further investigations regarding Coffea cytogenomics. 

 

Keywords: Coffee. Molecular Cytogenetics. Polyploidy. Genomics. Repeatome. Mobile 

Elements. 

  



 
 

 
 

RESUMO 

 

SATTLER, Mariana Cansian, D.Sc., Universidade Federal de Viçosa, outubro de 2021. 
Citogenômica em Coffea!L. Orientador: Wellington Ronildo Clarindo. 

 

O gênero Coffea compreende ~124 espécies, incluindo C. arabica e C. canephora, as 

quais são responsáveis pela produção comercial de grãos de café. Embora a maioria 

das pesquisas citogenômicas foquem nas espécies comerciais ou espécies 

relacionadas, esforços têm sido feitos para incluir espécies selvagens. No entanto, os 

dados de citogenética molecular ainda se limitam à organização do cariótipo, 

especialmente devido à baixa qualidade das preparações citogenéticas. 

Considerando o exposto, o presente trabalho tem como foco a citogenômica de 

espécies de Coffea. O primeiro capítulo apresenta uma revisão atualizada acerca da 

história da citogenômica em Coffea, iniciando com os primeiros estudos de 

citogenética clássica, abrangendo os principais desafios e marcos na citogenética e 

na genômica, assim como sua integração. Esses dados citogenômicos nos permitiram 

compreender as relações filogenéticas em Coffea, bem como suas origens 

genômicas, destacando os eventos relativamente recentes de alopoliploidia. Esses 

eventos incluem a origem do alotetraploide C. arabica (2n = 4x = 44, C. canephora x 

C. eugenioides) e do híbrido alotriploide 'Híbrido de Timor' (2n = 3 x = 33, C. arabica 

x C. canephora). O segundo capítulo é dedicado ao estudo de sequências repetitivas 

(repetoma) do genoma de C. eugenioides, por meio da integração de ferramentas 

bioinformáticas com mapeamento citogenético. Mostramos que as sequências 

repetitivas compreendem ~47% do genoma de C. eugenioides, com os elementos 

móveis representando 45%. A relação de Ty3/Gypsy para Ty1/Copia foi alta (32:4), 

assim como observado para outras espécies de Coffea. Nós também mapeamos três 

LTR-retrotransposons Ty1/Copia (Bianca, TAR e Tork) e um elemento Ty3/Gypsy 

(Athila) em cromossomos metafásicos e núcleos interfásicos de C. eugenioides. Sua 

distribuição exibiu um padrão agrupado, ao longo diferentes cromossomos e regiões 

dos cromossomos. Os resultados obtidos aqui são inéditos para Coffea. Portanto, 

esperamos que eles sirvam como base para futuras investigações a respeito da 

citogenômica de Coffea. 

 



 
 

 
 

Palavras-chave: Café. Citogenética Molecular. Poliploidia. Genômica. Repetoma. 
Elementos Móveis. 
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Abstract 

 

Coffea possesses ~124 species, including C. arabica and C. canephora responsible 

for commercial coffee production. We reviewed the Coffea cytogenetics, from the first 

chromosome counting, encompassing the karyotype characterization, chromosome 

DNA content, and mapping of chromosome portions and DNA sequences, until the 

integration with genomics. We also showed new data about Coffea karyotype.  The 2n 

chromosome number evidenced the diploidy of almost all Coffea, and the C. arabica 

tetraploidy, as well as the polyploidy of other hybrids. Since then, other genomic 

similarities and divergences among the Coffea have been shown by karyotype 

morphology, nuclear and chromosomal C-value, AT and GC rich chromosome 

portions, and repetitive sequence and gene mapping. These cytogenomic data allowed 

us to know and understand the phylogenetic relations in Coffea, as well as their ploidy 

level and genomic origin, highlighting the relatively recent allopolyploidy. In addition to 

the euploidy, the role of the mobile elements in Coffea diversification is increasingly 

more evident, and the comparative analysis of their structure and distribution on the 

genome of different species is in the spotlight for future research. An integrative look 

at all these data is fundamental for a deeper understanding of Coffea karyotype 

evolution, including the key role of polyploidy in C. arabica origin. The �Híbrido de 

Timor�, a recent natural allotriploid, is also in the spotlight for its potential as a source 

of resistance genes and model for plant polyploidy research. Considering this, we also 

present some unprecedented results about the exciting evolutionary history of these 

polyploid Coffea. 

 

Keywords: Classical Cytogenetics, Coffee, Cytogenomics, DNA content, Molecular 

Cytogenetics, Plant Breeding, Polyploidy. 
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1. Introduction 

 

Coffee is one of the most important beverages worldwide, with more than 2.25 

billion cups consumed daily (Denoeud et al. 2014). More than 75% of traded coffee is 

produced by Coffea arabica L. and Coffea canephora Pierre ex A. Froehner. Coffea L. 

(Rubiaceae) genus has a recent origin (7.87 Mya, Tosh et al. 2013) and includes more 

than 124 species native to Africa, Australasia, Comoros, India, Madagascar, 

Mascarenes and Papua New Guinea. Almost all species are diploid (2n = 2x = 22) and 

self-incompatible, except for the tetraploid (2n = 4x = 44) and self-compatible C. 

arabica (Hamon et al. 2017). 

Cytogenetics concerns genomic and epigenomic aspects of the chromosomes, 

including the number, structure, organization, function, evolution, and behavior during 

the cell cycle and meiosis (Singh 2016; Deakin et al. 2019).  Coffea cytogenetics was 

initiated in the early twentieth century with the work of von Faber (1912). As in other 

plant species, limitations have hampered the cytogenetic investigations in Coffea. The 

main problem has been to obtain mitotic and/or meiotic chromosomes, i. e., the 

biological material to conduct cytogenetic studies. Even today, one of the main 

challenges is to seek alternatives to obtain Coffea chromosomes, mainly to 

cytogenomics that involves in situ hybridization applications. In addition, the small size 

of the chromosomes and low metaphasic index from root meristems also hampered 

Coffea cytogenetics. The further advance of protocols allowed the progress in Coffea 

chromosome complement research, such as the analysis of pachytene chromosomes 

(Pinto-Maglio and Cruz 1987), improved methods for mitotic chromosome preparation 

and the replacement of root meristems by cell aggregate suspensions (CAS, Clarindo 

and Carvalho 2006). From this, karyotype has been expanded and refined, contributing 

to a better understanding of the Coffea genome. So, Coffea cytogenetics is important 

for taxonomic and evolutionary studies, DNA sequence mapping, functional genome 

annotation (Hamon et al. 2009; Yuyama et al. 2012) and coffee breeding programs 

(Clarindo and Carvalho 2009). In this review, we revisited all cytogenetic Coffea 

studies to report the advances and contributions in this genomic era, as well as the 

main challenges and perspectives for further studies. In addition, we report new data 

about the 2n karyotype of the diploid C. eugenioides and the polyploid �Híbrido de 
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Timor '' (HT), expanding the genomic data about Coffea and its diversification and 

evolution.  

 

2. Initial steps � chromosome number determination 

 

The first chromosome counting in a Coffea from micro- and megasporogenesis 

evidenced that C. arabica shows 2n = 16 chromosomes (von Faber 1912). Twenty 

years later, Homeyer (1932) counted 2n = 22 chromosomes for the same species. 

Based on chromosome numbers of other Rubiaceae genera, such as Sherardia L., 

Crucianella L., Asperula L. and Galium L., Homeyer suggested the basic chromosome 

number of x = 11 for Coffea. Most striking breakthroughs in Coffea cytogenetics were 

achieved in the 1930s, mainly at the Instituto Agronômico de Campinas, Brazil, and by 

French and Belgian researchers. Krug (1934) reported 2n = 44 chromosomes for five 

C. arabica varieties (�Nacional�, �Bourbon�, �Laurina�, �Maragogipe� and �Amarelo de 

Botucatu�) and 2n = 22 for C. canephora, Coffea liberica Hiern and Coffea congensis 

A. Froehner, confirming the basic chromosome number of x = 11. Therefore, from the 

2n chromosome number, C. arabica was noticed as a tetraploid species of Coffea 

(Krug 1934) and started to stand out not only for its economic relevance but also for 

the genomic events involved in its karyotype evolution. Despite being a tetraploid, C. 

arabica demonstrates a diploid meiotic behavior, forming only bivalents from prophase 

I until metaphase I. Although Krug did not carry out a detailed morphological analysis, 

he described the Coffea chromosomes as small (approximately 1 � 2 µm) and 

homomorphic. Due to these karyotype features, some cytogenetic applications have 

been applied to characterize the chromosomes and to understand the evolution of the 

Coffea genome. In the following years, the chromosome number of many other 

species, varieties and hybrids of Coffea was determined as 2n = 22 or 2n = 44 (Krug 

1937; Mendes 1938; Bouharmont 1959, 1963; Sybenga 1960; Conagin and Mendes 

1961). 
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3. Karyotype morphology and the first karyograms 

 

Coffea chromosomes have been considered a hindrance for karyogram 

assembly due to their small size and high similar morphology. Mendes (1938) was the 

first to report a morphological characterization of Coffea chromosomes, describing 

solely those of Coffea liberica �Dewevrei� (De Wild. & T. Durand) Lebrun (syn. Coffea 

excelsa Chev.). Although C. liberica �Dewevrei� chromosomes were larger compared 

to those of other Coffea species, they were also considered small and morphologically 

similar, ranging from 3.5 (chromosome 1) to 1.5 µm (chromosome 11). Only three 

classes of chromosomes were distinguishable based on their total length, being 

designated as A, B and C. Class A was composed of three chromosome pairs with 2 

� 3.5 µm, class B of four pairs with around 2 µm, and class C of four pairs with 1 � 2 

µm (Mendes 1938). Bouharmont (1959, 1963) determined the number and length of 

the mitotic chromosomes of sixteen Coffea species, characterizing them as small and 

homomorphic and highlighting the hypothesis that the Coffea basic chromosome 

number is x = 11. Owing to the high intra- and interspecific similarity among 

chromosomes, the author was only able to distinguish five (1, 2, 3, 4 and 11) of the 

eleven chromosomes.  

Pachytene chromosomes allowed to overcome the hindrance associated with 

the small size of mitotic metaphase chromosomes. The characterization of pachytene 

chromosomes with the NOR provided insights on the C. arabica polyploid origin by 

comparing the bivalent morphology with those of diploid species. One C. arabica NOR 

bivalent was similar to the Coffea eugenioides S. Moore and C. liberica �Dewevrei� with 

regard to total and arm lengths. The other C. arabica NOR bivalent showed a simpler 

chromomeric pattern, most similar to the bivalents II of Coffea salvatrix Swynn. & 

Philipson and Coffea racemosa Lour (Pinto-Maglio and Cruz 1987). 

C. arabica 22 pachytene chromosomes were after characterized, being four 

metacentric (1, 8, 11 and 18), fourteen submetacentric (2, 3, 4, 5, 6, 7, 9, 10, 12, 15, 

16, 17, 19 and 20) and four acrocentric (13, 14, 21 and 22). Three bivalents presented 

the NOR (14, 20 and 21). In general, the chromomeres were located near the 

centromere, and similarities concerning the chromomeric pattern were shown among 

54% of the 22 bivalents of C. arabica, evidencing some level of homoeology between 
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them. Based on these cytogenetic markers and by gathering information from the 

bibliography, the authors suggested that such similarities among C. arabica bivalents 

are consistent with a segmental allopolyploid origin (Pinto-Maglio and Cruz 1998). So, 

the mitotic cytogenetics showed the ploidy level of the Coffea species, mainly the 

tetraploidy of C. arabica, and the meiotic cytogenetics indicated the genomic origin of 

this species. Unfortunately, new data has not been published about the Coffea meiotic 

chromosomes. 

