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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 f ic variation beyond A
rovide independent axes of genomic variation beyond sequence | i PXSEBOT
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Our three databases: three complementary resources

° Plant rDNA database

https://www.plantrdnadatabase.com
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° Sex-chrom

https://www.sexchrom.csic.es

° B-chrom

https://mwww.bchrom.csic.es
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The plant rDNA database: why it exists

o Original motivation

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

https://www.plantrdnadatabase.com
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The plant rDNA database: contents, scope, evolutionary questions...

G Plant rDNA database
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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 s /1
content, recombination landscapes \SEBOT
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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

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 185-5.8S-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

Hormw N Calions L mwenis EinoBiRC
S703)
\' Brassica R« [ Insert taxon name ]

—— - v v Advanced
Merse L4, arw 912 youremal@eral con
Sewthng: Brassics 2 A Z
Shoing i Weccs Tt of s 80 ovm—— Obtain species list ] il ot
: : ; ' options Optional
’ Advanced Search
Cowns it w 3 ] “ “e . n
oy ot x
o @ » Mdleisel e W1 Gepwseed
" | ] 1 '
e - iw 4 f mhseewivowte s M4 iesum s
= [} 1% " " o
] » i ' W r e ol
| ] i a s I
eeces B ‘ < intens 8 ‘ sl e relhte no o S et

b
[ Genome size representation tool ] Jim

Obtain karyotype Obtain reference

. IEXA 50. snowdon RJ. 2007, Cytogenetics and genome analysis in Brassica crops. Chromosome Research 15: 85-95

Brassica olaraces L )
0
L L o L ey NS —

Obtain pdf file* |

Figure 4. Flowchart showing the possible database outputs and options for a given search. The karyotype appears as a pop-up window, in which the

5S rDNAs are depicted in red and the 35S in green.

Garcia et al. 2014
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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

Chromwsoma
DOI 10, 1007/500412-012-0368-7

RESEARCH ARTICLE

goes online
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Abstract Nunber, position and stucture of the 55 and 185-
5.88-268 ribosomal DNA (rDNA) Joci are important species
chamcteristics. In recent decades, we have witnessed accurmu-
lation of rDNA data, and there is a need to compile, store and
analyse this information, and to make it accessible to abroader
scientific community. An online resource, accessible at
www.plantrdnadatabase.com, has been developed 10 accom-
plish these goals. Current knowledge regarding chromosomal
HNA sites is provided for more than 1,000 plant species
(including more than 1,400 different accessions). The data
comes from fuorescent in situ hybrdisation experiments
(FISH) from more than 300 publications. A dditional informa-
tion is also displayed, such as ploidy level, mutual arrange-
ment of rRNA genes, genome size and life cycle. The
webpage is intuitive and user-friendly, including different
search options, and currently helds information published
(or in press) up until January 2011; frequent updates are
planned. We expect this database 10 be used for data-mining
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analysing fDNAs from different angles, unit onganisation,
distribution, evolution and linkage of rDNA pattems with
phylogenetic refationships.

Introduction

Genes encoding ribosomal RNA (rDNA) constitute vital com-
ponents of ribosomes. Ribosomal DNAs ure present in
thousands of copies and orgmised in tandem arrays at one of
more chromosomal foci, In eukaryotes there are four structural
rbosomal RNAs: 55, 585, 188 and 268 (aliernaiively 255)
While the | 85-5.85-265(355) are transcribal—in this onder
by polymerase 1 from a single operon, the 5 genes are
tmanserbed by polymerase 11 (for general reviews on rDNA,
see Volkov et al. 2004, 2007). The high sequence conservation
of the nuclear encoded rDNAs has made them a popular target
for numerous cytogenetic, molecular and phybogenetic studies
(for reviews, see Neves et al. 2005; Nieto Feliner and Rossell
2007; Preuss and Pikaand 2007). In particular, dual flucrescent
in sine hybridisation with 355 and 58 pmbes labelled with
different dyes (FITC, Cy3, CyS and others) has enabled
researchers to detemnine the position and number of rDNA
Ioci in many species. In plants, there is usually a spatial
separation h recent
studies indicate that all four genes are linked in a sin
5.85-265-55 unit in some species (Garcia et al. 2009, 2010).
Based on the assumption that closely related species may
have karyotypes more similar than those of more distantly
related species (Robledo etal. 2009), the rDNA provides an
evolutionary-phylogenetic view of related plant species
(Pires et al. 2004; Gareia et al. 2007). The number, position
and organisation (either linked or unlinked) of the 5S and
355 clusters in the chromosomes have been considered
characteristic of u given species, genus or group (Garcia et

