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RESUMO

A familia Leguminosae compreende um grupo de plantas de distribuicdo cosmopolita
e de grande importancia socioeconémica mundial, com destaque para os feijoes
pertencentes aos géneros Vigna e Phaseolus. Para uma melhor compreenséo da
evolugdo cromossOmica entre os géneros, mapas fisicos para V. angularis (Va) e V.
aconitilofia (Vac), subgénero Ceratotropis, foram construidos e comparados a V.
unguiculata (Vu, subgénero Vigna) e P. vulgaris (Pv). BACs de Vu, Pv e DNAs
ribossomais foram mapeados nos 11 pares cromossémicos dessas espécies. Além
disso, sondas de pintura oligo-especificas foram desenvolvidas para Pv2 e Pv3, dois
dos cromossomos mais envolvidos em rearranjos entre Vu e Pv, e hibridizadas nos
ortdlogos de Va e Vu. O mapeamento comparativo revelou alta conservacao de
macrossintenia envolvendo cinco cromossomos (6, 7, 9, 10 e 11) de Vigna sp. e Pv.
Duas translocaces reciprocas (cromossomos 2 e 3; 1 e 8) foram confirmadas entre
espécies de Vigna e Pv (~9,7 milhdes de anos de divergéncia). Duas inversdes (2 e
4) e uma translocacdo (1 e 5) ocorreram apds a separacdao dos subgéneros
Ceratotropis e Vigna (3,6 milhdes de anos). Diferentes oligopinturas para 0s
cromossomos 2 e 3 de Va e Vu foram observadas, com diferentes pontos de quebra
confirmados para Va2 e Vu2. Ambas as espécies de Vigna compartilham
macrorearranjos cromossémicos similares quanto a Pv: uma translocacéo (2 e 3) e
uma inversdo (3). A andlise de sintenia revelou inversdes e/ou transposicoes
adicionais nas regides pericentroméricas dos cromossomos 2 e 3, sendo
considerados hotspots de rearranjos cromossdmicos dentro e entre géneros. Para o
cromossomo 2, um evento de reposicionamento de centrébmero € proposto durante a
evolucdo de Vigna. O mapeamento BAC- e oligo-FISH forneceu informacdes
detalhadas acerca da macrossintenia e evolucdo cromossdmica entre e dentro Vigna
e Phaseolus, fornecendo subsidios para futuros estudos evolutivos dessas

leguminosas economicamente importantes.

Palavras-chave: BAC-FISH. Evolucao. Oligopinturas. Rearranjos cromossdmicos.

Sintenia.



ABSTRACT

The Leguminosae family comprises a group of plants worldwide distributed with great
socioeconomic importance, highlighting the beans belonging to Vigna and Phaseolus
genera. To a better understanding of the chromosome evolution between genera, we
established the physical mapping of V. angularis (Va) and V. aconitifolia (Vac), both
belonging to Ceratotropis subgenus, and compared with V. unguiculata (Vu, Vigna
subgenus) and P. vulgaris (Pv). We comparatively mapped Vu and Pv BACs, and
ribosomal DNA probes to the 11 chromosome pairs of each species. Furthermore, we
developed oligo-based painting probes for Pv2 and Pv3, the two of the chromosomes
most involved in rearrangements between Vu and Pv and hybridized on Va and Vu
orthologs. Our comparative mapping revealed high conservation of synteny involving
five chromosomes (6, 7, 9, 10 and 11) among Vigna species and Pv. Two reciprocal
translocations (chromosomes 2 and 3; 1 and 8) were confirmed among Vigna species
and Pv (~9.7 million years of divergence). Two inversions (2 and 4) and one
translocation (1 and 5) have occurred after Ceratotropis e Vigna subgenera separation
(3.6 million years). We observed distinct oligopainting patterns for chromosomes 2 and
3 of Va and Vu, with different breakpoints confirmed for Va2 and Vu2. Both Vigha
species shared similar major chromosomal rearrangements with Pv: one translocation
(2 and 3) and one inversion (3). The synteny analysis revealed additional inversions
and/or transpositions in the pericentromeric regions of chromosomes 2 and 3, being
considered as hotspots of chromosomal rearrangements within and between genera.
We propose a centromere repositioning event for chromosome 2 during Vigna
evolution. Our BAC- and oligo-FISH mapping provided detailed information about the
macrosynteny and chromosome evolution between and within Vigna and Phaseolus,

providing aids for future evolutionary studies of these economically important legumes.

Keywords: BAC-FISH. Evolution. Oligopainting. Chromosomal rearrangements.

Sinteny.
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Figura 1 — Filogenia entre os géneros Vigna e Phaseolus (modificada de

Fig. 1 —

Fig. 2 —

Delgado-Salinas et al., 2011), identificando os tempos de
divergéncia entre géneros (*) e subgéneros de Vigna (**), com
destaque para as espécies P. vulgaris (Pv), V. aconitifolia (Vac),
V. angularis (Va) e V. unguiculata (Vu). Todas as espécies
apresentam conjunto cromossOmico 2N = 2X=22......cc.ccceevvvuennnn.

Artigo 1

Vigna unguiculata (Vu) BAC probes hybridized on the 11
metaphase chromosome pairs of V. unguiculata (a), V.
angularis (Va) (b) and P. wvulgaris (Pv) (c), confirming the
synteny and showing chromosomal rearrangements among
species. Vigna unguiculata BACs from the same chromosome
are pseudocolored by using the same colors in the short and
long arms and named in accordance with their location on V.
unguiculata chromosomes. Chromosomes are counterstained
with DAPI (pseudocolored in gray). The 35S sites that were not
mapped in this work are represented in green arrowheads in V.
unguiculata and P. vulgaris, in accordance with Fonséca et al.
(2010) and Vasconcelos et al. (2015). The centromeres of the
chromosomes are aligned by a dotted gray line. Barinc =5 pm.
d Arrow points to the Vu2L markers located at the opposite arms
of Va2 (pericentric inversion). e Arrow points to the Vu markers
located at adjacent position in the Va4S (pericentric inversion).
f translocation represented by MO50F11 (yellow) from Vu5L and
HO04H43 (dark blue) from VulL hybridized on Val. g Vu5S
BAC located on Va5L. h M026L23 (light blue) from Vu2L and
HO031GO07 (pink) from Vu3S hybridized on Pv2, indicating a
reciprocal translocation in comparison to Vignha species. i
HO074C16 (light blue) from Vu2L, and HO50P11 (pink) from Vu3L
hybridized on Pv3, indicating a reciprocal translocation in
comparison to Vigna species. | MO57NO05 (red) from Vu8S and
HO004H23 (dark blue) from VulL hybridized on Pv1, indicating a
reciprocal translocation in comparison to Vigna species. k
MO50F11(yellow) from Vu5L and HO80A10 (red) from Vu8L
hybridized on Pv8, indicating a reciprocal translocation in
comparison Vigna species. Barink=10pum...........................

Circular schematic representation of the comparative BAC-FISH
mapping among P. vulgaris (Pv), V. angularis (Va) and V.
unguiculata (Vu). Vigna unguiculata BACs (named in the right)
from the same chromosome are represented by using the same
colors in the short and long arms. Chromosomes Vu6, Vul0, Va8
and Val0 were inverted to their orientation. 35S rDNA sites are
mapped in green. Conservation of synteny is represented by a
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Fig. 3 —

Fig. 4 —

Fig. S1 —

continuous line, while chromosomal rearrangements are
represented by dashed lines. For the rDNA sites location on P.
vulgaris and V. unguiculata, we followed Fonséca et al. (2010)
and Vasconcelos etal. (2015).......ccoeiiiiiiiiii i

Oligo-FISH chromosome painting using Pv2 (green) and Pv3
(red) probes hybridized on metaphase chromosomes 2 and 3 of
V. angularis (Va) and V. unguiculata (Vu), showing distinct
patterns. Chromosomes are counterstained with DAPI
(pseudocolored in gray). a-a3 Phaseolus vulgaris metaphase
chromosomes, with Pv2 (green; al, a3) and Pv3 (red; a2, a3)
chromosome painting on P. vulgaris chromosomes.
Arrowheads in a3 indicate gaps in the FISH signal of the filtered
centromeric regions on Pv3. b-b3 Vigna angularis metaphase
chromosomes, with Va2 and Va3 chromosomes detailed in the
inserts (b1-b3). b3 Merged reciprocal translocation between
chromosomes 2 and 3 of P. wvulgaris and V. angularis,
highlighting an inversion event on Va3. c-c3 Vigna unguiculata
metaphase chromosomes, with Vu2 and Vu3 chromosomes
detailed in the inserts (cl-c3). c¢c3 Merged reciprocal
translocation between chromosomes 2 and 3 of P. vulgaris and
V. unguiculata, highlighting an inversion event on Vu3. Bar = 10

Integrative FISH mapping and sequence synteny analysis
between chromosomes and the pseudomolecules 2 and 3 of V.
angularis (Va) and P. vulgaris (Pv), V. unguiculata (Vu) and P.
vulgaris, and V. angularis and V. unguiculata. a-c ldiograms
based on our integrative BAC- and Oligo-FISH mapping. Black
blocks represent Vu2 (H074C16 and M026L23) and Vu3
(HO31G07 and HO50P11) BACs anchored on V. angularis, V.
unguiculata and P. vulgaris ortholog chromosomes. Gray blocks
represent Pv2 (127F19 and 225P10) and Pv3 (174K17, 267H4,
and 174E13) BACs (asterisk marks) anchored on V. unguiculata
and P. vulgaris chromosomes, previously identified by
Vasconcelos et al. (2015). Green (Pv2) and red (Pv3) colors on
chromosomes are in accordance with the chromosome painting.
Green and red dashed lines represent the rearrangements
detected by our cytogenetic mapping. Green and red continuous
lines represent the rearrangements found by Vasconcelos et al
(2015). a’, b’, ¢’ Sequence synteny between V. angularis and
P. vulgaris, V. unguiculata and P. vulgaris, and V. angularis and
V. unguiculata, using V. unguiculata sequences but colored in
accordance to Pv2 (green) and Pv3 (red) pseudomolecules.
Lateral black squares in ¢’ represent the centromere of Vu2 and
Vu3 pseudomolecules. Bar =10 Mb..........ccooooeeiiiiiiiiicee e,