Besides the small size and homogeneous morphology of Coffea chromosomes, 

the low seed germination rate and low metaphase index have also been pointed out 

as hindrances for cytogenetics (Conagin and Mendes 1961; Iacia and Pinto-Maglio 

2013). To overcome this barrier, our research group (Clarindo and Carvalho 2006, 

2008, 2009; Clarindo et al. 2012) replaced the root meristems by in vitro CAS as source 

material (Box 1, Fig. S1, Supplementary Information). Thereby, high metaphase 

indexes for C. canephora, C. congensis, C. eugenioides and C. arabica have been 

achieved, allowing to obtain chromosomes with total lengths of up to 5 µm (5.30 µm 

for chromosome 1 of C. arabica, for instance, Clarindo and Carvalho 2008). Such 

chromosomes were suitable for the assembly of the first karyograms at distinct levels 

of chromatin condensation, as well as the application of banding procedures. C. 

canephora and C. congensis possess 2n = 2x = 22 chromosomes, with two metacentric 

(4 and 9) and nine submetacentric pairs (1, 2, 3, 5, 6, 7, 8, 10 and 11). The 

submetacentric chromosome pair 6 of both species shows a secondary constriction 

(SC) in the short arm, which was confirmed for C. canephora by Ag-NOR and Hsc-FA. 

C. arabica has 2n = 4x = 44 chromosomes, being five pairs classified as metacentric 

(7, 8, 13, 14 and 20), sixteen as submetacentric (1-6, 9-12, 15-19 and 21) and one pair 

as acrocentric (22). 

�Híbrido de Timor '' (HT), a natural hybrid between C. canephora and C. arabica, 

had its karyotype characterized and karyogram assembled by our adapted protocol. 

The semi-fertile HT �CIFC 4106�, a vegetatively propagated accession derived from the 

original HT plant, shows 2n = 3x = 33 chromosomes. Therefore, it was considered an 

allotriploid (Clarindo et al. 2013). We classified the chromosomes, assembled the HT 

�CIFC 4106� karyogram and showed it for the first time now. Due to its anorthoploid 

condition (odd number of chromosome complements), the karyotype exhibits not only 

chromosome pairs, but also individual ones and groups of three or four chromosomes 
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(Fig. 1). Some chromosomes appear to be more similar to those of C. canephora or C. 

arabica, providing new cytogenetic information regarding the allopolyploid origin of HT. 

Such evolutionary aspects of the Coffea genome and interspecific hybridizations 

throughout the history of the genus will be discussed in the following topics. 

 

 

Figure 1. HT �CIFC karyogram 4106� evidencing individual and grouped 

chromosomes, which were defined according to the total length and classification. 19 

chromosomes (1, 4 � 9, 12 � 14, 19, 22 � 24, 27, 30 � 33) showed at least one particular 

cytogenetic cytogenetic feature. The paired chromosomes were 2 � 3, 10 � 11, 20 � 

21, 25 � 26, and 28 � 29; and the chromosomes grouped in four were 15 � 18. Bar = 

5 !m. Source: Oliveira (2017). 
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4. Chromosome banding and the onset of Coffea cytogenomics!

 

C- and NOR-banding were initially applied in Coffea for mapping the constitutive 

heterochromatin and NOR, respectively. C-bands in Coffea occur preferentially at 

pericentromeric/centromeric regions. Corroborating to karyotype characterization, C-

banding shows the karyotype asymmetry of the genus, varying from 62.3% (C. 

eugenioides) and 64.32% (C. liberica), with the prevalence of submetacentric 

chromosomes. On the other hand, the number of active NOR sites vary, with C. 

kapakata, C. congensis, C. eugenioides, C. liberica, C. canephora and C. liberica var. 

dewevrei displaying one pair with a positive NOR band (presumably number 3), and 

C. racemosa, C. salvatrix and C. stenophylla with two positive bands in chromosomes 

1 and 3 (Pierozzi et al. 1999, 2012; Pierozzi 2013). 

4�-6-diamidino-2-phenylindole (DAPI+) and Chromomycin A3 (CMA3+) 

differential staining have been carried out in Coffea species to map the AT- and GC-

rich regions, respectively, contributing to identify specific karyotype signals in several 

species, even those with genetic or botanical status still under debate. DAPI+ bands 

were only found in C. stenophylla among twelve analyzed Coffea species (Pinto-Maglio 

et al. 2000, 2001; Barbosa et al. 2001; Lombello and Pinto-Maglio 2004a, b, c). After 

DNA denaturation/renaturation in a fluorescent in situ hybridization (FISH), specific 

interstitial DAPI+ bands in nine Coffea species were detected. CMA3+ bands were 

found in all Coffea species studied so far. In general, the strongest CMA3+ fluorescence 

signals are associated with the SC and co-localized with the ribosomal DNA (rDNA) 

loci detected by FISH. Additional CMA3+ bands may also occur adjacent to, or 

interspersed with, the interstitial 5S rDNA (Hamon et al. 2009). 

 Karyotype knowledge obtained from classical cytogenetics has been the basis 

for queries, which have been investigated mainly by cytogenomics, allowing a more 

refined Coffea genome characterization. Cytogenomics made possible to: (1) discover 

the diploid progenitors of C. arabica (Raina et al. 1998; Lashermes et al. 1999): (2) 

obtain information for application in breeding programs (Herrera et al. 2007); and (3) 

obtain a larger amount of details on the organization and evolution of Coffea genomes 

(Hamon et al. 2009). The identity of C. arabica diploid progenitors has been in the 

spotlight of Coffea research since the discovery of its tetraploid condition by Krug 
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(1934). Currently, wild C. arabica populations are found mainly in the Afromontane 

rainforests of southwest Ethiopia and the Boma Plateau of Sudan (Bawin et al. 2020). 

Although the geographic range of C. arabica does not overlap with that of any other 

Coffea species, the closeness with wild populations of C. eugenioides and of the 

Canephoroid species C. canephora, C. congensis and C. brevipes (Benth.) H.S. Irwin 

& Barneby, made these the most likely diploid progenitors. The first phylogenetic 

inferences based on chloroplast genes and rDNA confirmed the high genetic proximity 

among these species (Lashermes et al. 1995).  

From genomic DNA probes (genomic in situ hybridization � GISH) of four diploid 

Coffea species, 22 C. arabica chromosomes hybridized preferentially with C. 

eugenioides probes, while the other 22 chromosomes hybridized more strongly with 

the C. congensis probes (Raina et al. 1998). Also using GISH, Lashermes et al. (1999) 

suggested that C. canephora and C. eugenioides, or their related ecotypes, are most 

likely the two diploid progenitors of the tetraploid C. arabica. In a phylogenomic 

approach using genotyping-by-sequencing, the genetic distances were estimated 

between C. arabica and 23 other species, including all those known as the most closely 

related to C. arabica, as C. eugenioides, C. canephora, C. congensis and C. brevipes. 

C. eugenioides and C. canephora were confirmed as the putative female and male 

progenitor species, respectively, that hybridized between 1.08 million and 543 

thousand years ago (Bawin et al. 2020). 

Integrating the DAPI+, CMA3+ and rDNA sites mapping, two to five chromosome 

pairs were discriminated from the karyotypes of 16 Coffea species, including the 

allotetraploid C. arabica. However, the results were not suitable to discriminate 

between C. canephora and C. congensis as putative progenitors.  Differences of the 

number of 18S and 5S rDNA locus were revealed and related to the biogeographical 

region of the 16 analyzed species. Most of the East African species, as C. eugenioides, 

C. salvatrix and C. racemosa, possessed two chromosome pairs with the 18S rDNA 

locus and one pair with the 5S rDNA, while the majority of the West and Central African 

species exhibited one chromosome pair with the 18S and two with the 5S rDNA 

(Hamon et al. 2009). 

Alien chromatin in interspecific hybrids between C. arabica and C. canephora, 

as well as in an introgressed line derived from C. arabica and C. liberica crossing, was 
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identified from GISH and BAC-FISH (fluorescence in situ hybridization using bacterial 

artificial chromosomes). GISH results from the interspecific hybrids revealed close 

affinity between C. arabica and C. canephora genomes, evidencing that a low rate of 

structural modifications has occurred in both genomes since C. arabica speciation 

(Bawin et al. 2020). In addition, GISH/BAC-FISH in the introgressed line karyotype 

detected and physically located the C. liberica-introgressed DNA sequences carrying 

the SH3 factor for resistance against Hemileia vastatrix Berk. & Broome (Herrera et al. 

2007). 

 

5. Coffea!genomics and its integration with cytogenetics 

 

During the 1990�s, the availability of DNA based molecular markers allowed a 

rapid progress in coffee genomics. As for other crops, early genomic studies in Coffea 

were mainly focused on assessing the genetic diversity and phylogenetic relationships, 

constructing genetic maps and identifying quantitative trait loci (QTLs) (reviewed by 

Lashermes et al. 2008; de Kochko et al. 2010). Genetic diversity was investigated from 

several molecular markers in wild Coffea species and, with a larger effort, in C. arabica 

and C. canephora.  The considerably narrow genetic basis of both wild and cultivated 

C. arabica populations was the most relevant feature noticed by these studies (Vossen 

1985; Lashermes et al. 1996; Scalabrin et al. 2020). This bottleneck is mainly explained 

by the autogamous reproduction system, with a rate of outcrossing around 10%, and 

the founder effect resulted from the small number of individuals introduced to America 

in the first commercial plantations (Carvalho and Krug 1949; Setotaw et al. 2013). The 

low genetic variability is a challenge for the identification and selection of superior C. 

arabica genotypes. For this, molecular markers have played a fundamental role as to 

discriminate between genotypes (Sousa et al. 2017). Due to low genetic variability, 

breeding programs devoted efforts on the introgression of interesting genes from 

different species and hybrids, including C. canephora (Lashermes et al. 2011), C. 

liberica (Prakash et al. 2004) and HT (Setotaw et al. 2020). As the genomes of Coffea 

species exhibit considerable similarities, interspecific crossing (hybridization) is 

possible and often used for gene introgression (Charrier and Berthaud 1985; Anthony 

et al. 2011). 
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For C. canephora, the first genetic maps were constructed as soon as molecular 

markers became available for Coffea (reviewed by de Kochko et al. 2010). In 2014, 

the most complete genome sequence of C. canephora (accession number: 

PRJEB4211) was published along with a high-density genetic map constructed using 

several molecular markers, totalizing 3,230 loci distributed on 11 linkage groups, the 

same basic chromosome number of this species (x = 11). C. canephora genetic map 

was integrated with the sequenced genome, which covered 80% of the 710 Mbp total 

genome. There was a considerable variation in the physical:genetic map distances, 

with crossing overs occurring with higher frequencies in regions with lower density of 

repeats (Denoeud et al. 2014). The complexity of the C. arabica allotetraploid genome 

and its low genetic diversity were the main challenges to construct a high-density 

linkage map. Notwithstanding, a high-density linkage map was published for this 

species showing 22 linkage groups with 848 markers. This genetic map was also 

successfully used to identify QTLs associated with coffee yield, plant height, and bean 

size (Moncada et al. 2016). 

As for the construction of genetic maps, the sequencing of a polyploid genome 

is also challenging, since the presence of homoeologous chromosomes hampers the 

assembly of each haploid complement. C. arabica draft genome (public accession 

number: PRJNA554647) was released in 2020, with the two component subgenomes 

independently assembled. In accordance with previous studies reported here, a low 

genetic diversity was confirmed, which was likely caused by a severe bottleneck 

resulting from a single event of polyploidization at the origin of the species C. arabica 

(Scalabrin et al. 2020). In addition to C. canephora and C. acabica, the C. eugenioides 

(accession number: PRJNA497891) and Coffea humblotiana Baill. (accession number: 

PRJNA665152, Raharimalala et al. 2021) genomes are also publicly available. The 

species C. humblotiana is the sole species from the Coffea genus endemic to the 

Comoros archipelago and was probably cultivated and consumed in the past. The most 

noteworthy feature of C. humblotiana is the complete absence of caffeine in seeds and 

leaves, which is explained by the loss of one of the Caffeine Synthase (DXMT) genes, 

which converts theobromine into caffeine, most likely through illegitimate 

recombination (Raharimalala et al. 2021). Despite the significant difference in genome 

size, there is a high degree of synteny between the genomes of C. humblotiana (2C = 
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0.97 pg, Razafinarivo et al. 2012) and C. canephora (2C = 1.43 pg, Clarindo et al. 