both clusters on chromosomes, althe
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o 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 Firstinclusion of pteridophytes; clear growth especially in monocots
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Abstract

The Plant rDNA database (www.plantrdnadatabase.com) is an open access online re-
source providing detailed information on numbers, structures and positions of 55 and
185-5.85-265 (35S) ribosomal DNA loci. The data have been obtained from 600 publica-
tions on plant molecular cytogenetics, mostly based on fluorescent in situ hybridization
(FISH). This edition of the database contains information on 1609 species derived from
2839 records, which means an expansion of 55.76 and 94.45%, respectively. It holds the
data for angiosperms, gymnosperms, bryophytes and pteridophytes available as of June
2013. Information from publications reporting data for a single rDNA (either 58 or 358
alone) and annotation regarding transcriptional activity of 355 Joc/ now appears in the
database. Preliminary analyses suggest greater variability in the number of rDNA Joci in
gymnosperms than in angiosperms. New applications provide ideograms of the species
showing the positions of rDNA loci as well as a visual representation of their genome
sizes. We have also introduced other features to boost the usability of the Web interface,
such as an application for convenient data export and a new section with rDNA-FISH-
related information (mostly detailing protocols and reagents). In addition, we upgraded
and/for proofread tabs and links and modified the website for a more dynamic appear-
ance. This manuscript provides a synopsis of these changes and developments.
Database URL: http:f/www.plantrdnadatabase.com
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The plant rDNA database: growth across releases (1->4)

Release 3.0 (Vitales et al. 2017) . Release 4.0 (Rodriguez-Gonzalez et al. 2023)

o 3,783 entries; 2,148 species; 785 papers (data to end 2016) o 4,948 entries; 2770species; 951 papers (data to end 2020)

o New: telomere Composition; list of Species with Sequenced 0] 127 fami“es, 566 genera; Strongly dominated by angiOSpermS (~96% of entrieS)

genomes; order-level browsing; flag for hybrids

Plant Syst Eval (2017) 303:1115-1121
DO 1L1007/500606-017-1440-9

@ CrossMark

ORIGINAL ARTICLE

Third release of the plant rDNA database with updated content
and information on telomere composition and sequenced plant

genomes

Daniel Vitales'© - Ugo D*Ambrosio’ @ « Francisco Gilvez”

Abstract Here we present the third release of the plant
DNA database (March 2017), an open access online
resource with information on numbers, locations and struc-

ture of 55 and 185-5.85-268 (355) ribosomal DNA (DNA)
(www:plantrdnadatabase.com). Data are now available for
2148 species (3783 entries), extracted from 785 papers pub-
lished until the end of 2016. This means an expansion of
33.5% in terms of new species and 13% in new publications
consulted. We appreciate an increased interest on rDNA
loci research in recent years, since 10.78% of all data avail-
able were published only in 2016. The datshase has been
expanded to include information on telomere composition
and on species whose genome has been fully sequenced up
1o date. Telomere scquence is only known with certainty
for 9.60% of species in the database and for 36.79% at the
genus level, indicating, potentially, that the consensus plant
telomere (Armbidopsis-type) might not be as extended as
previously thought. We have also introduced the taxonomic
category order as an additional option for data browsing.
Similarly, we have included a new category to indicate
the hybrid status of taxa. In addition, we upgraded andior

Handlin
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proafread tabs and links and slightly modified the website
for a more dynamic appearance. This manuscript provides
a synopsis of these changes and developments,

