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Why evolutionary genomics needs cytogenomics
The gap in evolutionary genomics

Genome sequences are exploding in number, but:

• Repetitive regions often poorly assembled or collapsed (rDNA, heterochromatin. TE-rich)

• Sex chromosomes and supernumerary elements are frequently under-characterized

Many comparative genomic analyses ignore chromosome-level traits

To interpret genome evolution we need standardized, curated cytogenetic metadata

Cytogenetic traits as evolutionary characters

Examples of cytogenetic traits:

• Number and chromosomal position of 35S/5S rDNA

• Presence, frequency and type of B chromosomes

• Sex chromosome type (XY, ZW, UV, homomorphic vs heteromorphic)

These traits:

• Are easily mappable on phylogenies

• Can be correlated with life-history, ecology, genome size, polyploidy…

• Provide independent axes of genomic variation beyond sequence



Our three databases: three complementary resources

Together they cover major aspects of genome architecture and sexual systems in plants



The plant rDNA database:  why it exists

• Original motivation

o Looking for unusual configurations of rDNA (L-type and S-type):



The plant rDNA database: contents, scope, evolutionary questions…
Plant rDNA database: content & scope

• Variables:

o Species, 2n, ploidy level, genome size

o Number of 35S and 5S loci

o Physical position (telomeric, subtelomeric, interstitial, pericentromeric)

o Co-localisation vs separate loci

• Taxonomic coverage across major plant clades

Evolutionary questions using rDNA data

• Macroevolution of genome architecture:

o Gains/losses of rDNA loci along phylogenies

o Shifts in rDNA position (e.g. telomeric → interstitial) and 
chromosomal rearrangements

• Polyploidy and diploidisation:

o Retention vs loss of parental rDNA loci in allopolyploids

• Genome size and repeat dynamics:

o Correlations between rDNA CNV and genome size, TE 
content, recombination landscapes



The plant rDNA database: contents, scope, evolutionary questions…
Use as a resource

o Rapid accumulation of rDNA-FISH data in the literature

o No other resource giving standardized locus number and 
position information across plants

Scope 

• Angiosperms, gymnosperms, bryophytes and 
pteridophytes (land plants + early diverging lineages) 

• A parallel resource for animals 
(www.animalrdnatabase.com) was also developed few 
years later

Garcia et al. 2014

For each taxon / cytogenetic record, the database stores:

• rDNA locus data

o Number of 5S and 35S loci per 2n set

o Chromosomal position simplified into three categories:

▪ (Peri)centromeric, interstitial, (sub)terminal

o Mutual arrangement of 5S and 35S:

▪ L-type (linked in a single unit 18S–5.8S–26S–5S)

▪ S-type (separate 5S and 35S arrays)

• Others: number of chromosomes with both 5S and 35S (separate arms or 
same arm), genome size, ploidy level, life cycle, telomere composition

http://www.animalrdnatabase.com/


The plant rDNA database: growth across releases (1→4)
• Release 1.0 (Garcia et al. 2012) 

o 1,033 species; 1,461 records

o 319 publications; 60 families, 245 genera

o Focus on entries with both 5S and 35S data

• Release 2.0 (Garcia et al. 2014)

o 1,609 species; 2,839 records; >600 publications

o Now includes single-locus papers (5S-only or 35S-only)

o First inclusion of pteridophytes; clear growth especially in monocots



The plant rDNA database: growth across releases (1→4)

• Release 3.0 (Vitales et al. 2017)

o 3,783 entries; 2,148 species; 785 papers (data to end 2016)

o New: telomere composition; list of species with sequenced 
genomes; order-level browsing; flag for hybrids

• Release 4.0 (Rodríguez-Gonzalez et al. 2023)

o 4,948 entries; 2770species; 951 papers (data to end 2020)

o 127 families, 566 genera; strongly dominated by angiosperms (~96% of entries)

o New data for 820 species from 173 additional publications; interface and search 
functions refined



The plant rDNA database: What the global data tell us

• Low locus numbers are the rule

o Most species have few rDNA loci; single-locus karyotypes are very 
common, even in polyploids

o Interpreted as locus loss after polyploidy, part of the 
diploidization process