2012) with 32.16% more nuclear DNA content.  

 Recent advances in next-generation sequencing technologies and bioinformatic 

tools provided a growing amount of available genomic data, laying the background for 

the integration with cytogenetics and giving rise to the cytogenomics era (Talukdar and 

Sinjushin 2015). The integration of the linkage and cytogenetic maps and sequencing 

data is fundamental to define genome regions that are not yet well-characterized (Kim 

et al. 2005). Because linkage map distances are based on recombination rates and 

not simply related to physical distances, physical mapping is also needed to confirm 

the locations of DNA sequences (Koo et al. 2008). Physical mapping might be obtained 

through genome sequencing or in situ localization using cytogenomics. The major 

challenge related to sequencing is the resolution of complex repetitive sequences. As 

the DNA must be fragmented into small contigs, usually around 100 bp, repeats create 

computational ambiguities during alignment and assembly, which might produce 

biases and errors when interpreting results (Schatz et al. 2012; Treangen and Salzberg 

2012). Cytogenomics, on the other hand, is efficient to map repetitive sequences, 

revealing the physical localization in situ on the mitotic or meiotic chromosomes 

(Larracuente and Ferree 2015). Therefore, the linkage and cytogenetic maps and the 

sequencing are complementary, and integrating these data is fundamental for a more 

detailed and accurate Coffea genome knowdelege. 

Completely Coffea sequenced genome released in 2014 for C. canephora 

showed that mobile elements represent more than 50% of its genome, among which 

~85% belong to the LTR-retrotransposon class (Denoeud et al. 2014). Due to their high 

frequency (~15% to > 70%) and pivotal roles in plant genome organization, function 

and evolution, the analysis of mobile elements organization and distribution along the 

genome has been performed in several plant species (Civá" et al. 2011; Wicker et al. 

2018). Mobile elements comprise DNA sequences with the ability to insert themselves 

(transposons) or new copies of themselves (retrotransposons) into new locations 

within a genome (Civá" et al. 2011). The comparative cytogenomic analysis of mobile 

elements distribution patterns among different species provides valuable information 

to understand the karyotype evolution in Coffea. For the sequenced genomes analyzed 

so far, the proportions of LTR-retrotransposons, for instance, varied from 32% for C. 

humblotiana (1C = 0.49 pg, Razafinarivo et al. 2012) to 53% for Coffea heterocalyx 
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Stoff. (1C = 0.87 pg, Noirot et al. 2003). The variation in the abundance and types of 

different mobile elements can reflect the divergence of botanical groups and also the 

evolution of species within these botanical groups (Guyot et al. 2016).  

Some mobile elements have been mapped in Coffea species, including DNA 

transposons (Lopes et al. 2013), Long Terminal Repeat (LTR) retrotransposons 

(Yuyama et al. 2012; Herrera et al. 2013; Lopes et al. 2013) and centromeric 

retrotransposons (Nunes et al. 2018). Nonetheless, the low longitudinal resolution of 

chromosomes did not allow the precise mapping, but an overview of distribution 

patterns along the genomes. DNA transposons MuDR and Tip100, for instance, exhibit 

a preferential clustering in terminal positions of C. canephora and C. eugenioides 

chromosomes, while C. arabica showed larger numbers of interstitial signals. This 

distribution indicates an increased transposition activity in the allotetraploid (Lopes et 

al. 2013), which is consistent with the well-known hypothesis that polyploidization can 

induce a burst in mobile element activity (Vicient and Casacuberta 2017).  

The detailed analysis of the centromeric mobile elements composition of C. 

arabica, C. canephora and C. eugenioides revealed a considerable diversity in 

centromeric retrotransposons of Coffea (CRC) from the Ty3/Gypsy superfamily, which 

were divided in ten groups according to the sequence and similarity of the Reverse 

Transcriptase domain. Generalist probes for these CRCs exhibited a variable 

fluorescence signal pattern among species and among chromosomes of the same 

species. While in C. eugenioides the signals were identified only to centromeric 

regions, in C. canephora and C. arabica the signals appeared slightly scattered along 

interstitial regions and less specific to centromeres. In addition, C. arabica presented 

two pairs without bright signals, which might be homologous to those chromosomes 

without signals from the parental diploids C. canephora and C. eugenioides (one pair 

each) (Nunes et al. 2018). 

 

6. Allopolyploidy in Coffea 

 

Coffea genus has a recent monophyletic origin around 5�25 Mya, and none event of 

whole genome duplication (WGD) occurred immediately prior to or after the irradiation 

of the Rubiaceae family (Orozco-Castillo et al. 1996; Wu et al. 2006; Mahé et al. 2007). 
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Therefore, the common ancestral shared by all Coffea species probably had the basic 

chromosome number of x = 11. In addition, the diversification and speciation of each 

Coffea species occurred by DNA sequence changes (mutations) and small 

chromosomal rearrangements, which have been progressively identified and 

characterized through classical cytogenetics and cytogenomics (Rijo 1974; Yu et al. 

2011; Denoeud et al. 2014; Raharimalala et al. 2021). A micro-collinearity analysis 

between orthologous BACs of C. canephora and C. arabica, for instance, evidenced a 

high level of sequence similarity, but numerous small chromosomal rearrangements, 

including inversions, deletions and insertions (Yu et al. 2011). 

 

6.1. Allotetraploidy and diversification of C. arabica 

 

Krug�s (1934) discovery the tetraploidy of C. arabica ignited a long debate on 

the origin (ancestry) and evolution (�omics� changes) of this species. As mentioned 

here, there was an agreement that C. arabica originated from hybridization between 

two diploid species with similar genomes, with the potential progenitors being C. 

eugenioides (Berthou 1983; Lopes et al. 1984; Orozco-Castillo et al. 1996; Raina et al. 

1998; Lashermes et al. 1999; Ruas et al. 2003), C. canephora (Lashermes et al. 1997, 

1999; Ruas et al. 2003; Clarindo and Carvalho 2009), C. congensis (Höfling and 

Oliveira 1981; Lashermes et al. 1997; Raina et al. 1998) and C. brevipes (Lashermes 

et al. 1997). Therefore, the focus has been the C. arabica ancestors. However, further 

studies should be accomplished to unravel the genomic and epigenomic outcomes of 

the C. arabica allopolyploid condition. 

C. arabica polyploid origin from a crossing between two diploids with similar 

genomes is a consensus, but its genomic origin classification has been discussed. 

Initially, C. arabica was classified as a natural segmental allotetraploid that originated 

(Orozco-Castillo et al. 1996; Pinto-Maglio and Cruz 1998). �Segmental allopolyploid� in 

this context was based on the Stebbins (1949) definition as a type of allopolyploid that 

contain two partially differentiated genomes, and that was originated from hybridization 

between species close enough to allow the partial pairing between homoeologous 

chromosomes. Thus, segmental allopolyploids are considered intermediaries between 

autopolyploids and true (or genomic) allopolyploids, as the differentiation between the 
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progenitor genomes is insufficient for complete allopolyploidy. Exceptionally, the 

allotetraploid C. arabica exhibits a stable diploid-like meiotic behavior (Mendelian 

segregation). This might be possible owing to the genetic system occurrence wherein 

the pairing between homoeologous chromosomes is avoided (Pinto-Maglio and Cruz 

1998), such as the Ph gene (homoeologous pairing suppressor) found in Triticum L., 

Avena L., Festuca L., Gossypium L., Nicotiana L. and Lolium L. Further molecular 

evidence on this hypothesis suggested that the absence of homoeologous pairing in 

C. arabica is not a consequence of structural differentiation between the two parental 

genomes, but rather the effect of one or several pair-regulating genes, which could be 

similar to Ph (Lashermes et al. 2000). 

C. arabica was also hypothesized as an amphidiploid species formed from the 

crossing between C. eugenioides as female progenitor and C. canephora, or its related 

ecotypes, as male progenitor. In addition, C. arabica origin is recent due to the low 

level of divergence between the two constitutive genomes of this species and the 

related parental genomes (Lashermes et al. 1999). Amphidiploid refers to segmental 

allotetraploids that have gone through an event of WGD after hybridization (Stebbins 

1949). In the absence of homoeologous pairing, the WGD event may restore de fertility 

of the hybrid (homoploid), since the presence of two copies of each genome would 

enable the Mendelian pairing (bivalent) during meiosis I. The WGD event that gave 

rise to the fertile allotetraploid ancestors of C. arabica possibly involved either 

chromosome set doubling in a diploid interspecific hybrid or backcrossing of a 

spontaneous triploid (Lashermes et al. 1999). 

The true allotetraploid nature of C. arabica was reinforced from classical 

cytogenetics and chromosomal image cytometry (Box 2) analyses (Clarindo and 

Carvalho 2008, 2009), corroborating with data based on molecular markers and GISH. 

The comparison with the karyotypes of two potential genitors, C. canephora and C. 

congensis, revealed the presence of identical chromosomes between C. arabica and 

both species concomitantly. In addition, C. arabica also exhibits a small acrocentric 

chromosome pair that is not present in either of these two species. Taken together 

these results also support the idea that only one of them participated in the origin of C. 

arabica (Clarindo and Carvalho 2009; Clarindo et al. 2012). 



26 
 

 
 

 Cytogenetic evidence concerning the C. arabica origin was obtained from the 

SC/NOR chromosome. Three pachytene chromosomes of C. arabica (14, 20 and 21) 

have SC (Pinto-Maglio and Cruz 1998), which were NOR confirmed by 18S rDNA 

signals in mitotic metaphases (Hamon et al. 2009). C. canephora and C. congensis 

exhibit a single SC in the short arm of the chromosome 6 (Clarindo et al. 2012), also 

confirmed by 18S rDNA (Hamon et al. 2009). Therefore, one of the SC/NOR 

chromosomes in C. arabica karyotype was probably derived from the canephoroid 

genitor (most likely C. canephora), while the other two were possibly inherited from C. 

eugenioides.  

From orthologous coding sequence divergence analysis, C. arabica 

evolutionary history was also evidenced as allotetraploid originated from a natural 

hybridization between C. canephora and C. eugenioides. Thus, the genome of C. 

arabica was represented by the genome formula CaCaEaEa (Yu et al. 2011). The most 

accurate estimation for the genomic origin time of the natural hybridization is in 

between 0.54 and 1.08 Mya (Bawin et al. 2020). Although the current geographical 

range of C. arabica do not overlap with any other Coffea species, including its possible 

progenitors, pollen records and lake sediment cores from the Congo basin and East 

Africa indicate that the Afromontane rainforests regularly expanded to lower altitudes 

during glacial periods between 0.60 and 1.05 Mya.  Corroborating, C. canephora and 

C. eugenioides occurred in contact zone in this area. The changing environmental 

conditions might have also played a role on this speciation event, weakening 

interspecific reproductive barriers between C. arabica diploid parental species. In 

addition, the aridification of East Africa since 0.575 Mya is one of the possible 

explanations for the current non-overlapped distribution areas of C. arabica, C. 

eugenioides and C. canephora (Owen et al. 2018; Bawin et al. 2020). 

C. canephora and C. arabica �Tall Mokka� comparison from BAC clones (~140 

� 160 kb), bearing the aforementioned orthologous coding sequences, aimed to show 

the outcomes of the C. arabica allopolyploidy from a cytogenomic perspective. Despite 

the high degree of sequence conservation in coding regions, genomic differences were 

found. Major chromosomal rearrangements were observed in the intergenic regions of 

these BACs, including a paracentric inversion between homoeologous regions within 

C. arabica (Ca and Ea). As C. eugenioides was not included in this study, it was not 

possible to distinguish if the chromosomal inversion occurred in C. arabica or was 
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inherited from one of the two diploid progenitors. Therefore, the inversion might not be 

a consequence of the C. arabica allopolyploidy. Moreover, the specific insertion of a 

Ty1-copia retrotransposon in the Ca sub-genome of C. arabica was also reported, 

which might be related to the burst in TE activity (Yu et al. 2011).  