Keywords 5S - Chromosome - Karyotype -
Sequenced plant genomes - Telomere

Introduction

The interest in chromosomes and chromasome features has
been particularly conspicuous among botanists. Indeed,
chromosomes were first observed by the Swiss bota-
nist Carl Nagéli in plant cells (1842). Later on, Barbara
McClintock, whose research focus was maize cytogenet-
ics. discovered transposable elements thanks to chromo-
some observations (McClintock 1955). With the advent of
technical improvements, not only chromosomes could be
observed and specics’ karyotypes described, but also chro-
mosome markers were designed. thus allowing better char-
acterization of karyotypes

The first chromosome markers used for cyto-sysiematic
and karyotyping purposes were ribosomal RNA (rRNA)
genes and telomeric sequences, owing to the development
of in situ hybridization (Leitch et al. 1994). Both regions
are fundamental components of chromosomes of all cell
types, involved in ribosome production and in stabilization
of chromasome ends, respectively. Their sequence con:
vation, clustered arrangement and ubiquity in all life forms
made them the first election as chromosome landmarks. In
cukaryotes there are four rRNA genes: the 185, 5.85 and
268/28S, usually tandemly arranged in this order (also
called 358 in plants and 458 in animals), and the 58 which
is also organized in tandems and separated from the rest.
However. in some organisms, cases of linked arrangement

€} Springer

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

Chapter 18

Release 4.0 of the Plant rDNA Database: A Database on Plant
Ribosomal DNA Loci Number, Their Position,

and Organization: An Information Source for Comparative
Cytogenetics

Roi Rodriguez-Gonzalez, Maria Luisa Gutiérrez, Inés Fuentes,
Francisco Galvez-Prada, Jana Sochorova, Ales Kovarik, and Sonia Garcia

Abstract

This paper presents the latest update to the Plant rDNA dambase (Release 4.0, a valuable resource for
researchers in the field of plant cytogenctics. The database provides information on the number, position,
and armngement of ribosomal DNA lod in plants, including angiosperms, gymnosperms, bryophytes, and
pteridophytes. The new release includes new data for 820 spedes coming from additional 173 papers. In the
updated version of the Plant rDNA database, 4948 enmies comprising 2760 organisms can be found. A
briefguide on how to navigate the database and obtain the dsired information is also provided. The regular
updating of the database is important for ensuring the information it con @ins is accurate, up-w-date, and
useful for the research communiry. The Plant rDNA darabase continues w be beneficil for phylogeneric
and cytogenetic studies in a wide range of @xa including angiosperms, gymnosperms, and carly diverging
groups, such as bryophytes and lycophytes.

Keywords Comparative cytogenetics
Ribosomal DNA.

hromasome, Data mining, In situ hybridization, Karyotype,
. L-type arrangement, §-type arrangement

1 Introduction

One key aspect of plant cytogenetics is the analysis of ribosomal
DNA (FDNA) encoding four types of ribosomal RNA molecules
(58 and 1858-5.85-265 rDNAs). Ribosomal RNAs arc essential
components of virtually all cell types, and they are present in high
copy numbers to meet the high cellular requirement for ribasomes.
These genes are repetitive, mndemly aranged, and clustered ar
different chromosomal loci. However, cvidence shows thar the
four genes can also be linked in a single unit in a several plant
groups [1-3]. The number of rDNA loci and their position in

Siénia Garia and Neus Nusiart jeds |, Plant Genamic and Cytogenefic Datibasss, Methods in Molecular Bidogy, vl 2708,
"I 0oL 0rg10.1 007,278 1-07 16-3388-2_18,
© The Authors), under sxchbe lcanse to Springer Science: Business Medi, LLC, part of Springer Naturs 2023
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The plant rDNA database: What the global data tell us
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The plant rDNA database: What the global data tell us

Extra layers added in later releases

8 (TTTAGGG),

J/
p \~
 telomeric DNA

s | TTTAGGGTT
'\~ poccanBucccanlc,

template

« Telomere composition (Release 3.0 onward)

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

annealing

. |sequence BoRLenes

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

g

Zostera noltii Zastera marina

/' telomeric DNA

s _{TTAGGGTTAG

Zostera marina

a | |
Fig. 1. Morphological appearances in Zostera noltii and Z. marina, respectively; images are from Wikipedia and are in the public domain (A, D);
schematic model of telomerase RNAs (TRs) and telomerase reverse transcriptase (TERT) indicating the annealing and template regions in the synthesis

of telomeric DNA (B, E); fluorescence in situ hybridization of telomere probes on mitotic chromosomes (C, F; scale bars=10 pm). (This figure is available in

colour at JXB online.)