Detailed sequence synteny between Vigna angularis (Va) and V.
unguiculata (Vu) pseudomolecules 2 using V. unguiculata
sequences but colored in accordance with Pv2 (green) and Pv3
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(red). The pericentric inversion, previously identified by our BAC-
FISH analysis, was confirmed by our sequence analysis:
HO74C16 Vu BAC is located at 5.6 Mb and 18.7 Mb region of Va2
and Vu2, respectively, that corresponds to a red region in both
species. Lateral black square on Vu2 represents the centromere.
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LISTA DE TABELAS

Artigo 1

List of the Vigna unguiculata BAC clones selected, tested, and
used in the comparative BAC-FISH mapping among V.
unguiculata, V. angularis and P. vulgaris. BAC clones were
mapped and identified in their corresponding chromosome (Chr)
arm and position of V. unguiculata (Vu), V. angularis (Va) and P.
vulgaris (Pv) chromosomes, in addition to pseudomolecules for
V. angularis. Top panel indicates the 19 V. unguiculata BACs
with unique signals used for FISH analysis. Bottom panel
indicates the 21 V. unguiculata BACs with disperse or no FISH
signals that were excluded of our FISH analysis.......................
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1 INTRODUCAO

Vigna Savi e Phaseolus L. apresentam espécies de ampla distribuicdo e de
grande importancia socioeconémica mundial. Phaseolus vulgaris L. (feijjdao comum) é
a espécie de maior importancia econémica do género. Em Vigna, destacam-se: V.
angularis (Willd.) Ohwi & H. Ohashi (feijdo adzuki) e V. aconitifolia (Jacq.) Maréchal
(feijdo-traca), de origem asiatica, subgénero Ceratotropis; e V. ungiculata (L.) Walp
(feijdo-caupi), de origem africana, subgénero Vigna. Atualmente, essas espécies
possuem mapas genéticos e/ou genomas sequenciados e disponiveis, com excecao
de V. aconitifolia, cujo sequenciamento do genoma esta em progresso.

A disponibilidade do genoma montado, suportada pelos mapas genéticos
prévios, acelerou os estudos gendmicos comparativos na subtribo Phaseolinae.
Nesse contexto, a técnica de BAC-FISH (Hibridizacdo In Situ Fluorescente de
Cromossomos Atrtificiais de Bactérias) tem se mostrado uma ferramenta valiosa para
estudos de macrossintenia, de evolucdo cromossdémica e de organizacdo gendémica
entre as espécies desses géneros. Além disso, a pintura cromossémica baseada na
sintese de novo de milhares de oligonucleotideos (oligos) utilizados como sondas em
FISH (Oligo-FISH) tem permitido a identificacdo de cromossomos/rearranjos
cromossOmicos de maneira mais precisa e eficaz. Ambas as técnicas permitem
identificar os principais rearranjos cromossOmicos entre grupos e espécies
relacionadas, inferindo acerca dos seus processos evolutivos.

Em Phaseolus, o primeiro mapa citogenético foi descrito para P. vulgaris,
mediante abordagem BAC-FISH. Posteriormente, esse mapa foi comparado a outras
espécies do género, como P. lunatus L., P. microcarpus Matrt. e P. leptostachyus Benth
(Bonifacio et al., 2012; Aimeida e Pedrosa-Harand, 2013; Fonséca e Pedrosa-Harand,
2013; Fonséca et al., 2016). De maneira geral, foi observado um alto grau de
macrossintenia dentro do género, com excecdo da comparacdo entre P. vulgaris e P.
leptostachyus (2n = 20), em que foram observadas diversas translocacfes
provavelmente relacionadas a eventos de disploidia descendente e instabilidade
cariotipica em P. leptostachyus.

Ja em Vigna, essa abordagem é restrita a comparacao ente V. unguiculata e
P. vulgaris, sendo identificados cinco cromossomos (1, 2, 3, 5 e 8) envolvidos em
inversbes, translocacbes e duplicagbes que estdo relacionados a divergéncia

evolutiva entre essas espécies (~9,7 milhdes de anos atras). Quando comparado a
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outros grupos de plantas de importancia econémica, a anélise comparativa em Vigna
€ escassa e limitada a V. unguiculata (subgénero Vigna), ndo sendo possivel inferir
sobre a diversificagdo cromossémica entre as demais espécies pertencentes ao
género. Por outro lado, a pintura cromossdémica baseada em oligo-FISH ja tem sido
reportada em plantas socioeconomicamente importantes, como pepino, morango,
batata, arroz, Poplus, cana-de-agucar, banana, milho, trigo, algodéao e Citrus.

A fim de expandir o conhecimento sobre a organizagao e a evolucéo cariotipica
dentro de Vigna, mapas citogenéticos foram construidos para as espécies asiaticas
V. aconitifolia e V. angularis. Para isso, BACs de V. unguiculata e de P. vulgaris e
DNAs ribossomais 5 e 35S foram utilizados para mapear comparativamente os 11
pares cromossémicos dessas espécies. Além disso, foram desenvolvidas pela
primeira vez em leguminosas, sondas de pinturas oligo-especificas para o0s
cromossomos 2 e 3 de P. vulgaris (Pv2 e Pv3), previamente identificados como dois
dos cromossomos mais envolvidos em rearranjos em relagdo a V. unguiculata. O
mapeamento BAC- e Oligo- FISH comparativo permitiu inferir sobre os rearranjos
cromossOmicos (inversdes, translocacdes e duplicacdo) relacionados a divergéncia
entre espécies de Vigna e P. vulgaris (ha 9,7 milhdes de anos) e entre os subgéneros
Ceratotropis e Vigna (ha 3,6 milhdes de anos), contribuindo para um maior

entendimento acerca da historia evolutiva dos feijdes dos géneros Vigna e Phaseolus.

1.1 OBJETIVOS

1.1.1 OBJETIVO GERAL

Realizar um mapeamento gendmico comparativo entre trés espécies
pertencentes ao género Vigna e Phaseolus vulgaris, a fim de compreender melhor a
organizacdo gendmica, macrossintenia e evolugdo cariotipica na subtribo

Phaseolinae.

1.1.2 OBJETIVOS ESPECIFICOS
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Construir um mapa BAC-FISH comparativo para os 11 pares cromossomicos de
V. aconitifolia e V. angularis, utilizando BACs de V. unguiculata e P. vulgaris como
sondas, além de sondas de DNAr 5 e 35S.

Identificar as relagdes de macrossintenia e 0s principais rearranjos cromossomicos
relacionados a divergéncia evolutiva entre V. aconitifolia, V. angularis, V.
unguiculata e P. vulgaris, mediante BAC-FISH, e comparar aos dados prévios da
literatura.

Detalhar os principais rearranjos envolvendo os cromossomos 2 e 3 de V.
angularis, V. unguiculata e P. vulgaris, mediante pintura cromossdmica baseada
em oligo-FISH e andlise de sintenia de sequéncia.

Identificar os cromossomos portadores de DNAr 5S e 35S nas espécies V.
aconitifolia e V. angularis, e compara-los as espécies previamente descritas na
literatura, inferindo acerca da diversidade e evolucédo desses sitios na subtribo
Phaseolinae.

Compreender os padroes e tendéncias carioevolutivas entre as espécies
analisadas, a fim de tracar um perfil evolutivo completo entre as espécies da

subtribo Phaseolinae.
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2 REVISAO DE LITERATURA

2.1 A FAMILIA LEGUMINOSAE JUSS.: TAXONOMIA E ASPECTOS BIOLOGICOS

De acordo com o sistema APG Il (The Angiosperm Phylogeny Group, 2009), a
familia Leguminosae (Fabaceae L.) € um grupo monofilético que esta incluido no
Reino Plantae, Divisdo Magnoliophyta, Classe Magnoliopsida e Ordem Fabales. E a
terceira maior familia de angiospermas em nimero de espécies (atras apenas das
familias Orchidaceae Juss. e Asteraceae L.), com representantes de grande
importancia socioeconémica mundial (Lewis et al., 2005).

As espécies pertencentes a essa familia, reconhecidas pela presenca de frutos
do tipo legume, constituem um grupo com ampla distribuicdo geografica, com formas
herbaceas, arbustivas ou arboéreas, perenes ou anuais (Doyle e Luckow, 2003). E um
grupo bastante diverso genética e morfologicamente, variando de simples espécies
diploides autégamas a complexos poliploides de polinizagdo cruzada (Choi et al.,
2004). Classificadas em 36 tribos, 727 géneros e com cerca de 20.000 espécies, as
leguminosas desempenham um papel fundamental na nutricdo humana e animal e
apresentam grande impacto na agricultura e no meio ambiente (Lewis et al., 2005;
Gepts et al., 2005).

Atualmente, uma nova classificacao proposta pelo LPGW (Legume Phylogeny
Working Group, 2017), baseada em trabalhos prévios e nas analises filogenéticas
recentes mediante marcador molecular cloroplastidial matK, divide essa familia em
seis subfamilias: Duparquetioideae, Cercidoideae, Detarioideae, Dialioideae,
Caesalpinioideae (com a antiga subfamilia Mimosoidae incluida) e Papilionoideae.
Essa ultima € a maior (com cerca de 14 mil espécies), mais diversa e amplamente
distribuida das subfamilias, sendo dividida em dois clados principais: as leguminosas
temperadas pertencentes ao clado Galegoid (ou Hologalegina); e as leguminosas
tropicais pertencentes ao clado Phaseoloid (Wojciechowski, 2003). Dentro primeiro
clado, além das leguminosas-modelo Lotus japonicus (Regel) K. Larsen. e Medicago
truncatula Gaertn, pioneiras no sequenciamento do genoma do grupo, também se
destacam espécies economicamente relevantes, como a ervilha, a lentilha, o feijao-
fava e o grdo-de-bico (Sato et al., 2008; Schmutz et al., 2010; Young et al., 2011,
Cannon et al., 2013; Gupta et al., 2014).
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As leguminosas pertencentes ao clado Phaseoloid constituem, por sua vez,
cerca de 2 mil espécies, agrupadas em 114 géneros, com amplo destaque e
importancia, como a soja e os feijdes pertencentes aos géneros Vigna Savi e
Phaseolus L., que estéo inseridos na tribo Phaseoleae, subtribo Phaseolinae (Lewis
et al. 2005). Ambos 0s géneros possuem espécies majoritariamente herbaceas,
autbgamas, e com ampla distribuicdo e adaptacdo. Ainda, os feijdes Vigna e
Phaseolus séao considerados colheitas de cobertura, por reduzirem a eroséo do solo
e aumentarem a sua fertilidade, além de serem espécies fixadoras de nitrogénio
atmosférico do solo, por meio da associa¢ado simbidtica com as bactérias Rhizobium
(Tani et al., 2017).