• Contrasting dynamics in major groups

o Angiosperms vs gymnosperms: both usually have low numbers of 
5S/35S sites, but 35S in gymnosperms shows much more 
heterogeneous distributions

• Positional patterns 

o 5S loci: roughly balanced across pericentromeric, interstitial, and 
terminal positions

o 35S loci: strongly biased to terminal/subterminal regions (~90% 
of loci), fewer centromeric/interstitial sites

• Genomic organization (L vs S)

o Only ~5% of entries show L-type arrangement (linked 18S–5.8S–
26S–5S); ~81% are S-type (separate arrays)

Garcia et al. 2017



Extra layers added in later releases

• Telomere composition (Release 3.0 onward)

o Database records telomere motif type (Arabidopsis-type, 
human-type, Cestrum-type, Allium-type, etc.)

o Highlight: contributed to discovering human-type 
telomeres in Zostera marina and underpins reviews of 
telomere diversity in plants

The plant rDNA database: What the global data tell us

Peska et al. 2020

Peska et al. 2020



B-chrom database: why it exists
• B-chrom (www.bchrom.csic.es): online database on B-chromosomes (Bs) in 

plants, animals and fungi

• Motivation: >100 years of scattered literature on Bs (since 1906) with no up-to-date, 
searchable global synthesis

• Bs = supernumerary, mostly dispensable chromosomes:

o Present only in some individuals or tissues

o Do not recombine with A chromosomes; often show drive (non-Mendelian 
transmission)

• Bs are relevant because they:

o Occur in ~15% of eukaryotes

o Contribute to intraspecific genome size variation

o Can have neutral, deleterious or beneficial effects (e.g. vigour, fertility, 
resistance, adaptation)

Garcia et al. 2006

http://www.bchrom.csic.es/


B-chrom database

B-chrom database: content & scope

• Variables:

o Presence of B chromosomes

o Number and/or range

• Includes plants, animals and fungi → comparative, cross-
kingdom perspective

Evolutionary questions using B-chrom data

• Genomic conflict and selfish elements:

o Comparative analyses of where B chromosomes arise 
and persist

o Association with life history (annual vs perennial, 
mating system)

• Macro-evolution:

o Is B-chromosome presence phylogenetically clustered 
or recurrent?

o Links to polyploidy, genome size, and karyotype 
instability



B-chrom database
What an entry in B-chrom contains:

• Taxonomy and group info

o Family, genus, specific epithet

o Search for specific “large” group

• Karyological data

o Ploidy level

o Somatic chromosome number (2n).

• B-chromosome data

o Presence of Bs and the number or range of Bs (e.g. 0–4, 2–6)

o Codes indicating context:

▪ “Bs” = presence

▪ suffixes such as “G” (gametic), “n” (haploid), “m/f” 
(male/female), “PRS” for paternal sex ratio Bs in 
arthropods

• Bibliographic metadata

o Full citation (APA style) and DOI/URL

o Each entry linked to a specific source and has its own ID

• Results can be exported as a csv file



B-chrom database: growth across releases

1. Initial release (2017) – D’Ambrosio et al (2017)

5760 entries; 2828 eukaryotic species reported with Bs

o Composition of species:

▪ 73.6% plants (2087 spp; ~53% monocots, ~47% eudicots)

▪ 26.0% animals (736 spp)

▪ 0.5% fungi (14 spp)

o 311 families (119 plant, 185 animal, 7 fungal) and 1095 genera (635 
plant, 450 animal, 10 fungal) 

o Data from 3041 references, combining Jones & Díez (2004) (1906–
1994, 3484 records) plus new literature (1995–2016,  2276 new records)

+65% entries and +61.5% species

2. First update (2021) – Gutierrez et al. (2021)

2. Added 334 entries and 123 new species

o Current content: 6089 entries, 2951 species, from 3292 sources
(articles, books, proceedings)

Search strategy: using Scopus and Web of Science with a broad set of search terms 
(B chromosome, accessory, supernumerary, selfish chromosome, etc.)