Fig. 2. Karyotypes of Zostera nofti and Z. marina. Both species bear

a single terminally located 355 rDNA locus and a single interstitial 55 PeSka eta I . 2020
rDMA locus. While 355 and 55 are situated on different chromosomes in

Z. noftii, they occupy the same chromosome in 2. marina. Note the highly

decondensad 353 rDNA site in Z. manna (dotted line). Scale bars=10 pm.

(This figure is available in colour at JXB online.)
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. B-chrom (www.bchrom.csic.es): online database on B-chromosomes (Bs) in

B-chrom database: why it exists TS, e ST

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

https://www.bchrom.csic.es . Bs = supernumerary, mostly dispensable chromosomes:

o Presentonly in some individuals or tissues

o Do notrecombine with A chromosomes; often show drive (non-Mendelian

Welcome to B-chrom! v 2.0 s

B.chrom: a database on B-chromosomes of plants, t ra n S m i s s i 0 n)

anma= and fungl
am

« Bsarerelevant because they:

reso.rce which includes extersive dota on B

chromesomes in plants, snimals and fusgi. Ths (@] O CC u r i n ~1 5% of e u ka ryOteS

ocrprehensive and L paated Ny ogus of speties Cresenting

ke i i o Contribute to intraspecific genome size variation
e S B R AR A S e e R e o Can have neutral, deleterious or beneficial effects (e.g. vigour, fertility,

e gus o of 11 the

” 1

resistance, adaptation)
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Fish Insects Mammals
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http://www.bchrom.csic.es/

B-chrom database

B-chrom database: content & scope
« Variables:
o Presence of Bchromosomes
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 IsB-chromosome presence phylogenetically clustered
or recurrent?

o Links to polyploidy, genome size, and karyotype
instability

We ask for the contribytion

You can

Qroups

Maria Lutse Guiieraz,
Eist

B-¢ Havmas on B-chromosomes of plants,
animals snd fungl

' "'n.-l.xliv.vnaltn;r. el

of the Lsers of the database by reporting new

use the search box aboye (o stan looking for ganus or species with B.chromosomes. You can ais0 browse major
beiow or in e Srowse tab,

5, Maria Piar A £ o3, Karing Baros, Ales K K. Gemma Mas o8 Xoor antn Garga. B.ohr
B-chiomos

es of planks, arimals » New Phwloiogs 17, 210(3)

el Rodrigaez Gonzamz, Ings Fuentes, Francisco Ganez-Prada, Alas Kevahe, Sonia Garcia, (2023}

updale 1o S.ovom, a dalabase on B-chromosomes. I Flanl Ganamic and Cylogenstic Databasas: Methods and

Fpeces name

Py level

Grronnom
rare ber

Fusscanen year

A Bose .25y

Pogiratien # 10
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What an entry in B-chrom contains:
B-chrom database « Taxonomy and group info

o Family, genus, specific epithet

o Search for specific “large” group

& Export 1o CSV
Pagination: ® 10 O 20 O 80

Karyological data

= == S < et = P e < e < e < S . Eleidylovl

SR [P [ . . o Somatic chromosome number (2n).

A I ' « B-chromosome data

i N | o Presence of Bs and the number or range of Bs (e.g. 0-4, 2-6)
P P e PP " 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

Eudicots Monocots Gymnosperms Fungi

« Bibliographic metadata

Browse Browse Browse Browse

o Full citation (APA style) and DOI/URL

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

Fish Insects Mammals

- Results can be exported as a csv file

Va4
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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)