2.2. OS FEIJOES VIGNA E PHASEOLUS VULGARIS L.

2.2.1 Filogenia, origem, domesticagéo e distribuicéo

Andlises filogenéticas baseadas em marcadores morfoldgicos, bioquimicos e
moleculares (de DNA nuclear, cloroplastidial e mitocondrial) sdo aplicadas em estudos
de diversidade genética e na inferéncia de relacdes evolutivas entre espécies (Judd
et al., 2009). Estudos filogenéticos baseados em trés marcadores cloroplastidiais
(rbcL, trnL-F e regides trnK/ matK) sugerem que o clado Phaseoloid divergiu das
demais angiospermas ha cerca de 60 milhdes de anos (Ma), de acordo com a escala
de tempo evolutiva estimada de Liu et al. (2013). Estudos envolvendo a variacdo de
sequéncias ribossomais nucleares ITS/5.8S e/lou marcadores moleculares
cloroplastidiais intrénicos trnK, matK e rbcL sugerem, por sua vez, que 0Ss géneros
Vigna e Phaseolus divergiram ha cerca de 9,7 Ma (Delgado-Salinas et al., 2011).

O género Phaseolus € um grupo monofilético de origem Mesoamericana,
representado por espécies majoritariamente difundidas nos Andes e nas Américas
Central e do Sul, sendo o México seu principal centro de diversidade (com 90% das
espécies distribuidas), enquanto a Europa e o Brasil sdo considerados centros de
diversificacdo secundarios do grupo (Mercado-Ruaro et al., 2009; Lioi e Piergiovanni,
2015). Esse género € composto por cerca de 75 espécies subagrupadas em dois
clados maiores e divididos em oito grupos, sendo: Pauciflorius, Pedicellatus e

Tuerckheimii pertencentes ao clado A; e Filiformis, Leptostachyus, Lunatus,
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Polystachios e Vulgaris pertencentes ao clado B. Pelo menos sete eventos
independentes de domesticagdo ocorreram dentro do género, 0 que gerou O
isolamento reprodutivo de cinco espécies domesticadas: P. acutifolius A. Gray, P.
coccineus L., P polyanthus Greeman, P. lunatus L. e P. vulgaris L., sendo as duas
tltimas de maior destaque mundial (Delgado-Salinas et al., 2006; Bitocchi et al., 2017).

Phaseolus vulgaris (feijdo-comum), a principal espécie econémica do género,
pertence ao clado B, grupo Vulgaris, considerado o grupo mais antigo do género, que
divergiu dos demais héa cerca de 4 Ma. Como sugerido por Gepts (1998) e Delgado-
Salinas et al. (2006), P. vulgaris apresenta dois pools génicos principais que
divergiram ha cerca de 87 mil anos: um Mesoamericano (do México até o Norte da
América do Sul) e um Andino (regido central e sul da América do Sul), os quais foram
domesticados de maneira paralela e independente devido a barreiras geograficas e/ou
incompatibilidade sexual durante seu isolamento reprodutivo. Esses dois pools
génicos sofreram diferentes adaptacbes que refletiram, por sua vez, em
caracteristicas morfoldgicas, bioquimicas e moleculares distintas, como diferencas no
tamanho da semente e contetdo de proteina faseolina (Ariani et al., 2018; Gioia et al.,
2019). Ainda, ha um terceiro pool génico de populacdes selvagens existentes no Norte
do Peru, Equador e em uma faixa estreita da cordilheira dos Andes, que possui
frequéncias alélicas Unicas e presenca exclusiva de proteinas do grupo faseolina |
(revisado por Bitocchi et al., 2017).

O género Vigna possui, por sua vez, origem parafilética e tem como possivel
centro de origem a Africa. E amplamente distribuido e domesticado em regides
pantropicais, especialmente em seu centro de origem, além das Américas Central, do
Sul e Asia (Delgado-Salinas et al., 2011; Freire-Filho et al., 2011). Esse género
compreende cerca de 100 espécies (sendo 10 domesticadas), divididas em cinco
subgéneros: um de origem americana (Lasiospron), um de origem asiatica
(Ceratotropis) e trés de origem africana (Vigna, Haydonia e Plectrotropis). Os
subgéneros africanos e asiaticos sdo considerados grupos monofiléticos, com
divergéncia aproximada de 3,6 Ma (Delgado-Salinas et al.,2011).

O subgénero asiatico Ceratotropis contém 21 espécies divididas em trés
subgrupos (Angulares, Aconitifoliae e Ceratotropis), com destaque para as espécies
V. angularis (feijdo adzuki, subgrupo Angulares) e V. aconitifolia (feijao-traca,
subgrupo Aconitifoliae), distribuidas e cultivadas majoritariamente no Leste Asiatico e

na india, respectivamente (Delgado-Salinas et al., 2011; She et al., 2015). O parente
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selvagem de V. angularis e seu possivel progenitor, V. angularis (Willd.) Ohwi et
Ohashi var. nipponensis, cresce amplamente no Leste Asiatico, sendo a China o seu
provavel centro de origem e domesticacéo (Kaga et al., 2008).

Ja& o subgénero africano Vigna contém 31 espécies divididas em seis sec¢bes
(Catiang, Comosae, Liebrechtsia, Macrodontae, Reticulatae e Vigna), sendo a espécie
domesticada V. unguiculata (feijao-caupi, secdo Catiang) de maior importancia
econdmica, especialmente na Africa e no Nordeste Brasileiro (Isemura et al., 2007;
Delgado-Salinas et al.,, 2011; Boukar et al.,, 2016). Vignha unguiculata subsp.
dekindtiana (Harms.) Verd., forma perene existente apenas na Africa, é considerada
0 progenitor selvagem do feijdo-caupi (Lush e Evans, 1981).

A Figura 1 representa uma filogenia simplificada entre os géneros Vigna e
Phaseolus e entre os subgéneros Ceratotoropis e Vigna e os tempos de divergéncia

estimados (em Ma), com destaque para as espécies-alvo estudadas.

*9,7 Ma
Phaseolus ] Vigna
(American) Lasiospron I
(American) | Haydonia
Ceratotropis [ (African)
[ (Asian) Vigna | Plectotropis
| **3,6 Ma [ (African) (African) I
[ | |
Va Vu

P. vulgaris V. aconitifolia V. angularis V. unguiculata

(feijjao comum) (feijao-traca) (feijao-adzuki) (feijao-caupi)
2n=22 2n =22 2n=22 2n=22

Figura 1. Filogenia entre os géneros Vigna e Phaseolus (modificada de Delgado-Salinas et al., 2011),
identificando os tempos de divergéncia entre géneros (*) e subgéneros de Vigna (**), com destaque
para as espécies P. vulgaris (Pv), V. aconitifolia (Vac), V. angularis (Va) e V. unguiculata (Vu). Todas

as espécies apresentam conjunto cromossémico 2n = 2x = 22.

2.2.2 Seguranca nutricional, social e econdmica

Os feijdes Vigna e Phaseolus sdo uma importante fonte nutricional, com cerca
de 30% de proteinas presentes nos seus graos, além de serem ricos em carboidratos,

acido folico e sais minerais, como zinco, calcio, magnésio e fésforo, dentre outros
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(USDA, 2015). Sdo amplamente adaptados, de ciclo de vida curto, de facil producéo
e de alto consumo, especialmente em paises em desenvolvimento. Esses feijoes
constituem a principal fonte de subsisténcia para a populacéo de baixa renda, devido
ao seu alto valor proteico, além de serem uma fonte geradora de emprego e renda
para as familias carentes (Boukar et al., 2016).

O feijdo comum é uma das leguminosas de grdos com maior consumo ao redor
do mundo em termos de rendimento total e &rea cultivada, apresentando um papel
importante na alimentagdo em paises em desenvolvimento da Africa e das Américas
Central e do Sul (citado por Gioia et al., 2019). Dados mais recentes disponibilizados
pela da FAO (Organizacdo das NagOes Unidas para Agricultura e Alimentacao),
relativos ao ano de 2018, indicam que a sua produ¢cdao mundial foi estimada em cerca
de 55 milhdes de toneladas métricas (t) (FAO, 2020). Em 2018, o Brasil foi
considerado o principal produtor de grdos de feijao comum com alta qualidade
fisiologica, com producédo em cerca de 3,5 milhdes de toneladas (t) e produtividade
meédia de 1.100 kg/ ha, sendo o estado de Goias responsavel por 37% da sua
producéo (Embrapa, 2019).

O feijao-caupi €, por sua vez, adaptado a solos acidos, arenosos e pobres em
nutrientes e, consequentemente, apresenta um bom desenvolvimento em regides
aridas e semiaridas, especialmente na Africa Subsaariana e no Nordeste brasileiro. O
feijdo-caupi destaca-se por ser particularmente tolerante a seca e a temperaturas
elevadas, 0 que o torna uma espécie-alvo para programas de melhoramento genético
do género (Boukar et al., 2016; 2019). Globalmente, a producéo dessa leguminosa foi,
em 2018, de cerca de 7,2 milhdes de t em uma area de 12 milhdes de ha (FAO, 2020).
A Africa Subsaariana é a principal produtora de feijsio-caupi a nivel global, com
producdo em cerca de 4,5 milhdes de t (62,5 %), sendo a Nigéria o maior pais
produtor, com 2,2 milhdes de t (30,5%), seguida do Niger (15%) (Saka et al., 2018;
Boukar et al., 2019).