D’Ambrosio et al. 2017

Gutiérrez et al. 2023



B-chrom database: what the global data tell us about B-chromosomes

• Bs are widespread but still under-documented

o In plants, by combining B-chrom with CCDB, we estimate that around 3% of 
species with known chromosome number have Bs, consistent with earlier 
estimates (3–4% of angiosperms, higher in monocots)

o This is a lower bound, given strong taxonomic and geographic biases in 
cytogenetic sampling

• Weak but significant correlations

o Statistically significant, though weak, positive correlations between:

▪ average number of Bs and chromosome number (2n)

▪ average number of Bs and ploidy level

o No strong correlation with genome size overall

• Life-history and reproduction

o Some plant species with very high B numbers reproduce asexually  (e.g. apomixis)
suggesting that reduced sexual reproduction may favour accumulation of Bs

• Evolutionary links to sex chromosomes and selfish elements

o Multiple independent origins from A chromosomes (e.g. rye Bs composed of A 
fragments, cichlid Bs from rearranged A segments)

o Documented relationships between Bs and sex chromosomes (e.g. Bs derived from or 
ancestral to sex chromosomes in frogs and fish)

Caltha palustris 
(pictures: Llez & Jelena V Blagojević)



Sex-chrom: a database on plant sex chromosomes

Aim: provide an accessible, organized source of information on plant sex 
chromosomes for researchers and general users

• For each species:
– full taxonomy, chromosome number (2n), genome size (2C), ploidy, sexual 
system
– sex-determination mechanism (XY / ZW / UV / other) and sexual system
– presence of homomorphic vs heteromorphic sex chromosomes
– literature source and method used to infer sex chromosomes 

• Focus: bridge cytology, molecular genetics and genomics

Evolutionary questions using sex-chrom data

• Independent origins of dioecy and sex chromosomes:

o Mapping sexual systems and sex chromosomes on phylogenies

o Testing whether sex chromosome evolution is associated with 
genome size, polyploidy, life history

• Tempo and mode of sex chromosome differentiation:

o Contrasts between homomorphic vs heteromorphic systems



Sex-chrom: a database on plant sex chromosomes

What an entry contains (data model): Information is extracted manually and standardised.

• Taxonomy and name checking

o Clade (upper/lower), order, family, genus, species, infraspecific category

o Names verified and standardised with TNRS (Taxonomic Name Resolution Service)

• Basic genomic / karyotype information

o Chromosome number (2n), ploidy level.

o Genome size (2C), taken from Kew C-values when not given in source.

• Sex-system and sex-chromosome information

o Sexual system: dioecious, androdioecious, gynodioecious, etc.

o Sex-determination mechanism: XY (male heterogamety), ZW (female heterogamety), UV 
(haploid phase), balance systems (X:A), etc.

o Sex chromosomes in males and females (e.g. XX/XY, ZZ/ZW, UV)

o Coded as homomorphic / heteromorphic / uncertain based on cytological or molecular 
evidence

• Method and extra genomics

o Method for primary characterisation (cytology, FISH, genetic mapping, NGS-based 
approaches, etc.)

o Miscellaneous genomic info

Additional sheets for 10 model systems (Asparagus, Cannabis, 
Carica, Fragaria, Humulus, Marchantia, Mercurialis, Populus, 
Rumex, Silene) store detailed data on sex-linked genes, sex-

biased genes, tandem repeats, transposons, etc. 



Sex-chrom: coverage and growth

Version 1.0 (Barankova et al. 2020 New Phytologist)

• Data from 431 sources (1919–2020)

• 178 species, 84 genera, 65 families, 258 entries

• Composition (entries):

o 87.6% angiosperms; within these: 92.9% eudicots, 6.6% monocots, 0.4% ANA grade

o 5.0% gymnosperms, 5.0% bryophytes, 2.3% green/red/brown algae

• Sex-determination mechanisms:

o 69.0% XY, 16.3% ZW, 5.4% UV; remainder other/uncertain

• Morphology:

o 48.5% homomorphic sex chromosomes, 31.0% heteromorphic, 20.5% not clearly assigned

Barankova et al. 2020 



Version 2.0 (Garcia et al. 20203 Chromosoma) 