2 New
o Phytologist

D’Ambrosio et al. 2017

Letters

B-chrom: a database on

B-chromosomes of plants,

animals and fungi

Introduction

B-chrom  (www.bchrom.,

rehensive informarion {

a < and fungi. Dam have
3041 sources p.mu» ed berween 1907 and |
5760 entries corresponding to 2828 spedic,
number o range of B chromosomes, th
information on chromasome number, plaidy|
when available. Afeer an excensi n‘puhh.‘mwr

statistically and significant p
been found berween the
rumber and ploidy lev

of the daca in Bechrom was publish
limired knowled e with respecr o global biod
is the firststep o systematiac

it will be used

of Bsis well documes nml an- as
in Boechera v may be involved in the genetic control of

apombis (Kamarma et o, 2007: Mandovs oo, 2015). There Gutiérrez et al. 2023

onships berween Bsand sex chromosomes:

Jl\p\ syingapomisi

are also inters

T Chapter 17

First Update to B-Chrom: A Database on B-Chromosomes

Maria Luisa Gutierrez, Roi Rodriguez-Gonzalez, Ines Fuentes,
Francisco Galvez-Prada, Ales Kovarik, and Sonia Garcia

Abstract

i some. bt ool individuals of The supernumerary mostly dispensable B chromosomes are nuclear components of about 15% of eukary-

o 311 families (119 plant, 185 animal, 7 fungal) and 1095 genera (635 :
plant, 450 animal, 10 fungal) ”’*—-i‘-‘E?%?i?%{-”'eu??»":‘%i?='~ e b o o o e e, b P b e s

created B-chrom (wwwbchrom.c ), an online database with comprehensive informarion on Bs for
plants, animals, and fungi. It was released in 2017 and first updated in 2021, by adding 334 entries and
123 new spedes. Currenty, the resource provides informaton for 2951 species coming from 3292 sources.
During this time, the usefulness of this database has been proven by the number “of visits (more than
207 000 since its release) and by the scientific community, having been cited in more than 60 publications
until present. This chapter explains the database composition and tips on how to use it

o Datafrom 3041 references, combining Jones & Diez (2004) (1906-
1994, 3484 records) plus new literature (1995-2016, 2276 new records)

Keywords B chromosomes, Cytogenetics, Database, Data mining, Evolution, Karyology, Karyotype

1 Introduction

+65% entries and +61.5% species

B chromosomes are also known as supernumerary, dispensable, or
accessory chromosomes, and they are additional, by definition, not
essential for life. They are found only in some individuals of a
species, and in some cases, only in some tissues or some cells.
They are often found by chance in routine karyological analyses.
Oncof the most prominent features of B chromosomes is that they
do not recombine with standard (A) chromosomes during meiosis.
They are preferentially inherited deviating from usual Mendelian
segregation, leading to a transmission advantage for B chromo
somes, a mechanism called “chromosome drive™ [1].
B-chromosome’s evolutionary origin is still poorly understood,
and as with many evolutionary phenomena, it is likely thar B
chromosomes have originated repeatedly and independenty on
several occasions (reviewed in [2]). The most accepred idea is that
they come from A-chromosomes, for example, after asymmetric

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)

Sén aGﬂ_aad\k.s\l art jedds.), Plant Genam Cytegeretc Databases, Methods in Molecuar Bidogy, vol. 2703,

ey Business Media, LLC, part of S o

227

hoets), w dsem Ele fcanse to Spri

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



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

Bs are widespread but still under-documented — >
o Inplants, by combining B-chrom with CCDB, we estimate that around 3% of f
species with known chromosome number have Bs, consistent with earlier ) ’.i

estimates (3-4% of angiosperms, higher in monocots)

o Thisis a lower bound, given strong taxonomic and geographic biases in

cytogenetic sampling \ x

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

\J

Life-history and reproduction \ ;h
o Some plant species with very high B numbers reproduce asexually (e.g. apomixis) k she &
suggesting that reduced sexual reproduction may favour accumulation of Bs ) ” '
Evolutionary links to sex chromosomes and selfish elements .
Caltha palustris

o Multiple independent origins from A chromosomes (e.g. rye Bs composed of A (pictures: Llez & Jelena V Blagojevic)

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)