 

6.2. Allotriploidy of the Timor Hybrid - the recurrent natural allopolyploidy in Coffea 

 

In addition to the polyploidization event that gave rise to the well-established 

allotetraploid C. arabica, another recent allopolyploidy in the Coffea genus originated 

the hybrid named HT, or the Timor hybrid. HT arose in a plantation of C. arabica 

�Typica�, established around 1917/18 on the Timor Island, from the natural interspecific 

hybridization between the allotetraploid C. arabica and the diploid C. canephora. All 

the accessions of this hybrid originated from this single plant, or from backcrosses 

between this plant and its progenitor C. arabica (Gonçalves et al. 1978). Besides the 

remarkable relevance of HT as a source of resistance genes in coffee breeding, this 

hybrid has also gained attention for its very recent allopolyploid origin of ~100 years 

(Gonçalves et al. 1978; Capucho et al. 2009). HT �CIFC 4106�, which has been 

vegetatively propagated, is a triploid hybrid with a chromosome number 2n = 3x = 33 

and a nuclear DNA content of 1C = 2.10 pg. Therefore, we considered that this 

accession represents the first plant of HT found in Timor island. Considering the 2n = 

33 chromosomes and that the 1C value of HT �CIFC 4106� is close to the sum of the 

1C values of C. arabica (1C = 1.335 pg) and C. canephora (1C = 0.73), HT �CIFC 4106� 

is an allotriploid most likely originated from the fusion of one reduced reproductive cell 

of C. arabica (n = 2x = 22) with another of C. canephora (n = x = 11).  

In summary, the hybridization/polyploidization events involving C. canephora, 

C. eugenioides, HT and C. arabica might be explained as follows. The allotetraploid C. 

arabica originated around 0.543 and 1.08 Mya (Bawin et al. 2020) from the fusion 

between a reduced reproductive cell from C. canephora (n = x = 11) and another from 

C. eugenioides (n = x = 11, Lashermes et al. 1999). After a polyploidization event in 

the sterile homoploid, fertility would be restored, resulting in the fertile allotetraploid 

with 2x = 4x = 44 chromosomes, being 22 from C. canephora and 22 from C. 

eugenioides (Ca and Ea subgenomes, respectively). A natural backcross dating from 
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~100 years ago occurred between C. arabica and its progenitor C. canephora, 

involving the fusion of reduced reproductive cells from both species and resulting in 

the HT with 2x = 3x = 33 chromosomes. Therefore, our research group recently 

launched the hypothesis that the genome of HT 'CIFC 4106' is represented by the 

formula CCaEa. In order to provide more information regarding the karyotypic evolution 

of C. eugenioides, C. canephora, C. arabica and HT �CIFC 4106�, we have been 

combining classical and molecular cytogenetics, as well as flow cytometry for nuclear 

DNA content measurements (Box 2). 

As shown before, based on chromosome class, the HT 'CIFC 4106' karyotype 

exhibits six pairs of chromosomes (2 � 3, 10 � 11, 12 � 13, 20 � 21, 25 � 26, 28 � 29). 

Also, one group of four chromosomes was formed (15 � 18) and the remaining 

chromosomes did not show homologous pairs (Fig. 1, Fig. 2). Possibly, the six 

chromosome pairs represent the CCa subgenomes, being C from C. canephora and 

Ca from C. arabica. A look at the HT �CIFC 4106� karyogram shows that the possible 

pairs 2 � 3, 10 � 11, 12 � 13, 20 � 21, 25 � 26 and 28 � 29 may represent the 

chromosomes 1, 4, 5, 7, 9 and 11 of C. canephora, respectively (Fig. 2). HT �CIFC 

4106� group 15 � 18 is similar to pair 6 and 7 of C. canephora (Fig. 2). Another evidence 

that supports the CCaEa genome hypothesis, specifically in relation to the E genome, 

is that chromosomes 1, 4 and 9 of HT �CIFC 4106� are similar to 1, 2 and 3 of C. 

eugenioides, respectively, considering morphometry. In addition, chromosomes 7 and 

11 of C. eugenioides are similar to 19 and 33 of HT �CIFC 4106�, respectively (Fig. 2). 
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Figure 2. Karyograms obtained from metaphase chromosomes of: a) C. eugenioides 

exhibiting two metacentric chromosome pairs (7, 10), nine submetacentric (1 � 6, 8, 9 

and 11) and two chromosomes pairs with SC (3 and 5); b) C. canephora with two 

metacentric chromosome pairs (4 and 9), nine submetacentric (1 � 3, 5 � 8, 10 and 

11) and one with SC; c) C. arabica exhibits 5 metacentric chromosome pairs (7, 8, 13, 

14 and 20), sixteen submetacentric (1 � 6, 9 � 12, 15 � 19 and 21) and one acrocentric 

pair (22); and d) HT 'CIFC 4106' possess six metacentric (10, 11, 19, 25, 26, 30) and 

twenty-seven submetacentric chromosomes (1 � 9, 12 � 18, 20 � 24, 27 � 29, 31 � 

33). Bar = 5 !m. Source: Oliveira (2017). 

 

Our new data about 5S rDNA mapping performed in C. eugenioides and C. 

canephora (Oliveira 2017) showed that the two diploids exhibit one 5S rDNA loci, in 

the interstitial region of chromosome 3 long arm for C. eugenioides, and in the 

pericentromeric portion of the long arm of chromosome 8 in C. canephora. The 

allotriploid HT �CIFC 4106� shows two loci located interstitially in the long arm of 

chromosomes 9 and 13 (Fig. 3). The association of these data with chromosome class 

provide additional evidence for HT origin, as C. eugenioides chromosome 3 and HT 

'CIFC 4106' chromosome 9 both exhibit one 5S rDNA loci in the same position. 

Therefore, the HT 'CIFC 4106' chromosome 9 was probably inherited from a reduced 

cell of C. arabica (CaEa), precisely from the Ea subgenome. In addition, the nuclear 

DNA content of HT 'CIFC 4106' (1C = 2.10 pg, Clarindo et al. 2013) is equivalent to 

the sum of the mean 2C nuclear genome size of C. canephora (2C = 1.41 pg, 1C = 

0.705, Clarindo and Carvalho 2009) and the 1C nuclear value of C. eugenioides (2C = 

1.38 pg, 1C = 0.690 pg, Sanglard et al. 2019) and HT 'CIFC 4106' chromosome number 

(2n = 3x = 33) corresponds to the fusion of one reproductive cell of C. arabica (CaEa; 

n = 2x = 22) and one of C. canephora (C; n = x = 11). These data also support the 

CCaEa hypothesis. A summary of the main cytogenetic features and evolutionary 

relations among the two allopolyploid Coffea and its parental diploids is depicted in Fig. 

4. 
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Figure 3. FISH mapping of 5S rDNA genes (red) on Coffea metaphase chromosomes 

using probes labeled with tetramethyl-rhodamine 5-dUTP. Chromosomes were 

counterstained with 4�,6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue). a) C. 

eugenioides with the 5S rDNA signal at the interstitial region of chromosome 3 long 

arm. b) C. canephora exhibited a pericentromeric signal in the long arm of 

chromosome 8. c) HT �CIFC 4106� has two positive 5S rDNA signals, one in 

chromosome 9 and the other in chromosome 13, both interstitial. Bars = 5 !m. Modified 

from Oliveira (2017). 
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Figure 4. Summary of the main cytogenetic features with representative idiograms of 

two Coffea allopolyploids, C. arabica and HT �CIFC 4106�, and the diploids C. 

canephora and C. eugenioides, as well as their evolutionary relations. The data 

presented for these Coffea were obtained from Pinto-Maglio and Cruz (1998), Noirot 

et al. (2003), Clarindo and Carvalho (2006, 2009), Hamon et al. (2009), Bawin et al. 

(2020) and from the present work. For these Coffea were reported: 1C nuclear DNA 

content measured by flow cytometry; 2n chromosome number; ploidy level; class of 

each chromosome of the karyotype (M � metacentric, SM � submetacentric, A � 

acrocentric); number and chromosomes with secondary constrictions (SC); number of 

18S (green) and 5S (red) rDNA sites. 

 

Natural neoallopolyploids are valuable materials intensively used as 

evolutionary models in plant polyploidy research, such as Spartina anglica C. E. Hubb. 

(Ainouche et al. 2004), Senecio cambrensis Rosser, Senecio eboracensis Abbott & 

Lowe (Abbott and Lowe 2004), Tragopogon mirus Ownbey, Tragopogon miscellus 

Ownbey (Soltis et al. 2004), Cardamine × schulzii Urbanska-Worytkiewicz (Urbanska 

et al. 1997) and Mimulus peregrinus Vallejo-Marín (Vallejo-Marín 2012). As HT is a 

recent allotriploid originated only ~100 years ago, the refined study of its karyotype, in 

comparison to its progenitor C. arabica, would certainly provide substantial information 

on the genomic rearrangements associated with interspecific hybridization and 

polyploidy. Therefore, HT may also be considered a potential and valuable 

evolutionary model in plant polyploidy research. 

 

7. Concluding remarks 

 

Advances in Coffea cytogenetics over the years have been remarkable. Thus 

far, the development of improved protocols for classical and molecular cytogenetics, 

alongside with genomics, allowed a deeper understanding on the structure, 

organization and evolution of Coffea genomes. The relevance of these data also 

reaches applied research, with flow cytometry and karyotyping being used, for 

instance, to distinguish species, varieties and hybrids, including HT cytotypes. The 
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potential role of cytogenetics and flow/image cytometries on aiding Coffea genomes 

assembly is also worthy of notice (Box 2). The aim of any genome sequencing project 

is to achieve an assembly to the chromosome level, with each scaffold assigned and 

oriented onto a chromosome. This assignment of sequence contigs to chromosomes 

is often reached by integrating data from sequencing with those from molecular 

cytogenetic mapping. The basis of another relevant information, sequencing coverage, 

relies on reliably measuring the total genome size of the target species, for which flow 

cytometry has been considered the �gold standard technique�. In addition to nuclear 

genome size, both flow and image cytometries also allow measuring the size of each 

chromosome of the karyotype, aiding to estimate the coverage at the chromosome 

level.  

The increase of the sequencing information will also allow a deeper analysis of 

Coffea evolution, and the integration with the molecular cytogenetics is fundamental to 

associate the ex situ with the in situ localization of DNA sequences. Nonetheless, 

mitotic metaphases and pachytene chromosomes from different species of Coffea, 

especially wild species of strict geographical distribution, will still be one of the main 

challenges for cytogenomics. Partial genome sequence analysis already revealed 

interesting patterns regarding the association of mobile elements with Coffea 

diversification and the recent publication of a new genome sequence from the wild C. 

humblotiana will open new fields for comparative analysis. We also believe that the 

allotriploid HT is an interesting target for cytogenomics, especially to study the early 

genomic dynamics after an allopolyploidization event, such as the TE burst, sequence 

losses or gains and global effects on epigenetic regulation. Therefore, we hope that 

the continuous improvement in techniques and a closer integration of different 

research areas will lay the ground for future ground-breaking discoveries about Coffea 

genome. 
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10. Supplementary information 

 

Box 1: A breakthrough - using plant tissue culture material as source of mitotic cells in 

Coffea 

 

Plant cytogenetics is performed mainly from root meristems as the source of 

metaphase cells. However, the low germination and low metaphase index observed in 

Coffea species (Conagin and Mendes 1961) are common bottlenecks, which might be 

circumvented by using plant tissue culture techniques. CAS have been used as an 

alternative source of mitotic cells for different Coffea species, such as C. canephora, 

C. congensis, C. arabica (Clarindo and Carvalho 2006, 2009), C. eugenioides 

(Sanglard et al. 2019) and HT �CIFC 4106� (Clarindo et al. 2013). CAS maintained in 

liquid medium display a high frequency of cell division, providing a suitable index of 

prometaphases and metaphases (Fowler 1984; Clarindo and Carvalho 2006). The high 

rate of cell division is triggered by the in vitro conditions, mainly the use of the synthetic 

auxin 2,4-dichlorophenoxyacetic acid (2,4-D). This growth regulator increases the level 

of endogenous auxins, promoting dedifferentiation, activation of cell division and 

proliferation (Fehér et al. 2003).  