O Brasil ocupa o terceiro lugar de maior producédo e consumo do feijao-caupi,
com 12% da producédo mundial. Segundo a Embrapa (Empresa Brasileira de Pesquisa
Agropecuaria, 2019), a producéo brasileira para essa cultura foi, em 2018, de 740 mil
t com produtividade de 466 kg/ha, o que gerou cerca de 1,5 milhdo de empregos
diretos nos ultimos anos. O Nordeste brasileiro foi responsavel por mais da metade
da sua producéo (~66%), sendo o estado de Pernambuco responsavel por 375 kg/ ha

da produtividade brasileira. Esses dados ratificam a relevancia dessa espécie para a
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geracgdo de renda e como fonte de subsisténcia no pais, bem como confirmam a sua
participacdo na culinéria tradicional e local do Nordeste brasileiro (Freire-Filho et al.,
2011).

Dentre os feijfes pertencentes ao subgénero asiatico Ceratotropis, o feijao
adzuki (V. angularis) e o feijao-traga (V. aconitifolia) destacam-se por apresentarem
cultivo e produc&o limitada ao Leste Asiatico e india, respectivamente (Mukai e Sato,
2011). O feijdo adzuki é um ingrediente tradicional da culinaria asiatica e, devido ao
seu gosto adocicado, € bastante utilizado no preparo de sobremesas e tortas. Sua
produtividade, restrita & China, Japéo, Coreia e Taiwan, foi de cerca de 2 t/ ha, para o
ano de 2014 (Yousif et al., 2003; Lestari et al., 2014; Kang et al., 2015; Rawal e
Navarro et al., 2019). O feijao adzuki e feijao-traca destacam-se por apresentar um
menor teor de gordura (3%) e maior teor de carboidratos (68%) em relacdo as demais
espécies de Vigna, aléem de V. aconitifolia também ser considerada uma espécie
resistente a seca (Boukar et al. 2016). Na india, a producdo de V. aconitifolia foi de
cerca de 1,5 milhdes de ha, com produtividade de até 0,4 milh&o t/ha, para o ano de
2010 (FAO, 2015; Rawal e Navarro et al., 2019). Dados mais recentes da producao
global para o feijdo adzuki e feijao-traca ndo foram, contudo, atualizados pela FAO.
Nas Américas e no Brasil, essas leguminosas asiaticas sdo pouco conhecidas e
divulgadas, ndo havendo dados disponiveis relativos a sua producao em territorio
brasileiro (Gohara et al., 2016).

Essas espécies, juntamente com as espécies selvagens pouco exploradas e
negligenciadas de Vigna, apresentam um papel fundamental na diversificacdo e
sustentabilidade ambiental, especialmente frente a novos e urgentes desafios, como
as mudancas climaticas. Assim, é necessario um maior conhecimento acerca da
gendmica evolutiva e da diversidade genética desse grupo. Ferramentas genéticas,
genbmicas e citogenéticas apresentam, portanto, um papel fundamental no
desenvolvimento de cultivares resistentes a fatores bioticos e abidticos e com
caracteristicas morfoagrondmicas de interesse para os programas de melhoramento

genético de espécies de Vigna e Phaseolus.

2.3 MAPAS GENETICOS EM LEGUMINOSAS

Diante da sua reconhecida importancia nutricional e alimentar no mundo e

visando o desenvolvimento de espécies com maior rendimento e resisténcia a
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estresses bidticos e abioticos, pesquisas gendbmicas tém sido voltadas ao
melhoramento genético, fornecendo novas perspectivas para producéo de variedades
superiores de leguminosas (Varshney et al., 2005; 2010).

Nesse contexto, mapas genéticos ou de ligacdo, baseados nas distancias
relativas das frequéncias de recombinacdo entre genes, sao abordagens genéticas
cldssicas que permitem a localizacdo de regides génicas de interesse, sendo
ferramentas-chave para o melhoramento genético. A funcionalidade de um mapa
genético esta diretamente associada a sua densidade (quanto maior sua saturacao,
maior sua resolucéo) e a presenca de genes de interesse e de genes importantes para
a montagem do sequenciamento de uma espécie (Liu et al., 2016). Atualmente, as
novas tecnologias de gendmica e transcriptdmica fornecem suporte para estudos de
diversidade entre genomas de espécies relacionadas com o uso de diversos tipos de
marcadores moleculares, Vviabilizando a obtencdo de mapas genéticos
supersaturados que permitem localizar genes e QTLs (Quantitative Trait Loci; Loci de
Caracteristicas Quantitativas) associados a caracteristicas morfoagrondmicas de
interesse, além de estudos comparativos de sintenia entre espécies, contribuindo para
0 entendimento acerca da evolucdo dos genomas de plantas (Lucas et al., 2011;
Andargie et al., 2013; Polanco et al., 2019).

Em leguminosas, a partir do desenvolvimento de mapas genéticos consenso
com alta densidade de SNPs (Single Nucleotide Polymorphisms; Polimorfismos de
Nucleotideo Unico), ocorreu um avango nas suas pesquisas genéticas que
possibilitaram a criacdo de bibliotecas de BACs, bibliotecas das extremidades
terminais de BACs (BAC-End Sequences, BESSs) e o alinhamento e a integracao de
mapas genéticos e fisicos entre espécies relacionadas, como M. truncatula, L.
japonicus, Glycine max (L.) Merr, espécies do género Arachis L. e os feijdes Vignha e
Phaseolus, permitindo estimatimar a sintenia e colinearidade entre essas espécies
(Ellis et al., 1992; Winter et al., 2000; Sandal et al., 2002; Hougaard et al., 2008;
Muchero et al., 2009; Millan et al., 2010; Lucas et al., 2011; 2013).

Em P. vulgaris, o primeiro mapa genético foi baseado em marcadores
moleculares RFLP (Retriction Fragment Length Polymorphism; Polimorfismo de
Comprimento de Fragmento de Restricdo) conhecidos como Bngs (Bean genomic
clones; Clones gendmicos de feijdes), que permitiram identificar os 11 grupos de
ligacdo de P. vulgaris (Vallejos et al., 1992). Posteriormente, diferentes mapas

genéticos baseados em diversos marcadores, como RAPD (Random Amplified
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Polymorphic DNA; Fragmento de DNA Amplificado ao Acaso), EST-SSR (Expressed
Sequence Tag; Etiqueta de Sequéncia Expressa - Simple Sequence Repeat;
Sequéncia Curta Repetida), AFLP (Amplified Fragment Lenght Polymorphism;
Polimorfismo de Comprimento de Fragmento Amplificado) e RGA (Resistance Analog
Gene; Gene Analogo de Resisténcia) foram construidos e integrados a um mapa
genético consenso para o feijdo comum, permitindo caracterizar genes e identificar
QTLs associados a resisténcia a antracnose e a ferrugem, bem como quantidade de
fibras, deiscéncia da vagem e rendimento dos gréos do feijao comum, identificados
nos seus respectivos grupos de ligacdo (Yu et al., 2000; Blair et al., 2003; Hanai et al.,
2010; Galeano et al., 2011; Koinange et al., 2015; Mier e Teran et al., 2019; Parker et
al., 2020).

Em Vigna, diversas espécies possuem mapas geneéticos disponiveis, como: V.
mungo (L.) Hepper, V. umbellata (Thunb.) Ohwi & H.Ohashi, V. unguiculata subsp.
sesquipedialis (L.) Verdc., V. radiata (L.) R. Wilczek, V. marina (Burm.) Merrill, Vigna
vexillata (L.) A. Rich. e V. subterranea (L.) Verdc (Chaitieng et al., 2006; Isemura et
al., 2010; Xu et al., 2011; Chankaew et al., 2014; Marubodee et al., 2015; Ho et al.,
2017).

O primeiro mapa genético para o feijao-caupi foi publicado por Menéndez et al.
(1997), utilizando marcadores RAPD, RFLP e AFLP. Posteriormente, Quédraogo et
al. (2002) geraram um novo mapa que identificou os 11 grupos de ligacdo dessa
espécie, além de utilizarem marcadores associados a genes de resisténcia. Muchero
et al. (2009) e Lucas et al. (2011) utilizaram 928 e 1.107 SNPs, respectivamente, para
a construcdo de um mapa do feijao-caupi com dados adicionais, incluindo a
identificacdo de QTLs e de diversidade genética dessa espécie e sua comparacao
com M. trunculatula e G. max. Recentemente, Mufioz-Amatriain et al. (2017)
produziram um mapa genético consenso supersaturado (com cerca de 38 mil SNPs)
entre 36 acessos de V. unguiculata que foram alinhados ao genoma da linhagem
homozigota melhorada IT97K-499-35. Esse mapa genético permitiu a ancoragem de
100 Mb do genoma dessa espécie, que forneceu suporte para o futuro
sequenciamento do genoma do feijdo-caupi (Lonardi et al., 2019). Adicionalmente, Lo
et al. (2018), analisaram 215 linhagens endogamicas recombinantes (RILS) derivadas
do cruzamento entre acessos selvagens e domesticados do feijdo-caupi e
identificaram 16 QTLs associados a nove caracteristicas relacionadas aos processos

de domesticacdo dessa espécie, como quebra e tamanho da vagem, tempo de
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florescimento, largura e tamanho da folha, incluindo um grupo de QTLSs, presente no
GL8, que esta relacionado ao aumento dos 6rgaos da planta.

Para V. angularis, o primeiro mapa genético foi publicado por Han et al. (2005),
utilizando em conjunto, cerca de mil marcadores SSRs, AFLPs e RFLPs para sua
construcdo. Posteriormente, Wang et al. (2015) construiram mapas genéticos
baseados em SSRs entre populacdes selvagens e cultivadas do feijao adkuzi (V.
nepalensis x V. angularis var. angularis e V. angularis var. nipponensis x V. angularis
var. angularis). Esses dados permitiram identificar translocacdes reciprocas entre 0s
grupos de ligacdo (LG) 4 e 6 das espécies selvagens em relacdo as domesticadas
(confirmadas por BAC-FISH utilizando sondas dos LG4 e LG6), fornecendo uma maior
compreensao acerca da historia filogeografica e dos processos de domesticacao dos
feijdes adkuzi cultivados. Ainda, Liu et al. (2016) e Li et al. (2017) construiram mapas
genéticos baseados em SSRs, AFLPs, RFLPs e SNPs e identificaram,
respectivamente, 8 e 11 QTLs e seus respectivos GL associados ao tempo de
florescimento de V. angularis.