Sex-chrom: a database on plant sex chromosomes

° Sex-chrom

https://www.sexchrom.csic.es

Welcome to Sex-chrom v2.0 - )
Sex-chrom: o database of green plant species with sex chromosomes ‘ ‘
This database provides inr~ ‘
o il -
leneds, ‘ ‘ ‘ 5
n "‘ G£ ‘ ’ Tes ¥e
P\

The authors of Sewchrem: 3 databaze o green plant
pesies with tex chromosomes, are: Smony Bardrkiey
Jaan ek PasousdDiad, Muwet Sutane, Maria Silar

Acnso-Utsnte, Mankca Balint, ¥aring Barrcs, Ivan Pérss-

ana Mainska Yratisbo Pesha, Soen Wdot

officinalls Cannabis saliva Carica pspays Fragans

Zezens

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

‘SEBOT
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Sex-chrom: a database on plant sex chromosomes

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.

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

Asparagus
officinalis Cannabis sativa Carica papaya Fragaria

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

Browse Browse Browse Browse

. Sex-system and sex-chromosome information
/S ‘.‘;\
o Sexual system: dioecious, androdioecious, gynodioecious, etc. / o

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

Humulus polymorpha Mercurialis annua Populus

Browse Browse Browse Browse

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

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

evidence

o Method and extra genomics

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

o Miscellaneous genomic info

YSEBOT
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Sex-chrom: coverage and growth

Barankova et al. 2020

) Check for ugdanas]

New )
Phyologist B 3

Letters

Sex-chrom, a database on plant
sex chromosomes

main topics deal with the process of the Y/W chromosome
degenerarion, searching for sex-linked genes underlying the sex
determination, or with mechanisms of epigenctic control of the

dosage (reviewed by Charlesworth, 1996).

Introduction Types of plant sex chromosomes, sex determination systems
Sex dercrmination and scx chromosomes have been smudiad 210 el diversity

ively awing to their in evalutionary bilogg.  Most dioedious plants pesss morphologically indistingisbable
Species of dioccious plants, which may have sex c h phic) sex wheseas only a minority have
offr usmique insightsiano the history of this pl actoss picoowd hologically different (h hic) sex
the Tree of Life. Here, we present Sexchrons: a database on plnt  chromosomes (Fig.2). There are different opinions on this
sex chromosomes (wwwscochrom.cxic.c), which sims ta provide o became wome <t ik scean b

an easily accessible and organized informarion source for scientists
and a general audience interested in this field. Basic dara such as
complete tonomic dessficaton of te species, chromosome
rumber, genome size (2C), ploidy level, sex determination
mechanism, presence of homomarphic or hereromorphic sex
h i

phicwhen observed by light microscopy but their heteromor phism
is furcher revealed via other cywgenetic methods such as fluorescent
in sit hybridization (FISH), or it is only apparent in meiotic
«chromasomes. In this report, we consider heteromorphism of the
sex chromosomes if there is any karyological or molecular
evidence,

and th gsources are readily vailabl
for 178 species of 84 genera and 65 familics. Besides, the daabase
10selected model in plantsex

chromosome research such as Silene latifoliaand Rumex acetasa. In
these sections, more detailed information also is available, includ-
ing dhta on sexlinked genes, wansposable clements or tandemly
repeated DNA present in sex chromosomes. Data have been
extracted from 431 sources published between 1919 and 2020,
Although mast plant species are hermaphroditic, carrying both
fenade #nd mle reproduciive orgis, sonm: e MoNsECow tn
which some Bowers arc ither femalcor malein thesame individual,
and only . 6% of angjasperms are dioedious, characterized by the
appearance of individuals having separate sexes (Renner, 2014)
The sex determination pathways differ significantly among plane
spocies with verous breading syswms (Fig. 1), and in dicatious
specics, they are presumed to be under contral of nuclear genels),
wsually locawed in the sex chromosomes. Among species with sex

ch onlya few have hic sex in

We can distinguish between several types of sex determination,
which could be very diverse across the Tree of Life. The best-
characterized and most @ommon in thePlantKingdom istheonein
which males are the herrogameric sex (XY) and females are the
homagametic sex (XX) (Westergaard, 1958), which is the same
system as mammals and some insecrs, Some models are derived
from the XY, as the XX/XY; Y3 system = reported in some species,
in which males possess two Y chromosomes (eg. Humulus
japonicus or R. acetosa) — and the XX, XXX, X, Y - where there
are four and two X chromosomes in females and males, respec-
tively, as in some Podbcarpus species (Zhou & Gu, 2001). Another
mechanism observed in plants, although much less frequently; is
the ZZ/ZW system: in this case, females are the hererogametic sex
(2, whereas males are homogametic (22) (Ming et af, 2011).
This system has been found in genera Fragaria, Salie, Sileneand a
few other genera (reviewed by Slancarova e al, 2013, and