 Figure S1 illustrates a workflow to establish Coffea CAS cultures for obtaining 

prometaphasic/metaphasic chromosomes for morphometric analysis, image cytometry 

and FISH, as well as nuclei suspensions for flow cytometry. The procedures 

represented in this workflow were based on van Boxtel and Berthouly (1996), Praça-

Fontes et al. (2011), Clarindo and Carvalho (2008, 2009), Clarindo et al. (2012) and 

Sanglard et al. (2019). For induction of the indirect somatic embryogenesis pathway, 

leaf fragments (~1 cm²) of a given Coffea species are inoculated in Petri dishes 

containing semisolid callus induction medium, with the abaxial surface facing upwards 

(Fig. S1a). This medium is usually supplemented with a combination of 2,4-D and 6-

benzylaminopurine. Calli with a friable aspect and pale-yellow color are visible within 

~3 months (Fig. S1b). The CAS are obtained by transferring these friable calli to 

Erlenmeyer flasks containing liquid callus induction medium (Fig. S1c). These cultures 

should remain in an orbital shaker at 100 rpm in the dark (Fig. S1c¹). After around 2 

months, the CAS can be sub cultivated and then exposed to antitubulin agents (Fig. 
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S1c²) and enzymatic maceration of the cell wall (Fig. S1c³) to obtain metaphase 

spreads. 

For somatic embryos recovery, the friable embryogenic calli are transferred to 

conversion/maturation medium lacking the auxin 2,4-D. About 180 days later (with 

monthly subcultures), the calli exhibit somatic embryos in different developmental 

stages (Fig. S1d). The mature cotyledonary somatic embryos are transferred to 

germination medium for seedlings recovery (Fig. S1e). Leaf fragments from the 

regenerated plantlets might be used for nuclei isolation in order to produce 

suspensions needed for flow cytometry (Fig. S1f � g). These same plantlets also 

produce roots, which can be submitted to cytogenetic treatments (Fig. S1h � h2). From 

the CAS (Fi. S1c � c3) or root meristems (Fig. S1h � h2), slides are prepared by the 

cellular dissociation and air-drying techniques (Fig. 1i), providing prometaphasic and/or 

metaphasic chromosomes suitable for chromosome number determination, 

morphometric characterization, image cytometry (Fig. S1j) and FISH (Fig. S1k). 
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Figure S1. Schematic representation of a workflow to establish Coffea CAS cultures 

for obtaining prometaphasic/metaphasic chromosomes suitable for multiple 

cytogenomic analysis. More details are in the text presented in Box 1. Source: Oliveira 

(2017). 

!
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Box 2: Flow and image cytometries 

 

Flow and image cytometries have been performed in Coffea since the early 90�s 

for measuring the nuclear (Cros et al. 1994, 1995; Noirot et al. 2003; Clarindo and 

Carvalho 2009; Hamon et al. 2009; Clarindo et al. 2012; Razafinarivo et al. 2012) and 

chromosomal DNA content (Clarindo and Carvalho 2009). In contrast with the 

uniformity of chromosome number and morphology, Coffea species exhibit 

considerable genome size variation, ranging from 1C = 0.475 pg (2C = 0.95) for C. 

racemosa Lour. (Cros et al. 1995) to 1C = 0.92 pg (2C = 1.84) for C. humilis A. Chev. 

(Razafinarivo et al. 2012). Such variability in genome size has been useful for 

identification of Coffea species (Noirot et al. 2003; Clarindo and Carvalho 2009; 

Razafinarivo et al. 2012), varieties (Fontes 2003; Ortega-Ortega et al. 2019) and 

hybrids (Clarindo et al. 2013).  

For genome sequencing programs, knowing the genome size is fundamental for 

calculating the sequencing coverage with maximum accuracy. For this, flow cytometry 

has been considered the �gold standard� technique (Pflug et al. 2020). Information 

regarding the genome size is also relevant for evolutionary studies, as in some species, 

variations in nuclear DNA content is correlated to adaptive traits (Cros et al. 1995; 

Yotoko et al. 2011). In Coffea, no significant correlations were yet found between 

genome size and adaptive traits. Nonetheless, global trends for the genus are 

observed regarding the geographic distribution, genome size and leaf shape. The 

species with the smaller genomes and smaller/thicker leaves grow mainly in dry areas 

of east Africa or northern Madagascar, while those with larger genomes and 

wider/thinner leaves occupy the humid forests of west and central Africa (Razafinarivo 

et al. 2012).  

Image cytometry studies in Coffea were performed mainly with focus on the 

cultivated species C. canephora and C. arabica. For the C. canephora cultivar 

�Conilon�, the estimated nuclear DNA content was 2C = 1.57 pg, while for C. arabica, 

the values were 2C = 2.62 pg in the cultivar �Catuaí Vermelho� and 2C = 1.89 pg in 

�Mundo Novo� (Fontes 2003). Through image cytometry, Clarindo and Carvalho (2009) 

estimated the chromosomal DNA content of the same two Coffea species and 
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identified key similarities among their karyotypes, providing relevant insights on the 

evolution of C. arabica, which are discussed in the main text.  
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Abstract 

 

Repetitive sequences comprise a significant amount of Angiosperm genomes and are 

recognized for their roles in genome organization and function. Among these 

sequences, mobile elements are notable due to their intrinsic mutagenic potential, 

which is related to the origin of adaptive novelties. Therefore, studies regarding the 

genomic organization and dynamics of repeated sequences are fundamental to 

enlighten their role in plant evolution. Here, we provide a cytogenomic characterization 

of the repeat content of Coffea eugenioides, one of the diploid progenitors of the 

allotetraploid Coffea arabica alongside with C. canephora. A graph-based sequence 

clustering algorithm was used to identify and quantify the repeatome, which comprised 

~47% of the genome. Mobile elements represented 45% of the genome and, as 

observed for other Coffea, the proportion of Ty3/Gypsy elements (32%) was 

considerably higher compared to Ty1/Copia (4%). We also unprecedently mapped the 

distribution of three Ty1/Copia (Bianca, TAR and Tork) and one Ty3/Gypsy (Athila) 

LTR-retrotransposon in metaphase chromosomes and interphase nuclei of C. 

eugenioides. The four elements were mainly distributed in a clustered pattern 

throughout different portions of the chromosomes. Athila was the most abundant and 

co-located with the secondary constriction of chromosome 3 in some cells. The 

obstacles related to obtaining high-quality chromosomes from Coffea species have 

long been hampering the association of in silico analysis with the in situ mapping. Thus, 

we hope that the results presented here enlighten not only the composition, but also 

the distribution pattern of mobile elements in the genome of C. eugenioides, providing 

background for further cytogenomic investigations regarding Coffea repeatome. 

 

Keywords: Coffee, Molecular Cytogenetics, Mobile Elements, LTR-Retrotransposons, 

RepeatExplorer2. 
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1. Introduction 

 

Plant genomes contain considerably variable amounts of repetitive DNA 

sequences. The complete complement of repeated sequences in a genome is now 

acknowledged as the repeatome. In plants, the three main components of the 

repeatome are the rDNA genes (5S and 18S-5.8S-26S for plants), micro-, mini- and 

satellite DNAs, and mobile elements (Treangen and Salzberg 2012). Among them, the 

mobile elements are noteworthy for their intrinsic ability to insert themselves at different 

portions of the genome. In addition, mobile elements have a main role in eukaryotes 

as contributors to mutation, genome size variation, genome evolution and phenotype 

diversity (Kidwell 2002; Orozco-Arias et al. 2019). As the process of transposition itself 

is potentially mutagenic and deleterious, mobile element expression is highly controlled 

in plant genomes. Nevertheless, several conditions might activate their expression and 

result in new genetic and/or phenotypic diversity (Lisch 2013). Nowadays, a significant 

portion of adaptive novelties in Angiosperms are recognized as consequences of the 

activity of transposable elements (Serrato-Capuchina and Matute 2018). Therefore, 

studies regarding the genomic dynamics of transposable elements are fundamental to 

enlighten their role in plant genome organization, diversity and evolution (Yuyama et 

al. 2012; Neumann et al. 2019).  

According to the mechanism of transposition, mobile elements are divided in two 

classes: (1) the retrotransposons (Class I) that move using an RNA intermediate 

(�copy-and-paste�), and (2) the DNA transposons (Class II) that transpose via DNA 

excision (�cut-and-paste�). Class I elements are divided based on the structure and 

transposition mechanism (Wicker et al. 2007). The long terminal repeats (LTR) 

retrotransposons are the most abundant mobile elements in plant genomes. These 

retrotransposons are characterized by the presence of two LTRs directly orientated in 

the 5� and 3� extremities (Wicker et al. 2007; Neumann et al. 2019). For the elements 

capable of self-replication (autonomous elements), there are at least two genes 

present between the LTRs: gag and pol. Gag gene encodes a capsid-like protein, and 

pol gene encodes a polyprotein including a reverse transcriptase (RT), a ribonuclease 

H (RH) and an integrase (INT), which provide the enzymatic machinery for reverse 

transcription and integration into the host DNA sequence (Feschotte et al. 2002). The 
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two plant LTR retrotransposons superfamilies are classified based on the order of pol 

gene domains, being INT-RT-RH for Ty1/Copia superfamily and RT-RH-INT for the 

Ty3/Gypsy superfamily (Wicker et al. 2007; Neumann et al. 2019). Both superfamilies 

are split into families considering the similarities of the coding regions, especially the 

RT domains (Neumann et al. 2019). As LTR-retrotransposons exhibit independent 

activity in chromosomes and different fates in genomes, their occurrence, amount 

and/or chromosome distribution are considerably variable. This variation occurs 

between species and also between lineages or even different tissues of the same 

individual (Gabriel et al. 2006; Yuyama et al. 2012; Neumann et al. 2019; Assis et al. 

2020). 

Coffea L. genus (Rubiaceae) is an interesting plant taxon to study repetitive 

sequences, since almost all species are diploids (2n = 2x = 22 chromosomes), except 

the allotetraploid C. arabica L. (2n = 4x = 44, Coffea canephora Pierre ex A. Froehner 

x Coffea eugenioides S. Moore), with homomorphic karyotypes (only metacentric and 

submetacentric chromosomes). Nevertheless, there is a substantial variation on the 

nuclear C-value DNA amounts. The interspecific nuclear genome size variation 

between diploids ranges from 1C = 0.40 (Coffea sessiliflora Bridson, Cros et al. 1994) 

to 1C = 0.88 pg (Coffea humilis A. Chev., Noirot et al. 2003). Therefore, the evolution 

in Coffea genomes most likely involved small mutations and rearrangements, with 

transposable elements being hypothesized as one of the main contributors to genome 

size variation and diversification (Raharimalala et al. 2021). 

Studies regarding the characterization of Coffea repeatome substantially 

advanced in the last 20 years. The Coffea genomes analyzed so far (11 species, 

Denoeud et al. 2014; Guyot et al. 2016; Raharimalala et al. 2021) exhibited a variation 

in LTR-retrotransposon proportions ranging from 32% (Coffea humblotiana Baill., 1C 

= 0.49 pg, Razafinarivo et al. 2012) to 53% (Coffea heterocalyx Stoff., 1C = 0.87 pg, 

Noirot et al. 2003). For the allotetraploid C. arabica, the LTR-retrotransposons 

represent ~50% of the genome (Guyot et al. 2016). C. canephora presented a smaller 

proportion (42%) with a prevalence of Ty3/Gypsy (24.1%) over Ty1/Copia (6.8%) 

superfamily (Denoeud et al. 2014; Guyot et al. 2016). 