Yundaeng et al. (2019) construiram, por sua vez, um mapa genetico consenso
em 188 acessos cultivados e selvagens de V. aconitifolia. 169 loci de marcadores SSR
(do total dos 1644 previamente selecionados) e trés marcadores morfolégicos
(Sdcbm, Lfs e Sdtl) foram usados para saturar os 11 grupos de ligacdo da espécie.
No total, 50 QTLs foram associados a 17 caracteristicas, como habito de crescimento,
absorcdo de agua, tamanho de o6rgaos e dorméncia de sementes. Ainda, QTLsS
associados a processos domesticacao dessa espécie foram identificados ao longo dos
grupos de ligacéo de V. aconitifolia. Além disso, os autores analisaram as relacdes de
sintenia e colinearidade entre os grupos de ligacdo de V. aconitifolia com outras
espécies de Vigna, como V. angularis, V. unguiculata, V. radiata e V. umbellata,
fornecendo suporte para estudos de melhoramento genético das espécies do género.

Essas pesquisas gendmicas tém facilitado, portanto, o desenvolvimento de
pesquisas genéticas em espécies relacionadas aos géneros Vigna e Phaseolus; no
melhoramento assistido por marcadores, para a obtencdo de linhagens com
caracteristicas morfoagronémicas de interesse, como resisténcia a fatores abioticos e
a microorganismos patogénicos, na associacdo entre mapas genéticos e
citogenéticos; bem como na analise comparativa entre os feijdes Vigna e Phaseolus
a outras leguminosas economicamente importantes (lwata-Otsubo et al., 2016;

Mufoz-Amatriain et al., 2017).



30

2.4 SEQUENCIAMENTO DO GENOMA DE LEGUMINOSAS

Durante os ultimos anos, os avancos das pesquisas genémicas suportadas
pelas plataformas de bioinformética e de sequenciamento de nova geracao (NGS)
permitiram um progresso nos estudos citogenéticos moleculares de sintenia e
evolucao cromossdmica em plantas (Chévre et al.,, 2018). O sequenciamento do
genoma das leguminosas-modelo L. japonicus (Sato et al., 2008), M. truncatula
(Young et al., 2011; Tang et al., 2014) e G. max (Schmutz et al., 2010) abriu novas
possibilidades para as pesquisas genéticas em leguminosas, acelerando estudos de
organizacdo genbmica e evolucdo em espécies economicamente importantes da
familia Leguminosae. Esses estudos serviram como base para o conhecimento dos
processos de fixacao do nitrogénio atmosférico no solo, das relagdes simbidticas entre
legumes-rizébios, bem como para uma melhor compreenséo acerca da gendmica e
da evolucao dessa familia (Dash et al., 2016).

Com os avancos das plataformas de sequenciamento, aliados a sua reducao
de custo e de tempo, atualmente, cerca de 35 espécies de leguminosas anteriormente
consideradas culturas orfas, devido a limitacado de pesquisas genémicas, apresentam
genoma sequenciado e disponivel (revisado por Bauchet et al., 2019).

Dentre as espécies dos géneros Vigna e Phaseolus, o genoma de P. vulgaris
(~587 Mb) foi o primeiro a ser publicado, mediante abordagem combinada pelas
plataformas Roche 454, lllumina e Sanger (Schmutz et al., 2014). Posteriormente,
Lobaton et al. (2018) ressequenciaram o genoma inteiro de 35 variedades cultivadas
e elites de P. vulgaris pertencentes a diferentes programas de melhoramento genético
do género, bem como de P. acutifolius e P. coccineus. Os resultados permitiram
identificar diferencas de variacao genética entre e dentro espécies fornecendo, assim,
informacdes valiosas para programas de melhoramento genético voltados para as
espécies do género.

Dentro de Vigna, Kang et al. (2015) realizaram a montagem de novo do genoma
de V. angularis, mediante plataformas lllumina HiSeq e Roche GS-FLX1, cobrindo
75% do genoma (estimado em ~591 Mb). Ja Yang et al. (2015) realizaram um
rascunho do genoma V. angularis, estimado em~542 Mb. Posteriormente, Sakai et al.
(2015) reconstruiram e reestimaram o genoma de V. angularis (~541 Mb), com 86%
de cobertura, mediante sequenciamento de molécula simples em tempo real (SMRT),

suportado pelas plataformas de sequenciamento de segunda geragédo previamente
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utilizadas. O maior conhecimento acerca do genoma de V. angularis e seus parentais
selvagens séo, assim, importantes fontes de marcadores genéticos, loci relacionados
a pressao de selecdo e genes candidatos aos programas de melhoramento genético
dessa espécie.

Recentemente, Lonardi et al. (2019) realizaram a montagem de alta qualidade
do genoma de V. unguiculata (IT97K-499-35), mediante sequenciamento de terceira
geracdo PacBio de SMRT. Os autores reestimaram o tamanho do genoma com
cobertura de 91x, em ~586 Mb, nimero correspondente a média entre as estimativas
baseadas em k-mer (560 Mb) e a citometria de fluxo (640 Mb). Além disso, dois mapas
opticos (Bionano Genomics) e 10 mapas genéticos contendo SNPs Unicos (Mufioz-
Amatriain et al., 2017), juntamente com analise de transcriptoma e dados prévios de
sequéncias lllumina, WGS (Sequenciamento do Genoma Total) e sequéncias BACs,
foram usados para a ancoragem, orientacdo e qualidade de montagem das 11
pseudomoléculas cromossémicas dessa espécie.

Ainda, Lonardi et al. (2019) compararam os dados de sequenciamento de V.
unguiculata e realizaram a analise sintenia de sequéncia com outras leguminosas do
clado Phaseoloid. Para facilitar uma maior compreensao da sintenia entre espécies,
0s autores padronizaram a numeracdo das pseudomoléculas cromossdmicas de
acordo com a homeologia de sequéncia com P. vulgaris, sendo identificado um alto
grau de sintenia compartilhada entre o genoma de V. unguiculata com P. vulgaris, V.
angularis e V. radiata. Essa ultima espécie, pertencente ao subgénero asiatico
Ceratotropis, também apresenta genoma disponivel (~579 Mb) e montado (Kang et
al., 2014), além de V. subterranea (subgénero Vigna), com tamanho do genoma
estimado em ~550Mb (Chang et al. 2019). Para outras treze espécies selvagens de
Vigna, o sequenciamento do genoma esta em progresso, incluindo V. aconitifolia
(Sakai et al., 2016).

2.5 CARACTERIZACAO CITOGENETICA EM LEGUMINOSAS
2.5.1 Citogenética classica
A citogenética tornou-se uma ferramenta valiosa para caracterizacdo da

diversidade dos recursos genéticos vegetais. A analise de cari6tipos envolvendo o

namero, morfologia e tamanho dos cromossomos, presenca de constricdo secundéria
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e quantidade de heterocromatina, sdo informagfes importantes para comparar
espécies ou detectar polimorfismos entre cromossomos homologos e ndo homologos
de individuos da mesma espécie ou entre homedlogos de espécies relacionadas
(Moscone et al., 1996). Esses dados, associados a outras caracteristicas citologicas,
tém se mostrado importantes para o reconhecimento de variedades, hibridos e
poliploides e na compreensdo das relacdes filogenéticas dentro e entre taxons
(Guerra, 2000; Mirzaie-Nodoushan et al., 2006).

As leguminosas pertencentes ao clado Galegoid possuem, em geral, conjunto
cromossdmico basico 2n = 2x = 12, 14 ou 16, com cariotipos variaveis e tamanho
gendmico variando de ~470 Mb, em L. japonicus e M. truncatula, a ~13.000 Mb em
Vicia faba L. (revisado por Iwata et al.,, 2013). Diferentemente, as leguminosas
pertencentes ao clado Phaseoloid possuem, em geral, tamanhos de genoma similares
(~600 Mb), com carittipos estaveis e numero cromossdmico 2n = 2x = 22. Uma das
excecOes ocorre no género Glycine L., em que a maioria das espécies apresenta 2n
= 4x = 40, fato relacionado a eventos de poliploidizacdo na base do género, seguida
de perda de cromossomos e diploidizacdo do genoma dessas espécies (Schmutz et
al., 2010; McClean et al., 2010; Iwata et al., 2013). Anélises de sintenia previamente
realizadas por Lin et al. (2010) e McClean et al. (2010) sugerem, por exemplo, que a
soja sofreu rearranjos cromossdémicos extensivos ao longo da sua evolucéo, seguidos
de uma duplicacéo total do seu genoma (WGD).

Estudos citogenéticos classicos em Phaseolus e Vigna iniciaram-se por volta
de 1925 e 1955, respectivamente (Karpetschenko, 1925; Darlington e Wylie, 1955). A
maioria das espécies de Vigna e Phaseolus apresenta conjunto cromossémico
diploide 2n = 22, com cromossomos de morfologia metacéntrica e submetacéntrica,
de tamanho reduzido e de dificil identificacdo, sendo 0 menor par cromossdémico
reportado em V. trilobata Chiov (0,58 ym) e o maior par cromossémico em V.
unguiculata (4,0 um) (Guerra et al., 1996; Joseph e Bouwkamp, 1978; Venora e
Saccardo, 1993; Zheng et al., 1991).

Reducbes no numero cromossémico foram relatadas em trés espécies
relacionadas do género Phaseolus: P. leptostachyus, P. micranthus Hook. & Arn. e P.
macvaughii A. Delgado, todos com 2n = 2x = 20 cromossomos, sendo essa reducao
causada por eventos de disploidia descendente (Mercado-Ruaro e Delgado-Salinas,
1998; 2000; Fonséca et al., 2016). Ja em Vigna, as espécies V. heterophylla A. Rich.

e V. filicaulis Hepper apresentam 2n = 2x = 20 (Sen e Bhowal, 1960; Galasso et al.,
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1996), enquanto duas alopoliploides naturais, V. glabrescens (Roxb.) Verdc. e V.
reflexo-pilosa var. glabra Maréchal, possuem 2n = 4x = 44 (Madlung, 2013; Kang et
al., 2014).