Sex-chrom v2

• Now 229 green plant species with sex chromosomes

• Genome size data available for 160 species; seven show male–female differences in 
2C values, indicating strong chromosome heteromorphy

• Morphology: 

o 88 species with homomorphic sex chromosomes

o 42 additional ones with suspected homomorphy

Sex-chrom: coverage and growth

Garcia et al. 2023 



Sex-chrom: what the global data tell us

• Sex systems are diverse and repeatedly evolved

o XY (male heterogamety) is most frequent, but ZW and UV are not rare

o ZW systems are more common than previously thought, once molecular tools 
are applied

• Morphology: many systems remain homomorphic

o Roughly half of known systems have homomorphic sex chromosomes; many 
others are suspected homomorphic but not yet fully resolved

o Heteromorphy is common in XY systems (e.g. Rumex, Silene, Coccinia) but 
rare in ZW systems so far

• Genome size and heteromorphy

o For several species, males and females differ in 2C value, reflecting size 
differences of sex chromosomes (e.g. Cannabis sativa, Rumex acetosa, 
Viscum album)

• Strong methodological shift

o Early decades dominated by classical cytology; since ~2010 clear move 
towards NGS-based approaches

o Very few studies integrate both genomics and cytogenetics in the same 
system, highlighting the gap Sex-chrom is designed to help bridge

Rumex acetosa

Silene latifolia



Challenges: correctness, maintenance and update of the databases

1. Keeping up with the literature explosion & fraud: literature volume grows faster than curator time; each 

new release is a big one-off effort rather than a smooth, continuous process; growing fraud allegations

2. Manual data extraction from heterogeneous papers: extremely time-consuming, and difficult to automate 

without losing accuracy, especially for nuanced cytogenetic traits

3. Terminology, inclusion criteria and “fuzzy edges”: defining consistent inclusion/exclusion rules for keywords 

and trait categories, and then applying them consistently over a century of very heterogeneous literature



1. Taxonomic instability and name 

standardization: every update requires 

revisiting and sometimes re-coding older 

records when taxonomy changes

1. Quality control and error handling: large 

portions of the curation effort are not 

data entry, but error detection and 

reconciliation of conflicting or ambiguous 

reports

Challenges: correctness, maintenance and update of the databases



1. Technical and interface maintenance: these are small, grant-dependent academic projects, not large funded 

infrastructures, so web-app maintenance competes with scientific curation for limited time and money

2. Funding and human resources: these databases depend on small teams, Msc students, predoc and postdoc 

contracts and project grants; long-term maintenance is structurally fragile

Challenges: correctness, maintenance and update of the databases



Possible solution: AI? Pilot test with the Plant rDNA database

A total of 340 new & relevant publications were 
identified.

The next update for the Plant rDNA database will be closed
by December 2025 (time frame: 2021-2025)

Update workflow: 

1. Literature search
2. Data extraction
3. Data cleaning and validation (quality control, error 

detection)
4. Web release
...
5. Data analysis
(together with a parallel resource: the Animal rDNA database)

Literature searches were performed with:
- Scopus
- Web of Science

Using targeted keyword combinations (important step!)



Possible solution: AI? Pilot test with the Plant rDNA database

• We established a set of criteria to assess the accessibility of information within each publication, assigning a 
score from 1 (least accessible) to 4 (most accessible)

• To assess AI reliability, three publications for each category (1 to 4) were selected, and data were extracted 
manually to serve as a reference for comparison

• An initial screening was conducted different publicly available AI tools, including ChatGPT, Gemini, and SciSpace, 
along with premium versions of ChatGPT-5 and Microsoft Copilot



Possible solution: AI? Pilot test with the Plant rDNA database

•ChatGPT-5 outperformed Microsoft Copilot, achieving higher accuracy across all 
categories and nearly reaching 100% accuracy for the most accessible papers

>

•This study serves as an initial proof of concept to evaluate AI-assisted data extraction 
for the forthcoming plant rDNA database update

•They still produce occasional errors, so manual verification is still required

•Training a more accurate model could enable automated extraction, limiting manual 
curation to less accessible information



Do you want to learn more? Ask Mar and Mireia!
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Mireia Farré Escudé

Mar Torres Calvet
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