Two Ty1/Copia elements named Divo and Nana were recently discovered and 

annotated in the C. canephora genome. The minimum estimated copy number in the 
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genome was 45 for Divo and 22 for Nana. Phylogenetic markers based on these two 

LTR-retrotransposons also revealed to be considerably useful to comprehend the 

genetic diversity and speciation/differentiation events of 31 species within the Coffea 

genus. While Nana differentiated most species, Divo was more informative at the 

intraspecific level, possibly because this LTR-retrotransposon is a more recently active 

family (Hamon et al. 2011). A closer analysis of Divo evidenced that this element 

belongs to the Bianca family. Divo is expressed in C. canephora plants and appears 

to be distributed in gene rich and gene poor regions. In addition, molecular estimations 

showed that the Divo underwent more recent activity in this species and in C. arabica 

when compared to C. eugenioides. The number of estimated copies was also variable 

among the three species: 119, 204 and 132 for C. canephora, C. arabica and C. 

eugenioides, respectively (Dupeyron et al. 2017). 

The cytogenomics of mobile elements is still incipient in Coffea, especially due to 

barriers associated with obtaining good quality chromosomes for these species 

(Clarindo and Carvalho 2009; Yuyama et al. 2012). Until now, the fluorescent in situ 

hybridization (FISH) studies with mobile elements in Coffea provided mostly a general 

overview of their genomic distribution, without the assembly of karyograms and, 

consequently, without the mapping of these sequences into chromosomes. 

Nonetheless, advances have been made in the last decades to detect these 

sequences in Coffea genomes through FISH, including a Ty3/Gypsy element similar 

to the Tekay (Del1) family (Yuyama et al. 2012) and a group of Centromeric 

Retrotransposons (CRs) named CRC in Coffea (Nunes et al. 2018). Although 

Ty1/Copia and Ty3/Gypsy elements might be found distributed in blocks/clusters or 

dispersed along plant chromosomes, some families often exhibit specific patterns, 

such as the CRCs that are always associated with the centromeric or pericentromeric 

regions and have a role chromosome kinetics (Nunes et al. 2018; Assis et al. 2020).   

Here, we aimed to uncover the repetitive DNA landscape of the genome of Coffea 

eugenioides S. Moore, one of the diploid progenitors of the commercial species C. 

arabica alongside with C. canephora, in order to address some questions, as: 1) what 

is the composition of C. eugenioides repeatome and how it compares to other Coffea 

species? 2) what is the classification of Nana element? 3) where are the 45S rDNA 

sites located in C. eugenioides karyotype? 4) are Bianca (Divo) and Nana detectable 

and mapped using FISH considering their low estimated number of copies? 5) how 
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different types of LTR-retrotransposons are distributed in the C. eugenioides 

chromosomes? and 6) is this distribution variable among cells or homologous 

chromosomes? For this, we used the RepeatExplorer2 pipeline, a graph-based 

sequence clustering algorithm (Novák et al. 2013), to perform the de novo repeat 

identification in C. eugenioides genome from publicly available next-generation 

sequencing data, with a closer look at the mobile elements. We also mapped the 

distribution of four LTR-retrotransposons using FISH in interphase nuclei and 

chromosomes of this diploid Coffea. The mapped elements included the two already 

identified Coffea lineages Bianca (Divo) and Nana, as well as two other LTR-

retrotransposons identified in this work, Tork and Athila. 

 

2. Material and Methods 

 

2.1. Plant material 

 

C. eugenioides plants maintained at the germplasm bank of Universidade 

Federal de Viçosa (Minas Gerais, Brazil) were used as biological material. The leaves 

were used for genomic DNA extraction, friable callus establishment by tissue culture, 

and nuclei isolation for cytogenetic preparations. 

 

2.2. Repeat content analysis of C. eugenioides genome and identification of 

transposable element families 

  

Paired-end Illumina reads from the C. eugenioides genome were obtained from 

the Sequence Read Archive (SRA) of the National Center for Biotechnology 

Information (NCBI) database under the accession number SRX7201323. Galaxy 

server of RepeatExplorer2 (https://repeatexplorer-elixir.cerit-sc.cz/galaxy; Novák et al. 

2013) was used to filter and analyze the repeat content from C. eugenioides genome. 

RepeatExplorer2 was chosen among other bioinformatic tools in this work due to its 
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practicality, accessibility (available in open source), and ability to annotate repetitive 

elements from raw NGS data, without the need of an assembled genome. Initially, all 

FASTQ sequence reads were filtered by quality with default parameters (90% of bases 

equal to or above the quality cut-off value of 20). Then, we employed the graph-based 

sequence clustering tool RepeatExplorer2 pipeline on the filtered reads using default 

parameters, except for the queue, which was selected as long (64 GB RAM). 

Viridiplantae repeat protein database v3.0 was used as the reference database of 

transposable element protein domains (Neumann et al. 2019). The manual correction 

of the automated repeat annotation was performed as suggested by Novák et al. 

(2020). 

 

2.3. Family classification of the Divo and Nana LTR-retrotransposons 

 

 Two C. canephora Ty1-copia LTR-retrotransposons previously annotated and 

named by Hamon et al. (2011) as Divo and Nana (accession numbers HM755952 and 

HM755953 at NCBI, respectively) were classified in the present work based on the RT 

domain sequences according to the system proposed by Neumann et al. (2019). For 

this, the RT domains were isolated from the full-length DNA sequences of both LTR-

retrotransposons and used as inputs for BLASTx (Altschul et al. 1997) searches 

against the REDBx database provided by Neuman et al. (2019). The classification at 

the family level followed the 80-80-80 rule proposed by Wicker et al. (2007). 

  

2.4. Mapping of rDNAs and LTR-retrotransposons in C. eugenioides 

 

2.4.1. Probe construction 

 

Probes for mapping the 18S rDNA and four different LR-retrotransposons in the 

diploid genome of C. eugenioides were constructed through PCR. The primers for the 

18S rDNA were obtained from Unfried et al. (1989). For the Divo and Nana Ty1-copia 
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LTR-retrotransposons, primers were constructed based on the RT nucleotide 

sequences isolated as described in the previous section. 

The RT domain sequences for constructing the primers for Tork and Athilla 

mapping, on the other hand, were constructed through a homology analysis using the 

Domain based Annotation of Transposable Elements (DANTE) tool from the 

RepeatExplorer2 Galaxy server, which was applied on the whole genome shotgun 

sequence of C. eugenioides (GCA_003713205.1). The RT sequences from DANTE 

output were filtered for a minimum alignment length of 0.8 and minimum similarity of 

0.8. The nucleotide sequences from the output were extracted, manually selected and 

a consensus sequence was used for BLAST searches against the C. eugenioides 

genome. Primers were constructed aiming for the most conserved regions of the RT 

domain nucleotide sequences from the four LTR-retrotransposons. This domain is 

frequently used for cytogenomic analyses with LTR-retrotransposons sequences for 

being suggested as the most conserved (Neuman et al. 2019). The tool PrimerQuest� 

from Integrated DNA Technologies was used to construct the primers (Table 1). The 

settings were maintained as default, except for the amplicon size interval, which was 

limited to 400 - 700 bp. The primers were validated in silico using OligoAnalyzer� Tool 

from Integrated DNA Technologies, and also by performing multiple BLAST searches 

in the genome of C. eugenioides. 
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Table 1. Primers designed for DNA sequence amplification and probe construction for 

rDNA and RT domain mapping of four C. eugenioides LTR-retrotransposons. 

Sequence name Primers forward and reverse Tm (°C) 

18S rDNA 
F: 5'- CTGCCAGTAGTCATATGC -3' 

R: 5'- ATGGATCCTCGTTAAGGG -3' 
60 

Ty1/Copia Divo 
F: 5�- GGCTCAAGTAATCTGGACGTATG -3� 

R: 5�- CGGAACCGCTTTAATACCTTCT -3� 
55 

Ty1/Copia Nana 

 

F: 5�- ACATTTGCACCAGTAACAAGAA -3� 

5�- TACCATCAGCTCTCCTTATGATATT -3� 
55 

Ty1/Copia Tork 
F: 5�- TGGATCTGGAACTTGTCCAATTA -3� 

R: 5�- CCCAATCTTCTATCTCTACTTATCTCC -3� 
45 

Ty3/Gypsy Athila 
F: 5�- GTACAGGTGGTCCCGAAGAA -3� 

R: 5�- TATCCCGTGCTCGACCATAAA -3� 
45 

 

Probes were constructed using the PCR. For this, genomic DNA from C. 

eugenioides leaves was extracted using the GenElute Plant Genomic DNA Miniprep 

(Sigma). The LTR-retrotransposons and rDNA genes were amplified according to 

respective annealing temperature for each F and R primers (Table 1) from 50 !L of the 

following reaction mixture: 100 ng genomic DNA, 0.5"!M of each primer (Table 1), 

200"!M of each dNTP (Promega), 2.5 U AccuTaq LA DNA Polymerase (Sigma) and 

1X polymerase buffer (Sigma). PCR conditions were: initial denaturation at 95°C for 

5"min; 25 cycles of denaturation at 95°C for 1"min; annealing at respective primer 

temperature (Table1) for 1"min; extension at 68°C for 1"min; and final extension at 68°C 

for 2"min. The amplification products obtained from the amplification of LTR-

retrotransposon RT domains were analyzed by electrophoresis in 1.5% agarose gel 

stained with GelRed (Supplementary Figure 2). For labelling, the conditions were the 

same mentioned before, but the compounds in PCR reaction were the following: 100 

ng of the respective amplified DNA, 0.5"!M of each primer, 200"!M each of dATP, 

dCTP and dGTP, 150"!M of dTTP, 50 !M of ChromaTide Alexa Fluor 488-5-dUTP for 

Divo, Tork and 18S rDNA or 50"!M of Tetramethylrhodamine 5-dUTP for Nana and 

Athila, 2.5 U of Platinum� Tfi Exo(-) DNA Polymerase (Invitrogen) and 1X of the 
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enzyme reaction buffer (Invitrogen). The amplification products were also analyzed by 

electrophoresis in 1.5% agarose gel (adapted from Silva et al. 2020; Soares et al. 

2020). 

 

2.4.2. Metaphase chromosomes and interphase nuclei obtention from cell aggregate 

suspensions 

 

Cell aggregate suspensions were obtained according to Clarindo and Carvalho 

(2009). The suspensions were maintained for at least four months in liquid media, with 

subcultures every 15 days. These suspensions were treated with 4 µM amiprophos-

methyl at 30°C for 8 h under continuous agitation at 110 rpm. The cell suspension 

aggregates were washed in dH2O, fixed in 3:1 methanol: acetic acid solution and 

stored at -20°C for at least 24 h. Posteriorly, they were washed, macerated for 2 h at 

36°C in enzymatic pool (4% cellulase Sigma, 0.4% hemicellulase Sigma, 1% 

macerozyme Onozuka R10 Yakult, 100% pectinase Sigma) diluted in dH2O in the 

proportion of 1:20 (enzyme pool: dH2O), washed in dH2O, fixed in 3:1 methanol: acetic 

acid solution and stored at -20°C. Slides were prepared by cellular dissociation and 

air-drying techniques on the macerated cell aggregate suspensions. The slides were 

selected using a contrast microscope for mapping based on the number and quality of 

metaphases and interphase nuclei. 