P. vulgaris, V. angularis, V. aconitifolia e V. unguiculata possuem 2n = 22, com
cariétipos estaveis, cromossomos pequenos com morfologia metacéntrica e
submetacéntrica. Em P. vulgaris (1C = 0,60 picogramas), 0S cromossomos variam de
1,5 a 3 ym (Mercado-Ruaro e Delgado-Sainas, 2000; revisado por Fonséca e
Pedrosa-Harand et al., 2017). JA em Vigna, o conteldo de DNA encontra-se
disponivel para 16 espécies, variando de 1C = 0,43 pg, em V. oblongifolia (A.) Rich.,
a 1,0 pg em V. glabrescens (Parida et al., 1990, recalibrados por Bennett & Leitch,
1995). Em V. angularis (1C = 0,60 pg), os cromossomos variaram de 1,19 a 2,06 ym
(Joseph e Bouwkamp, 1978). V. aconitifolia possui 1C = 0,49 pg, sem dados prévios
acerca da variagao de tamanho cromossdmico nessa especie (Oliveira, 2018). Em V.
unguiculata (1C = 0,70 pg), por sua vez, o tamanho dos cromossomos € bastante
variavel entre diferentes autores: Sen e Bhowal (1960) descreveram 0s menores e
maiores pares cromossémicos como 0,96 e 2,88 um; ja Zheng et al. (1991) e Venora
e Saccardo (1993) sugeriram uma variagdo cromossomica de 1,05 a 1,96 um;
enquanto Alam et al. (2013) identificaram o menor par como 2,0 um e 0 maior como
4,0 pm.

Para Pozzobon et al. (2006), diferencas observadas na morfologia do par
cromossOmico dentro e entre as espécies podem sugerir diferencas biologicas, podem
estar relacionadas ao padrdo de condensacédo cromossOmica ou ser apenas reflexo
das diferencas entre as técnicas. A coloracdo convencional ndo é, portanto, um
método adequado para identificar pares cromossdmicos de maneira precisa e
individual no cariétipo da maioria das espécies.

Segundo Guerra (2000), a analise do padrdo de distribuicdo de
heterocromatina constitutiva (HC) possibilita a verificacdo de bandas localizadas em
regides cromossdmicas especificas, sugerindo assim um propésito funcional dessa
heterocromatina, além da identificacdo de pares cromossdmicos homélogos e seu
heteromorfismo dentro de cada taxon estudado. Ainda, a quantidade de
heterocromatina ndo € homogénea entre e dentro espécies e pode apresentar
polimorfismos quanto ao nimero e tamanho das suas bandas (Moscone et al.,
2007).
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Técnicas bastante utilizadas em estudos citogenéticos que detectam regides
ricas em heterocromatina sdo o bandeamento C e a coloragdo com os fluorocromos
cromomicina As (CMA) e 4’-6-diamidino-2-fenilindol (DAPI). Na diferenciacdo da
heterocromatina baseada no bandeamento C em Phaseolus e em Vigna, blocos com
intensidade semelhantes foram encontrados nas regifes pericentroméricas e
subterminais para da maioria dos cromossomos (entre oito e 11 cromossomos) de
cerca de 20 espécies de Phaseolus e 10 espécies de Vigna analisadas, todas com
com 2n = 22 cromossomos (Lavania e Lavania, 1982; Zheng et al., 1991; Galasso et
al., 1992; 1993; 1996). Zheng et al. (1991) identificaram bandas C pericentroméricas
presentes em 10 dos 11 pares cromossOmicos de P. vulgaris. sendo quatro pares com
bandas C terminais adicionais. JA& Galasso et al. (1992) identificaram bandas C
pericentroméricas presentes em todos os cromossomos de V. unguiculata, sendo
guatro pares com bandas C subterminais e terminais adicionais. Excepcionalmente,
Carvalheira e Guerra (1994; 1998) e Carvalheira (2000), mediante bandeamento C-
Giemsa, identificaram cromossomos politénicos em células suspensoras e células do
tapete da antera em seis espécies de Phaseolus e cinco espécies de Vigna, incluindo
V. unguiculata e P. vulgaris, com padrdo heteropicnético na regido proximal e regido
terminal descondensada para a maioria dos cromossomos politénicos das espécies
analisadas dos géneros.

Os corantes fluorescentes informam, de maneira mais simples e reprodutivel,
a constituicdo da heterocromatina, detalhando o padrdo de bases pelo uso dos
fluorocromos CMA e DAPI, que mostram especificidade de ligacdo com sequéncias
de bases de DNA GC e AT, respectivamente (Guerra,1988; 2000). Geralmente, trés
tipos de heterocromatina sdo descritos entre espécies: heterocromatina altamente rica
em GC e reduzida em AT (CMA*™/DAPI"); heterocromatina moderadamente rica em
GC e reduzida em AT (CMA*/DAPIY); e heterocromatina moderadamente rica em GC
e neutra em AT (CMA*/DAPI?). A distribuicdo dessas bandas pode variar, contudo,
entre espécies e até mesmo dentro de diferentes acessos de uma mesma espécie
(Schweizer, 1976, Schweizer et al., 1990).

Nas espécies de Phaseolus analisadas até o momento, P. vulgaris, P. lunatus,
P. leptostachys, P. microcarpus e P. macvaughii, possuem blocos de heterocromatina
pericentromérica CMA* na maioria dos seus cromossomos. Em P. vulgaris, esses
blocos correspondem a 34% do tamanho do seu conjunto cromossémico total.

Adicionalmente, pelo menos um par cromossdmico com banda CMA®* terminal,
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colocalizada com o sitio de DNA ribossomal 35S, esta presente em todas as espécies
analisadas (Zheng et al., 1993; Fonséca et al., 2010; Bonifacio et al., 2012; Fonséca
e Pedrosa, 2013; Fonséca et al., 2014).

Dentro de Vigna, as bandas heterocromaticas CMA/DAPI sdo bastante
variaveis quanto ao nimero, tamanho e posi¢do nos cromossomos dos cariétipos das
espécies. 18 bandas CMA*/DAPI® foram identificadas V. racemosa Hutc & Dalziel
(subgénero Vigna), enquanto V. aconitifolia (subgénero Ceratotropis) destaca-se por
apresentar heteromorfismo quanto ao padrao de bandas CMA/DAPI, sendo relatados
acessos com 2-3 bandas CMA™* e 7-8 DAPI" (Galasso et al., 1996; Shamurailatpam et
al., 2015; She et al., 2015). Em V. angularis, Oliveira (2018) identificaram quatro
bandas CMA*/DAPI no cariétipo dessa espécie. Ja em V. unguiculata, Bortoleti et al.
(2012) identificaram bandas CMA* nos 11 cromossomos dessa espécie, sendo
observados trés padrdes distintos de bandas: CMA**/DAPI°, colocalizadas com sitios
maiores de DNAr 35S (evidenciados por FISH), presentes em dois cromossomos;
CMA*/DAPI,, colocalizadas com sitios menores de DNAr 35S, presentes em trés
cromossomos; e CMA*/DAPI?, presentes nas regides pericentroméricas de todos os
cromossomos. Bandas DAPI* ndo foram observadas nos cromossomos de Vigna, fato

gue corrobora com dados prévios de Galasso et al. (1993; 1996) e Zheng et al. (1993).

2.5.2 Citogenética molecular

No inicio da década de 70, com o advento da técnica de FISH (Fluorescent In
Situ Hybridization; Hibridizacéo In Situ fluorescente), deu-se inicio a uma nova era da
citogenética molecular (Gall e Pardue, 1969; Speicher et al., 1996). A FISH foi
aplicada, pela primeira vez em plantas, por Schwarzacher et al. (1989). Essa técnica,
gue substituiu as sondas previamente marcadas por métodos radioativos, permitiu a
utilizacdo de sondas especificas marcadas com fluorescéncia para hibridizar in situ,
isto €, no sitio de localizacdo das regides especificas de interesse no cromossomo
(O’Connor, 2008). Atualmente, os alvos da FISH incluem os territorios dos nucleos
interfasicos, cromossomos mitoticos e meioticos, além de fibras estendidas de DNA.
Ainda, a FISH possibilita a integracdo dos marcadores de mapas genéticos a
cromossomos especificos (mapas citogenéticos ou fisicos), a comparacdo das
distancias genéticas e fisicas, a andlise da distribuicdo de sequéncias repetitivas no

genoma de determinada espécie, bem como a determinacdo da origem do genoma
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em hibridos interespecificos, por meio da técnica de GISH (Genomic In Situ
Hybridization; Hibridizagdo Gendmica In Situ) usando o DNA gendmico dos parentais
(Jiang e Gill, 2006; Omhido et al., 2010; Heslop-Harrison e Schwarzacher, 2011). As
sequéncias de DNA comumente utilizadas como sondas em FISH s&o: DNA altamente
repetitivo em tandem, como os sitios de DNA ribossomais (DNAr) 5 e 35S; sequéncias
centroméricas; telomeéricas; repetitivas dispersas, como 0s elementos transponiveis;
e sequéncias repetitivas e cOpia-Unica inseridas em vetores, como plasmideos,
cosmideos, Cromossomos Artificiais de Leveduras (YACS) e de Bactérias (BACS)
(Guerra, 2004; Jiang e Gill, 2006).

Esses avangos permitiram a identificagdo cromossomica de maneira precisa e
individual em leguminosas, principalmente em espécies com cromossomos pequenos
e de morfologia similar, como as espécies pertencentes aos géneros Vigna e
Phaseolus. Isso levou, portanto, a uma maior compreenséao acerca das propriedades
funcionais e estruturais dos genomas dessas espécies (lwata et al., 2013). Estudos
citogenéticos moleculares tém sido conduzidos em espécies dos géneros Vigna e
Phaseolus, mediante FISH utilizando como sondas sitios de DNAr (Guerra et al., 1996;
Moscone et al., 1999; Pedrosa-Harand et al., 2006), DNA centromérico e sequéncias
teloméricas (Galasso et al., 1995), retrotransposons (Galasso et al., 1997; Iwata-
Otsubo et al., 2016), DNA satélite (Ribeiro et al., 2016) e BACs (Pedrosa-Harand et
al., 2009;Fonséca et al., 2010; Bonifacio et al., 2012; Almeida e Pedrosa-Harand,
2013; Fonséca e Pedrosa-Harand, 2013; Vasconcelos et al., 2015). Recentemente,
Ribeiro et al. (2019), mediante abordagem computacional aliada a citogenética
molecular, identificaram os principais retrotransposons LTR, do tipo Tyl-Copia e
Chromovirus, presentes no genoma de duas espécies de Vigna [V. angularis e V.
nakashimae (Ohwi) Ohwi & H.Ohashi] e de trés espécies de Phaseolus (P. vulgaris,
P. acutifolius e P. coccineus). Ainda, dentro de Phaseolus, também foram identificados
LTRs especificos do tipo Ogre, ausentes em Vigna e em P. acutifolius.