I etal, 2019); italso is the sex determination of birds, and

X
a similar way to most animals. Although in plants dioecy is

of some reptiles and insects. Besides, when sex is determined

uncommon, it has usually emerged from
likely thar the 15600 known dioccious spedes would have
appeared in 900-5000  independ from

k hroditism: itis g lly in org with haploid-phase sex d
systems (such as green algae, bryophytes and brown alga), the
: the sec-d g region (SDR) are

hermaphrodite ancestors (Renner, 2014), wsually through an
intermediate (Barrert, 2002). Also, their sex chromosomes have
emerged from a pair of aurosomes (Charlesworch, 2015) in which
there is initially partial lack of recombination. It can be assumed

referred to as U {female) and V (male) sex chromosomes (Bachtrog
et al, 2011; Coclho et al, 2018). The sex dewwrmination sysems
vary largely amongst plant species, and we can observe this
variability even within one genus or spedes. The last sysems

450 -

@ 250

E 200 |

Version 1.0 (Barankova et al. 2020 New Phytologist) 20|

100 F

. Data from 431 sources (1919-2020) s |
0

o 178 species, 84 genera, 65 families, 258 entries W P o P o o o b e e

2

K oo q%

O P o T Y T T

o 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

D Morphology:

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

100
m Cytogenetics
90
Qassial molecular biology
80 )
m GQytogenetics +dassical moleaular bidlogy
W  NGS based

60 | ™ NGS based +cytogenetics

Number of publications

700

200

100

Cumulative publications

that sex-determining genes ofien are located in the sx chromo-  known in plants are the cytoplasmic male sterility, which is 50
somes, albei tsex determination has been so farstudied inaminority  encoded by mimchondria, and the nudear-ended male feriliry
of dioecious plant species and in many cases, the nonrecombining  restarer genes (Saumitou-Laprade er af, 1994; Caruso e al, 2012),
region of the sex chromosomes is too small to be casily revealed  In some cases, sex expression is labile and is concrolled by 4
(Hobza etal, 2018). The relatively rare plant species with known  environmental canditions (Korpelainen, 1998). Often an interplay .
sex chromosomes have become the subject of wide research. The berween genetic, epigenetic and physiological factors (e.g. the role o ?
¢
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Sex-chrom: coverage and growth

Version 2.0 (Garcia et al. 20203 Chromosoma)

Sex-chrom v2
Garcia et al. 2023

o Now 229 green plant species with sex chromosomes

Chromosoma (2023) 132:55-58
hittps:idai.org/10.1007/500412-023-00786-7
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Sex-chrom v. 2.0: a database of green plant species with sex

chromosomes
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Introduction

Sex chromosomes primarily determine the sex of an indi-
vidual and ensure a stable sex ratio at conception in animals
or at fertilization in plants. Their sex-specific specialization
and evolutionary stability vary greatly among species, defying
generalizations, but usually a pair of sex chromosomes will
carTy sex-determining genes (Kamiya et al. 2012; Renner and
Muller 2021, 2022 for reviews). In some cases, chromosomal
sex determination instead involves a balance mechanism that
unts” the relative numbers of X chromosomes versus auto-
somes and triggers downstream pathways of male or female
development as, for example, in Rumex species with X/0 sex
chromosome systems (Zuk 1963; Navajas-Pérez et al. 2005).
Resezarch on the mechanisms of sex determination is rapidly
expanding. and we here present version 2 of a database first
meleased in 2019 (Barinkové et al. 2020). The database sum-
marizes studies for green plants published between 1919 and
March 2022.