 

2.4.3. Interphase nuclei isolation from leaves 

 

Nuclear suspensions were obtained from C. eugenioides young leaf fragments 

(2 cm2) by chopping (Galbraith et al. 1983) in 0.4 mL of OTTO-I (Otto 1990) 

supplemented with 2.0 mM dithiothreitol (Sigma®). The suspensions were filtered 

through a 30-µm nylon mesh (Partec®) and centrifuged at 100×g for 5 min. The 

supernatant was discarded and the pellet resuspended in 0.1 mL OTTO-I buffer for 10 

min. The suspensions were fixed in methanol:acetic acid solution (3:1, Merck®) for 10 

min at -20°C, centrifuged at 100×g for 5 min three times, and the slides prepared by 

the dropping technique (Abreu et al. 2014). 
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2.4.4. Fluorescent in situ hybridization and image analysis 

 

Selected slides containing prometaphases/metaphases and interphase nuclei 

derived from cell aggregate suspensions or interphase nuclei from C. eugenioides 

leaves were aged for at least three days at 37°C. The slides were washed in 1X 

phosphate buffered saline (PBS) for 5 min, fixed in 4% formalin for 15 min, washed 

again in 1X PBS for 5 min, and submitted to an ice-cold ethanol series (70, 85 and 

100%) for 5 min each. For denaturation, the slides were dried at room temperature and 

then submersed in a denaturation mixture containing 70% formamide and 2X saline-

sodium citrate (SSC) for 2 min at 68°C. Immediately after denaturation, the slides were 

again submitted to the ice-cold ethanol series and dried at room temperature. The 

probe was denatured for 5 min at 85°C in 35 !L of a hybridization mixture containing 

50% formamide, 2X SSC, 10% dextran sulfate, 1 !g competitor DNA (Human Cot-1 

DNA, Invitrogen®) and 200 ng of the labeled probes. While the rDNAs were hybridized 

separately, the probes for the LTR-retrotransposons were hybridized in pairs, Divo with 

Nana and Athila with Tork. After denaturation, the mixture was immediately placed on 

ice for at least 5 min. For the in situ hybridization, the mixture was placed over the 

slides, covered with plastic coverslips (22 x 40 mm) and sealed with rubber cement. 

The slides were then incubated at 37°C for 24 h in Thermobrite. After hybridization, the 

coverslips were carefully removed and the slides submitted to the stringency washes 

in 2X SSC for 20 min at 45°C. Lastly, the slides were mounted in 40% glycerol in 1X 

PBS with 5 !M DAPI for chromosome counterstain, covered with 24 x 40 mm glass 

coverslips and sealed with nail polish. The images were captured with a digital video 

camera 12-bit CCD (Olympus) coupled to a photomicroscope Olympus BX-60 

equipped with epifluorescence and immersion objective of 100X. Captured images 

were processed using Image ProPlus 6.1 software (Media Cybernetics) (adapted from 

Silva et al. 2020; Soares et al. 2020). 
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3. Results 

 

3.1. The composition of the C. eugenioides repeatome 

 

RepeatExplorer2 pipeline allowed us to analyze 5,026,946 reads from a total 

number of 275,249,010 input reads from C. eugenioides genome. From these 

5,026,946 analyzed reads, 57% were included in top clusters (Supplementary Figure 

1). The proportions of each repeat family are shown in Table 2. The satellite DNA 

sequences and the both rDNAs represented ~2% of the genome. LTR-

retrotransposons comprised 40% of C. eugenioides genome. The proportions of 

Ty1/Copia and Ty3/Gypsy were 4% and 32%, respectively. SIRE was the most 

abundant (3%) among the Ty1/Copia elements, while Tekay (22%) was the most 

frequent Ty3/Gypsy family. Five families of Class II mobile elements were also 

identified and together comprised 3% of the genome (Table 2). 

Divo and Nana, the two previously annotated Ty1/Copia LTR-retrotransposons 

of C. canephora (Hamon et al. 2011), were classified as belonging to the Bianca and 

TAR families, respectively, based on BLASTx homology searches using the 

classification system proposed by Neumann et al. (2019). The proportion of both LTR-

retrotransposons on the C. eugenioides genome was the same, 0.20%. The Divo 

element had already been classified in a previous work as Bianca (Dupeyron et al. 

2017), but the classification of Nana was unknown until now. The LTR-retrotransposon 

Tork, also from the Ty1/Copia superfamily, represented 0.5% of the genome, while the 

Ty3/Gypsy Athila element accounted for 5% of C. eugenioides genome. 
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Table 2. Final annotation with genome proportions of different repeat sequences in C 

eugenioides. Total repeats refer to the proportion of reads clustered by 

RepeatExplorer2. The percentages of different repeat classes, superfamilies and 

families are calculated on annotated clusters with a genome proportion higher than 

0.01%. 

Type of 
repeated 
sequence 

Class 
Superfamil

y 
Family 

Proportion 
(%) 

Total 
Repeats 

   47.00 

Satellites    1.00 

rDNA 45S    0.80 

rDNA 5S    0.40 

Mobile 
elements 

   45.00 

 Class I (LTR)   40.00 

  Ty1/Copia  4.00 

   SIRE 3.00 

   Tork 0.50 
   Ale 0.30 

   Ikeros 0.30 

   TAR (Nana) 0.20 
   Bianca (Divo) 0.20 
   Angela 0.10 

   Ivana 0.10 

  Ty3/Gypsy  32.00 

   Chromovirus/Tekay 22.00 

   Chromovirus/CRM 3.00 

   Chromovirus/Reina 0.20 

   
Chromovirus/ 

Galadriel 
0.03 

   
Non-chromovirus/ 

Athila 
5.00 

   
Non-chromovirus/ 

Tat/Ogre 
5.00 

   
Non-chromovirus/ 

Tat/Retand 
0.40 

 Class II   3.00 

   TIR/hAT 1.00 

   TIR/MuDR_Mutator 0.70 

   TIR/EnSpm_CACTA 0.50 

   TIR/PIF_Harbinger 0.04 

   Helitron 0.09 

 Unclassified   2.00 
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3.2. Mapping of rDNAs and LTR-retrotransposons Divo, Nana, Tork and Athila in C. 

eugenioides 

 

 The FISH procedures provided clear fluorescence signals with little or no 

background, allowing the mapping of target sequences in prometaphase/metaphase 

chromosomes and interphase nuclei of C. eugenioides. The 18S rDNA fluorescence 

signals were mapped in the terminal portions of the small arms of chromosome pairs 

3 and 5 (Fig. 1). The mapping of the LTR-retrotransposons Bianca (Divo) and TAR 

(Nana) resulted in a few dozens of clear spotted fluorescent signals throughout the 

chromosomes (Fig. 2a) and interphase nuclei (Fig. 2c and Fig. 3a) of C. eugenioides. 

Some variation in the mapped sequences was observed among different 

prometaphases/metaphases, or even between homologous chromosomes of the 

same metaphase. Nonetheless, some of the fluorescent signals showed repetitiveness 

among the analyzed images. Three chromosome pairs (5, 9 and 11) did not show 

detectable fluorescence signals for both elements in any of the analyzed metaphases. 

For the mobile elements Tork and Athila, the clustered pattern was also observed in 

chromosomes (Fig. 2b) and nuclei (Fig. 2d and Fig. 3b), although Athila presented 

some regions with a scattered distribution. A considerable variation in the hybridization 

signals among the different analyzed cells was observed for all the LTR-

retrotransposons, although the distribution of Bianca (Divo) and TAR (Nana) seemed 

more reproducible. 
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Figure 1. 18S rDNA mapping in the chromosomes of C. eugenioides. The 18S rDNA 

sites (green) co-located with the secondary constrictions, which occur in the terminal 

portions of the small arms of chromosome pairs 3 and 5. Bar: 5 µm. 
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Figure 2. Mapping of the RT domains of four LTR-retrotransposons in metaphase chromosomes and interphase nuclei of C. 

eugenioides derived from cell aggregate suspensions. a) The Ty1/Copia mobile elements, Bianca (Divo, green) and TAR (Nana, red) 

occurred in dispersed clusters, located in multiple regions of the chromosomes, as terminal (pairs 1, 3 and 6), interstitial (pairs 1, 2, 

4, 6, 7, and 10), and centromeric/pericentromeric (pairs 3, 6, 7, 8 and 10). The chromosome pairs 5, 9 and 11 did not show any 

hybridization signals. Note the heterozygous deletion oin the chromosome 2 long arm, and also a TAR (Nana) signal at the vicinity of 

the breaking point. b) The mapping of the Ty1/Copia Tork (green) and Ty3/Gypsy Athila (red) mobile elements also exhibited mainly 

a clustered pattern. The Athila element was the most abundant, occurring in all chromosomes and in diverse regions, including the 

secondary constriction of pair 3. Tork, on the other hand, exhibited only few clustered signals, mostly in centromeric/pericentromeric 

regions. For all the four mapped LTR-retrotransposons, there was a considerable variation between metaphases, although the signals 

from Bianca (Divo) and TAR (Nana) were more reproducible. c) Mapping of Bianca (Divo, green) and TAR (Nana, red) and; d) Tork 

(green) and Athila (red) in interphase nuclei from cell aggregate suspensions. e) A prometaphase from C. eugenioides cell aggregate 

suspensions evidencing the Tork (green) element dispersed in the centromeric portions of some chromosomes and Athila (red) spots 

co-localized with the secondary constrictions Bars = 5 µm.
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Figure 3. Mapping of the RT domains of four LTR-retrotransposons in C. eugenioides 

interphase nuclei isolated from leaves. a) The LTR-retrotransposons Bianca (Divo, 

green) and TAR (Nana, red) exhibited a small number (~10 and ~6, respectively) of 

spotted signals, indicating the occurrence of clusters. The number of TAR spots was 

smaller than Bianca for all analyzed nuclei. b) The LTR-retrotransposons Tork (green) 

and Athila (red) spots are visibly more numerous when compared to Bianca and TAR. 

While Tork is distributed mainly in clusters (~18 spots), Athila exhibited clusters (~28 

spots) and also scattered distribution in some regions of the nuclei. In addition, Athila 

was the most representative LTR-retrotransposon in the genome of C. eugenioides, 

followed by Tork, and with Bianca and TAR nearly tied, which is in accordance with the 

estimated proportions of these elements. Bar: 5 µm. 
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4. Discussion 

 

4.1. The landscape of C. eugenioides repeatome 

 

 C. eugenioides repeatome was analyzed and quantified in this work in a 

cytogenomic perspective, associating publicly available genome sequencing data and 

bioinformatic tools with the cytogenetic mapping. The RepeatExplorer 2 pipeline used 

here for the in silico analysis of C. eugenioides repeatome is a publicly available tool 

for the de novo identification of repeated sequences, making this type of analysis more 

accessible to different research groups and allowing to study the repetitive DNA in 

different plant species, such as: Vallisneria spinulosa S. Z. Yan (Feng et al. 2017), 

Passiflora edulis L.  (Pamponét et al. 2019), Passiflora cincinnata Mast., Passiflora 

organensis Gardner and Passiflora quadrangularis L. (Sader et al. 2021), and multiple 

Solanum L. (Gaiero et al. 2019) and Spinacia L. species (Li et al. 2019). The graph-

based clustering analysis from RepeatExplorer 2 revealed that repeated sequences 

accounted for 47% of C. eugenioides genome (Table 2), a proportion similar to the 

previously estimated value of 45% (Guyot et al. 2016).  

Mobile elements represented 45% of the genome, with 20 identified families, 15 

of Class I and 5 of Class II (Table 2). Here, we focused the further analysis on the 

Class I LTR-retroelements due to their high proportion on the C. eugenioides genome 

(40%). For other Coffea species analyzed so far, the proportion of LTR-

retrotransposons on the genome varied from 32% (C. humblotiana) to 53% (Coffea 

heterocalix Stoff.). This proportions seems to have an association to the Chevalier 

botanical classification of Coffea and, consequently, with the biogeographical 

distribution. Species from the Eucoffea group (West and Central Africa), which includes 

C. eugenioides, exhibited the highest proportions, as 49 � 52% for C. canephora and 

50 � 51% for C. arabica. Lower amounts were observed for the Mozambicoffea species 

(East and South-East Africa, e. g. Coffea racemosa Lour. � 39%) and Mascarocoffea 

species (Indian Ocean islands, e. g. C. humblotiana � 32%). These results evidence 

that these groups underwent different histories of LTR-retroelement accumulation in 

their genomes throughout Coffea evolution (Lopes et al. 2008; Guyot et al. 2016).  
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The ratio of Ty3/Gypsy to Ty1/Copia observed for C. eugenioides in this study 

was 8 (32%:4%), evidencing a prevalence of Ty3/Gypsy elements. This value was 

considerably higher than the previously observed for C. eugenioides (22.5%:7.5% = 3) 

and for other Coffea species, which ratios varied from 2.6 (C. canephora) to 4.75 (C. 

humblotiana), although in all cases the Ty3/Gypsy outnumbered Ty1/Copia elements 

(Denoeud et al. 2014; Guyot et al. 2016; Raharimalala et al. 2021). Such Ty3/Gypsy 

to Ty1/Copia ratio also seems to be related to the botanical classification and 

biogeographical distribution of Coffea, in which the species from the Mascarocoffea 

group exhibited higher ratios than Mozambicoffea and Eucoffea species (Guyot et al. 