As fracOes repetitivas do DNA correspondem a cerca de 45% do genoma total
de P. vulgaris, sendo 34% correspondentes a regifes pericentroméricas (Fonséca et
al., 2010; Schmutz et al., 2014). Variagcdes nos numeros de sitios de DNAr séo
encontradas em diferentes acessos de P. vulgaris. Os dois pares de DNAr 5S sédo
bastante conservados, conforme sugerido por Pedrosa-Harand et al. (2006). Por outro
lado, ao analisarem 37 acessos selvagens e domesticados de P. vulgaris pertencentes

aos pools génicos Mesoamericano e Andino, os autores observaram uma ampla
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variacao de sitios de DNAr 35S de 2-4 a 6-9, respectivamente. Isso é, provavelmente,
resultado de uma recombinagdo ectdpica (ndo-homologa) ao longo da evolugao
desses clados, que poderia ter favorecido a localizacéo dos sitios de 35S nas regides
terminais cromossomicas. Fonséca et al. (2010) identificaram, por sua vez, trés pares
cromossOmicos portadores de 35S (cromossomos 6, 9 e 10) no cultivar BAT93.
Apesar dos cromossomos 9 e 10 apresentarem sitios maiores, 0 cromossomo 6 €
conservado entre as espécies previamente analisadas, P. vulgaris, P. lunatus, P.
microcarpus e P. leptostachyus, sendo considerado o provavel cromossomo ancestral
do cariétipo do género (Almeida e Pedrosa-Harand, 2013; Fonséca e Pedrosa-
Harand, 2013; Fonséca et al., 2016).

Os centrdbmeros de P. vulgaris sdo compostos por sequéncias-satélite CentPv1
(conhecidas como Nazca) e CentPv2 (lwata-Otsubo et al., 2013). O DNA satélite CC4,
similar a sequéncia intergénica espacadora (IGS-like) do DNAr 35S, esta presente em
dois a quatro pares cromossdmicos de P. vulgaris e P. coccineus, sendo hibridizados
em especies que ndo fazem parte do grupo Vulgaris e em espécies de outros géneros.
Isso sugere, portanto, que o DNAr 35S divergiu e tornou-se homogeneizado por
evolucdo em concerto (genes paralogos de uma mesma espécie apresentam
similaridade de sequéncia maior um ao outro quando comparados a genes ortologos)
como uma sequéncia CC4 distinta no grupo Vulgaris que se tornou um satélite
independente (Almeida et al., 2012). Ainda, sequéncias de DNA satélite género-
especifica khipu (unidades de repeticdo de 588 pb) foram distribuidas desigualmente
nas regifes subterminais dos cromossomos de P. vulgaris, enquanto as sequéncias
repetitivas PvMeso foram restritas a regido subtelomérica do cromossomo 7 em
acessos Mesoamericanos. A sequéncia telomérica de plantas TTTAGGG foi
encontrada, por sua vez, na extremidade de todos os cromossomos de P. vulgaris
(revisado por Fonséca e Pedrosa-Harand, 2017). Ribeiro et al. (2019) localizaram os
retrotransposons Ogre e Chromovirus (correspondentes a 24% do genoma total),
majoritariamente, nas regifes pericentroméricas de P. vulgaris, confirmando o
acumulo de sequéncias repetitivas nas regibes proximas ao centrdmero dessa
espécie, como proposto por Fonséca et al. (2010).

Dentro de Vigna, variacbes nos numeros de sitios de DNAr sdo encontradas
em diferentes espécies. Sitios de DNAr 5S mantém-se menos variaveis (dois a seis
sitios) entre espécies. Diferentemente, para o DNAr 35S, hd uma variagéo de dois a

14 sitios reportadas em V. aconitifolia e V. unguiculata, respectivamente (Vasconcelos
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et al., 2015; She et al., 2015). J4 V. angularis possui dois ou quatro sitios de 5S e seis
sitios de 35S (Choi et al., 2013; She et al., 2015). Esses dados de variagdo de sitios
DNAr fornecem, portanto, suporte acerca dos processos cromossdmicos evolutivos
entre as espécies de Vigna (Raskina et al., 2004; Lysak et al., 2006; Schubert, 2007;
She et al., 2015).

As fracdes repetitivas do DNA correspondem a cerca de 43% e 50% do genoma
total de V. angularis e V. unguiculata, respectivamente (Kang et al., 2015; Lonardi et
al., 2019). Recentemente, Ribeiro et al. (2019) identificaram 8,8% do genoma de V.
angularis correspondendo a retrotransposons LTR, sendo majoritariamente (2,2%) do
tipo Tyl-Copia. Ainda, os autores identificaram um Unico DNA satélite VigSAT 174
(com 174 pb) no genoma dessa espécie. Esse DNA satélite também foi encontrado
em V. nakashimae e V. radiata, e ndo foi encontrado nas espécies de Phaseolus
analisadas (P. vulgaris, P. acutifolius e P. coccineus), sendo, portanto, género-
especifico. Trabalhos citogenéticos envolvendo a analise de sequéncias de DNA
satélite e retroelementos séo, contudo, majoritariamente descritos em V. unguiculata.
A sequéncia centromérica repetida em tandem Dral, de 488 pb, foi previamente
relatada em todos os cromossomos de V. unguiculata, ndo sendo identificada em
outras espécies de Vigna e em outras leguminosas sendo, portanto, espécie-
especifica (Galasso et al., 1995). Galasso et al. (1997) visualizaram o0s
retrotransposons Tyl-copia, estando uniformemente dispersos em todos 0s seus
cromossomos, com excecao das regides teloméricas, subteloméricas e das regides
organizadoras de nucléolo (RONSs). Iwata-Otsubo et al. (2016) identificaram
sequéncias repetitivas semelhantes a IGS de DNAr 35S nos cromossomos dessa
espécie. Além disso, os autores identificaram estruturas cromossdémicas exclusivas e
altamente distintas em regides pericentroméricas e teloméricas de cromossomos
mitéticos e paquiténicos de V. unguiculata, que foram ausentes em P. vulgaris. Foram
encontrados pelo menos dois tipos diferentes de elementos retrotransponiveis LTR
(Gypsy-Ty3) com padrées semelhantes de distribuicdo, tanto nos knobs
heterocromaticos como dispersos pelo centrdbmero dos cromossomos, além de
sequéncias centroméricas de 455 pb repetidas em tandem encontradas em sete dos
11 pares cromossdmicos. As regides de knobs heterocrométicos no genoma de caupi
apresentaram uma colocalizacdo com sitios de DNAr 18S e com 5-mc (5-

metilcitosina).
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Esses dados permitiram, assim, um maior conhecimento sobre a organizagao
gendmica dos feijoes Vigna e Phaseolus, acelerando o desenvolvimento de pesquisas
genéticas, a associacao entre mapas genéticos e fisicos, bem como a andlise

comparativa entre os feijoes e outras leguminosas economicamente importantes.

2.5.2.1 BAC-FISH e mapas citogenéticos

Estudos envolvendo a constru¢cdo de mapas genéticos, citogenéticos e de
sequenciamento tém sido bastante Uteis na localizacdo de genes que controlam
caracteristicas de importancia agronémica, além de permitrem uma andlise
comparativa ou de sintenia entre as espécies, possibilitando uma maior compreenséo
acerca dos mecanismos evolutivos entre os genomas de plantas (Ha et al., 2012;
Andargie et al., 2013).

Os mapas genéticos tém sido comumente integrados aos mapas citogenéticos
mediante a utilizacdo de clones de BACs, previamente selecionados a partir de
marcadores moleculares localizados no mapa genético de determinada espécie de
interesse, que séao utilizados como sondas em FISH (lwata-Otsubo et al., 2016;
revisado por Jiang, 2019). Estudos BAC-FISH comparativos tém sido reportados em
diversas espécies vegetais, incluindo trigo, algoddao, mamao, batata, tomate, cenoura
e maracuja (Zhang et al., 2004; Wang et al., 2006; lovene et al., 2008. 2011; Snizay
et al., 2012; Gaiero et al., 2017; Sader et al., 2019). A técnica de BAC-FISH tem sido
bastante utii em estudos de organizacdo cariotipica, evolucdo gendmica,
macrossintenia e colinearidade entre espécies proximamente relacionadas e para
correlacionar determinada marca genética a regides de eu- e heterocromatina, bem
como sua localizacéo fisica ao longo do cromossomo. Além disso, essa técnica
permite identificar discrepancias entre os mapas genéticos/ de sequenciamento e
citogenéticos. Ainda, podem sofrer distor¢cdes por ndo levarem em consideracdo as
regides heterocromaticas, ja que essas ocupam, em geral, regides significativas nos
cromossomos de espécies vegetais. JA que 0s mapas genéticos baseiam-se nas
frequéncias de recombinacéo e indicam a distancia relativa entre duas marcas génicas
(em centimorgan, cM), os mapas citogenéticos indicam a localizacdo exata de
determinada marca em um cromossomo (em um) e, por isso, sdo bastante Gteis em
estudos de organizacgdo cariotipica e evolugdo genémica entre espécies relacionadas
(Jiang e Gill, 2006; Jiang, 2019).
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O mapa fisico do feijdo comum, iniciado por Pedrosa et al. (2009), que
mapearam fisicamente 3 cromossomos dessa espécie, foi estabelecido por Fonséca
et al. (2010). Em seguida, a biblioteca de sondas BACs de P. vulgaris foi utilizada em
estudos carioevolutivos dentro do género, como em P. lunatus (Bonifacio et al., 2012;
Almeida e Pedrosa-Harand, 2013), P. microcarpus (Fonséca e Pedrosa-Harand, 2013)
e P. leptostachyus (Fonséca et al., 2016). De maneira geral, foi observado um alto
grau de macrossintenia compartilhada dentro do género, com excecao da comparacao
entre P. vulgaris e P. leptostachyus (2n = 20), em que foram observadas diversas
translocacdes envolvendo oito pares cromossdmicos dessas espécies, provavelmente
relacionadas a eventos de disploidia descendente e instabilidade cariotipica em P.
leptostachyus.