Before the onset of molecular-cytogenetic methods and
genomic data, studies of plant sex chromosomes focused on

hybridization (FISH) signals of repetitive elements confined to
4 single chromosome in one of the two sexes, or viable crosses
with close relatives that have highly heteromorphic sex chro-
mosomes. Such approaches have been used. for example. to
infer sex chromosomes in date palm, Phoenix dactylifera, using
differential chromomycin staining in multiple individuals of
each sex (Siljak-Yakovlev et al. 1996), in the liverwort Frullania
dilatata using sex-specific distribition of FISH signals in the
two sexes (Sousa el al. 2021). and in Silene heuffelii, where
heteromorphic sex chromosomes have been inferred because
the species crosses freely with S, karifolia. which has strongly
dimorphic sex chromosomes (Prentice 1978). In Coceinia
grandis, the eukaryole species with the largest exient of sex
chromosomes heteromorphism known so far, Naudin (1359,
1862) successfully hybridized it with C. schimperi, suggesting
that the latter species might also have heteromorphic sex chro-
mosomes, something recently confirmed by eytogenetic work
(Janousek et al. 2022).

Information on sex chromosome morphology can be dif-
ficult to access because cytogenetic studies have often been
published in highly specialized journals, not all of which

microscopically distinct, b phic cf that  are pletely digitized (back to the early twentieth cen-
were unique to either males or females in separate-sexed  tury). This makes answering new research questions about
gametophytes or sporophyies (e.g., Westergaard 1940; Newton  plant sex chromosomes unnecessarily difficult. For example,

1984; Ramsay and Berrie 1982). In species with microscopi-
cally homomorphic chromosomes. such as Asparagus. Ecbal-
liwm, or Populus, chromosomal sex determination was inferred

differences in chromosome size and morphology berween
sexes may relate to differences in organismal longevity (see
Marais and Lemaitre 2022), but obtaining the relevant data
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from sex ratios in family pedigrees and other evidence, such  on either homomorphic or heteromorphic chromosomes in O Genome Slze data available for 1 60 SpeCIGS; seven Show male_female differences in
as differences in sl.ainin‘g ability, different fluorescent in situ XY, ZW, and UV systems or plant longevity is fraught with . . .
dificulties. 2C values, indicating strong chromosome heteromorphy
1 Sbnia Garcia
sonisgarcia@ibb.csic.es Material d method
' Institot Botinic de Barcelona (IBB-CSIC). Passeig del Feraisandmetiocs o MorphOLOgy:

Migdia /N, 08038 Burcelona, Catalonia, Spain
Institute of Biophysics of the Czach Academy of Sciences,
Krilovopolsks 133, 612 65 Brmo, Czech Republic
Depertment of Biology, Washington University, Saint Louis,
MO 63130, USA

The first author’s collection of article reprints and pdfs of stud-
ies in plant sex chromosomes from 1919 omwards was the basis
for building version 1.0:0f this database (Barinkova et al. 2020).
We have now mevised and updated the data up to March 2022,

@ Springer

o 88 species with homomorphic sex chromosomes

o 42 additional ones with suspected homomorphy




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

Genome size and heteromorphy

o Forseveral 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 Veryfew studies integrate both genomics and cytogenetics in the same
system, highlighting the gap Sex-chrom is desighed to help bridge

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

Scientific Publications Per Year THE PAPER-MILL PROBLEM

A software analysis finds that articles with close textual similarity to

5,000,000 paper-mill products are rising as a proportion of the literature.
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Challenges: correctness, maintenance and update of the databases

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




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

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

Update workflow:

1. Literature search
Data extraction

3. Data cleaning and validation (quality control, error
detection)

4. Webrelease

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!)

Publications

A total of 340 new & relevant publications were
identified.
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Possible solution: Al? Pilot test with the Plant rDNA database

% Accuracy

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 Al 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 Al tools, including ChatGPT, Gemini, and SciSpace,
along with premium versions of ChatGPT-5 and Microsoft Copilot
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Possible solution: Al? 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

A
@ChatGPT—5 > ’

Microsoft
Copilot

*This study serves as an initial proof of concept to evaluate Al-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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