2016). Outside the Coffea genus, this ratio also is highly variable, ranging from 10 for 

Gossypium arboreum L. to 0.25 in Elaeis guineensis Jacq. (Li et al. 2019). 

Considering Ty1/Copia super family, 8 families were identified and SIRE was 

the most abundant, representing 3% of the genome, a similar value compared to the 

previous estimate of 4.5% for C. eugenioides and other species from the Eucoffea 

group (Guyot et al. 2016). The Tork element was the second most abundant Ty1/Copia 

in C. eugenioides, with a frequency of 0.5%. Interestingly, this value is considerably 

smaller when compared to C. canephora and C. humblotiana, which possess a 

frequency of ~1.7% (Raharimalala et al. 2021). Among the 7 identified Ty3/Gypsy 

families, the most abundant was Tekay, with a proportion of 22%. This family is 

equivalent to the Del element presented in previous studies, in which the proportion for 

C. eugenioides was estimated as ~14% (Guyot et al. 2016). These different values 

observed, such as 22% and 14% for Tekay, are most likely the result of different 

approaches and sequence data used for repeatome analysis. For this, different 

bioinformatic tools must be applied because it is important to associate the data for a 

more accurate quantitative and qualitative analysis of repeated sequences (Maumus 

and Quesneville 2016). Two studies have already highlighted the potential role of SIRE 

and Tekay families of LTR-retrotransposons in the diversification of Coffea (Guyot et 

al. 2016; Raharimalala et al. 2021). In addition, a RT domain based phylogenetic 

analysis evidenced specific amplifications of Tekay (Del), TAT, Athila and CRM for 

Ty3/Gypsy and SIRE, Tork and Bianca for Ty1/Copia in the C. canephora genome, 

while little specific amplification was observed for C. humblotiana, a species from the 

Mascarocoffea group. This reinforces that differential amplification of these LTR-

retrotransposon families in C. canephora may have occurred after the divergence of 
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the two species (Raharimalala et al. 2021). Due to the closeness of C. eugenioides to 

C. canephora, their LTR-retrotransposon evolution might have followed similar paths. 

 

4.2. Distribution of rDNA and mobile elements in the genome of C. eugenioides 

 

C. eugenioides exhibited two clusters of the 18S rDNA in the terminal regions 

of chromosomes 3 and 5 short arms. This was the first time that this sequence was 

cytogenetically mapped to the respective chromosomes of C. eugenioides.  The 5S 

rDNA occurs in the long arm of pair 3 (Chapter 1, Fig. 3). The number of rDNA sites in 

C. eugenioides and other Coffea species has already been visualized by FISH 

experiments. This pattern of two chromosome pairs with a secondary constriction/18S 

rDNA site in the small arms, in which one of these pairs also contains the 5S rDNA site 

in the interstitial part of the long arm, is also observed for other East African species, 

as Coffea salvatrix Swynn. et Phil and C. racemosa. For Central and West African 

species, as C. canephora and Coffea stenophylla G. Don, only one pair possess the 

secondary constriction/18S rDNA site, and the 5S rDNA cluster is located in the long 

arm a different chromosome (Hamon et al. 2009). 

The LTR-retrotransposons Bianca (Divo) and TAR (Nana) exhibited a small 

number of localized clusters dispersed along different chromosomes (Fig. 2a), and also 

in interphase nuclei from cell aggregate suspensions (Fig. 2c, d) and leaves (Fig 3a). 

Therefore, we confirmed by mapping the relatively low proportion of these sequences 

(0.22%, Table 2) and also the low estimated copy number (~ 100) in the C. eugenioides 

genome (Guyot et al. 2016). These results are in accordance with genomic results 

found for C. eugenioides and C. canephora (Guyot et al. 2016; Dupeyron et al. 2017). 

The occurrence of clear bright spots indicates that an enough number of copies occur 

in proximity to allow the detection of the fluorescence signal in 

prometaphasic/metaphasic chromosomes. In Saccharum officinarum L., for instance, 

the abundant Ale lineage of LTR-retrotransposon also exhibited widespread clusters 

along euchromatic regions, while the Ivana lineage, which has approximately 50 copies 

in the genome, was not detectable through FISH in the metaphase chromosomes 

(Domingues et al. 2012). The clustered pattern is a common feature of the 

transposable element distribution. When a considerable fraction of the genome 
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consists of transposable elements, new insertions, even if they occur randomly, will be 

more likely to occur within or near another transposable element, thus creating and 

expanding the clusters of mobile elements (Hua-Van et al. 2011; Domingues et al. 

2012). In Zea mays L., for instance, ~50% of the LTR retrotransposons insert into a 

pre-existing copy (Stitzer et al. 2021). As these insertions within transposable elements 

are usually selectively neutral, the clusters are free to expand (Hua-Van et al. 2011; 

Domingues et al. 2012). 

The Tork element (0.5%, Table 2) was another Ty1/Copia mapped in the 

genome C. eugenioides genome that exhibited a clustered distribution pattern, 

especially on nuclei (Fig 2b, Fig. 3b). The Ty3/Gypsy element Athila (5%, Table 2) 

exhibited the largest amount of fluorescence signals, with mainly clustered, but also 

some scattered patterns (Fig. 2b, Fig. 3b). Although some Athila clusters occurred in 

the centromeric or pericentromeric regions, its distribution also occurred in interstitial 

and terminal regions. The clustered pattern observed for Athila was different from 

Tekay (Del1), another Ty3/Gypsy mapped in C. eugenioides which exhibited dispersed 

signals (Yuyama et al. 2012). An interesting observation regarding the distribution of 

Athila is the localization near and/or within the secondary constriction in some 

metaphases/prometaphases (Fig. 2b, e), which was not the case for Tekay (Del1, 

Yuyama et al. 2012). In fish species, for instance, comparative cytogenomic studies 

have associated the occurrence of transposable elements within rDNA genes with the 

dispersion of rDNA clusters in the genomes, as well as with the occurrence of 

chromosomal rearrangements (Glugoski et al. 2018; Primo et al. 2018). Therefore, a 

closer look to the Athila LTR-retrotransposon in a comparative background might be 

interesting to evaluate the contribution of mobile elements to rDNA dispersion and 

evolution in plants. 

A considerable variation in the fluorescence signals between homologous 

chromosomes and among different cells from C. eugenioides was observed and might 

be the result of different aspects. These aspects might be methodological, such as 

variation in chromatin condensation level or access of the probe due to residues of 

cytoplasmatic debris. Nonetheless, the methodology for slide preparation resulted in 

little or no cytoplasm background. The mapping of the 45S rDNA, for instance, was 

reproducible in all the analyzed prometaphases/metaphases. Therefore, the variation 

in the mobile element distribution is most likely the result of its highly polymorphic 
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nature (Belyayev et al. 2010). The presence or absence of a given transposable 

elements in a genome, as well as the distribution, might vary between different species 

or lineages, and also between cells and tissues of a single individual (Gabriel et al. 

2006). In addition, clusters of transposable elements are hotspots for illegitimate 

recombination, which might lead to unequal crossing over and hence duplication of 

themselves, or DNA sequences at their vicinity, including genes (Pantzartzi et al. 

2018).  

A deletion in the long arm of one of the chromosomes of pair 2 was found. 

Interestingly, a TAR (Nana) fluorescent signal at the vicinity of the deletion breaking 

point was also observed (Fig. 2a). Transposable elements have been shown to be 

associated with chromosomal rearrangements in different species (Gabriel et al. 2006). 

In humans, the Alu element (a Class I non-LTR retrotransposon) represents more than 

a third of the genome. The activity of this mobile element is associated with several 

diseases caused by chromosomal rearrangements. Unequal crossing over events 

between Alu elements present in the same chromosome (in cis) can result in deletions 

or duplications of intervening sequences. On the other hand, the recombination 

between Alu elements present in different chromosomes (in trans) might lead to more 

complex rearrangements, as translocations (Kolomietz et al. 2002). Therefore, a more 

profound investigation regarding the dynamics of TAR (Nana) family in Coffea 

genomes would be thrilling. 

Regarding the intrinsic nature of the mobile elements, stressful conditions, such 

as the in vitro environment, have been recognized as important triggers for 

transposition. Plant transposable elements are usually transcriptionally inactivated by 

cytosine methylation (Lisch 2009). Nonetheless, proliferative cells, as the cellular 

aggregate suspensions of C. canephora, exhibit relatively low levels of global 5-

methylcytosine compared to cells in the somatic embryo regeneration step (Amaral-

Silva et al. 2021), as observed for other species. In oil palm, transposable elements 

are also generally hypomethylated at the dedifferentiated stage and then remethylated 

in regenerated plants (Kubis et al. 2003).  In Arabidopsis thaliana L., long-term 

suspension cultures exhibited hypomethylated transposable elements in 

heterochromatin regions, including the Ty3/Gypsy Athila element (Tanurdzic et al. 

2008). Such epigenetic alterations might result in the transcriptional reactivation of 

specific families of transposable elements. Thus, the variation among transposon 
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classes in their epigenetic responses to in vitro culture might also be a source for the 

variation in genome distribution (Vining et al. 2013) and, consequently, a source of 

somaclonal variation (Barret et al. 2006). 

  

5. Concluding remarks 

 

This is the first study to perform a comprehensive description of the repeat 

sequences diversity and chromosomal distribution in C. eugenioides, by uniting the in 

silico analysis with the RepeatExplorer2 pipeline and the in situ mapping in metaphasic 

chromosomes through FISH. Mobile elements comprise 45% of C. eugenioides 

genome, with 20 families identified. Among them, 40% belong to LTR-

retrotransposons. The Ty3/Gypsy to Ty1/Copia ratio (8) was considerably higher for C. 

eugenioides when compared to other Coffea species (~2.6 to 4.75), although further 

investigations using complementary bioinformatic tools and sequencing data are 

necessary to investigate this interspecific variation.  

The in situ mapping of four LTR-retrotransposons in metaphasic chromosomes 

and interphase nuclei derived from cell aggregate suspensions and leaves revealed a 

general clustered pattern. Among these sequences were two previously described 

Ty1/Copia elements of Coffea, Bianca (Divo) and the Nana element classified here as 

TAR. Although only a few hundreds of copies are estimated to occur in the genome of 

C. eugenioides, they were detectable through FISH using probes for their RT domains 

and generated clear fluorescent spots, indicating their occurrence in clusters. The 

Ty1/Copia element Tork and the Ty3/Gypsy Athila were also detectable and mapped, 

with Athila being the most abundant among all four analyzed LTR-retrotransposons.  

A considerable variation in the location of the LTR-retrotransposons was 

observed among different metaphases, which might be a result of the highly 

polymorphic nature of mobile elements. This is the first study to provide the mapping 

of transposable elements in metaphase chromosomes of Coffea species, as previous 

studies only reveal karyotypes, without identifying chromosomes. Therefore, we hope 

the results obtained here provide some background for the advance of repeatome 

cytogenomic investigations in Coffea. 
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8. Supplementary information 

 

 

Figure S1. Graphical summary of the clustering results for C. eugenioides genome. 

Bars represent superclusters, with their heights and widths corresponding to the 

numbers of reads in the superclusters (y-axis) and to their proportions in all analyzed 

reads (x-axis), respectively. The rectangles inside each supercluster bar represent 

individual clusters. Top clusters, which included 57% of the total reads, are on the left 

of the dotted line. 
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Figure S2. 1.5% agarose gel showing the amplification products generated by PCR 

using the primers from Table 1. These sequences were used to construct the probes 

for mapping the RT sequences of Bianca (Divo), TAR (Nana), Athila and Tork LTR-

retrotransposons. The numbers below each band represent the size of the amplicon in 

base pairs. The first lane contains the 100 bp DNA Ladder. 

 