Em Vigna, o primeiro mapeamento BAC-FISH comparativo foi realizado por
Vasconcelos et al. (2015). Os autores realizaram a analise comparativa utilizando o
bacteriofago SJ19.12, relacionado a gene de resisténcia a antractonose, e 19 BACs
de P. vulgaris que foram hibridizados nos 11 pares cromossomémicos metafasicos
mitéticos de V. unguiculata. Uma conservacgao parcial da macrossintenia foi observada
entre as duas espeécies, sendo identificados rearranjos cromossémicos envolvendo
cinco cromossomos de V. unguiculata (cromossomos 1, 2, 3, 5 e 8), como
translocacdes, duplicacdes e inversdes. Ainda, os autores ratificaram a viabilidade da
técnica de BAC-FISH como uma abordagem promissora para estudos carioevolutivos
entre espécies relacionadas. Posteriormente, lwata-Otsubo et al. (2016) além de
identificar estruturas heterocroméaticas cromossémicas altamente distintas no genoma
do feijdo-caupi, também integraram 0s mapas genético e fisico dessa espécie
utilizando 22 sequéncias cOpia-Unica de V. unguiculata como sondas em
cromossomos paquiténicos, mediante BAC-FISH. E necessério, portanto, extrapolar
0 numero de espécies estudadas, a fim de que se possa tracar uma historia evolutiva
mais completa dos feijdes Vigna e Phaseolus.

Essas analises conjuntas fornecem, entdo, um conhecimento detalhado acerca
da homeologia cromossdmica, macrossintenia, identificacdo de rearranjos
cromossémicos, organizacdo e evolucdo gendmica entre as espécies analisadas
(Jiang e Gill et al., 2006; Belarmino et al., 2012). Apesar dos progressos extensivos
nos estudos de organizacdo gendmica/cromossdmica das espécies de Vigha e
Phaseolus e da confiabilidade da técnica de FISH para a identificacdo de

cromossomos especificos, a maioria das sondas tém se limitado a sequéncias



41

repetitivas ou a clones de DNA gendmico de insertos, como os BACs (Findley et al.,
2010). Principalmente em plantas, que possuem genomas com grande quantidade de
DNA repetitivo, a identificagdo de cromossomos de maneira individual € ainda mais
laboriosa e desafiadora (Suzuki et al., 2012).

2.6 PINTURA CROMOSSOMICA EM PLANTAS

Desde o seu desenvolvimento, na década de 90, a pintura cromossémica (PC)
tem sido realizada, com sucesso, em diferentes espécies animais, como aves, répteis,
insetos e mamiferos, sendo aplicada, pela primeira vez, em cromossomos do cariétipo
humano (Speicher et al., 1996). Essa técnica tem sido considerada uma ferramenta
valiosa para a citogenética clinica, na identificacdo de rearranjos intercromossémicos,
bem como em estudos detalhados de organizacdo da cromatina e evolu¢cao gendémica,
pois permite a visualizagdo de segmentos cromossOmicos ou de Cromossomos
inteiros mediante sondas de DNA cromossomo-especifica (Ferguson-Smith e
Trifonov, 2007).

As sondas de PC podem ser desenvolvidas utilizando duas abordagens
principais, baseadas em microdissec¢cdo cromossémica ou em citometria de fluxo.
Ambas sao eficazes na producao de sondas tanto em humanos como em animais, ja
gue esses organismos apresentam o genoma amplamente eucromatico. Em plantas,
por outro lado, essas metodologias ndo séo eficientes devido a alta quantidade de
DNA repetitivo presente no genoma de vegetais superiores (Fuchs et al., 1996).

Em plantas, a PC baseada em BAC-FISH foi realizada, pela primeira vez, em
Arabidopsis thaliana (L.) Heynh. (Lysak et al., 2001). Para isso, 0s autores utilizaram
cerca de 140 BACs derivados do par cromossémico 4 dessa espécie, que foram
reunidos em oito conjuntos e rearranjados em dois agrupamentos maiores, permitindo,
assim, “pintar” os bragos curto e longo desse cromossomo. As regifes de
heterocromatina pericentromérica foram excluidas por apresentarem sequéncias
dispersas e repetitivas que hibridizaram em outros cromossomos do cariotipo.

Posteriormente, estudos de evolucédo cariotipica e de organizacdo genémica,
baseados em PC multicor, foram realizados dentro da familia Brassicaceae Burnett.,
sendo possivel identificar os mecanismos relacionados a reducdo de numero

cromossémico, como inversdes e translocacgdes, além de pontos de quebra e perda
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de segmentos cromossémicos em diferentes espécies dessa familia (Lysak et al.,
2005; 2006; Mandakova e Lysak, 2008; Lysak e Mandéakova, 2010). Similarmente, a
PC comparativa baseada em BACs também foi utilizada para reconstruir a evolucao
cromossOmica do género Brachypodium P. Beauv. (Idziak et al., 2011; Betekhtin et
al., 2014; Lusinka et al., 2018).

Apesar de ser uma ferramenta Gtil para estudos evolutivos, a PC so6 foi eficaz
nesses trabalhos pois A. thaliana e B. distachyon (L.) P. Beauv. possuem genomas
pequenos (125 Mb e 355 Mb, respectivamente) e amplamente eucromatico. Além
disso, a maioria dos BACs selecionados e usados continham genes copia-Unica ou de
baixa copia. Ainda, os BACs continham uma minima quantidade de DNA repetitivo
gue nao interferiu na FISH. Em angiospermas, que possuem alta quantidade de
sequéncias repetitivas em seus genomas, ha, portanto, uma limitacdo da PC baseada
em BACs em relagéo ao niumero e ao tamanho de cobertura dessas sondas de BACs
ao longo dos seus cromossomos, bem como a interferéncia da quantidade de DNA
repetitivo na FISH (revisado por Jiang e Gill, 2006; Jiang, 2019).

Uma outra abordagem de PC em plantas € baseada em sequéncias repetitivas
de DNA. Kato et al. (2004) foram pioneiros na identificacdo cromossomica individual
em diferentes linhagens de milho, mediante uso de diversas sondas de DNA repetitivo,
como sondas teloméricas, centroméricas, DNAr e elementos repetitivos dispersos. A
mesma abordagem também foi utilizada para identificacdo de cariétipos de milhos e
teosintos proximamente relacionados (Albert et al., 2010). Apesar da sua
aplicabilidade, a PC baseada em sequéncias repetitivas € limitada, sendo, muitas
vezes, género-especifica ou espécie-especifica, ndo podendo ser extrapolada em

estudos de sintenia entre espécies proxima e/ ou distintamente relacionadas.

2.6.1 Oligo-FISH em plantas

Técnicas citomoleculares avancadas associadas a ferramentas bioinforméaticas
tém permitido, por sua vez, a sintese de oligonucleotideos (oligos) que séo utilizados
como sondas para FISH (Oligo-FISH). Beliveau et al. (2012) descreveram uma
tecnologia de nova geracéo (NG) baseada na sintese de novo de milhares de oligos
independentes, mediante plataforma de bioinforméatica. Os autores mostraram a
efichcia das sondas de oligopinturas na identificacdo de regibes de 7,6 Mb no

cromossomo X humano, utilizando cerca de 60.000 oligos, além de uma regido de 20
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Mb em cromossomos politénicos de Drosophila, coberta por cerca de 75.000-180.000
oligos. Essa tecnologia de FISH de NG gerou novas possibilidades para a
identificacdo cromossomica de maneira precisa e individual em plantas, permitindo,
portanto, uma nova perspectiva para o desenvolvimento de pinturas cromossomo-
especificas em espécies vegetais, contornando as restricbes da PC baseada em
BACs ou em sequéncias repetitivas.

Han et al. (2015), pioneiros na PC em plantas, desenvolveram um pipeline de
bioinforméatica para a selecdo e montagem de oligos especificos a partir dos
cromossomos 3 e 7 do pepino (Cucumis sativus L.), que foram marcados como sondas
para a PC em diferentes espécies de Cucumis L. Assim, foi possivel identificar esses
cromossomos nas diferentes espécies diploides e poliploides do género, além de
permitir a localizagdo de cromossomos homedlogos em hibridos interespecificos,
importantes para a aplicagdo de germoplasma selvagem no melhoramento genético
vegetal.

Apos o trabalho de Han et al. (2015), a PC baseada em Oligo-FISH tem sido
reportada em diferentes espécies vegetais, como em outras espécies de Cucumis
(Zhao et al., 2019; Bi et al., 2020), morango (Qu et al., 2017), batata (Braz et al., 2018;
He et al., 2018), arroz (Hou et al., 2018; Liu et al., 2019), espécies pertencentes ao
género Populus (Xin et al., 2018; 2010), cana-de-acucar (Meng et al., 2018, 2020),
banana ( Simonikova et al., 2019), milho (Albert et al., 2019; do Vale Martins et al.,
2019) e trigo (Song et al., 2020).

Braz et al. (2018) desenvolveram um novo sistema de identificacdo
cromossOmica em Solanaceae Juss., atraves da selecédo de um conjunto de 55.000
oligos copia-unica, associados a 26 regides cromossdmicas especificas do genoma
de Solanum tuberosum L. Essas regides foram utilizadas como um cddigo de barras
para identificar, distintamente, os n = x = 12 cromossomos do cariétipo de diferentes
espécies selvagens diploides e poliploides cultivadas e selvagens de batatas. Esse
padrdo de bandeamento de cédigo de barras mostrou-se til e eficaz para identificar
0s rearranjos cromossdmicos dentro de Solanum L., além de diferenciar os
cromossomos homeodlogos entre as espécies relacionadas que divergiram do género
h&a 7 e 15 Ma, como o tomate e a berinjela, respectivamente.

Beliveau et al. (2015) utilizaram sondas de oligos baseadas em SNPs para
visualizar, distintamente, cromossomos parentais animais. Os autores utilizaram

oligopinturas haplotipo-especificas, com 2 a 3 SNPs de variagéo, para identificar os
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dois cromossomos do genoma parental em metéfases de hibridos de ratos e em
Droposhila. Recentemente, do Vale Martins et al. (2019) utilizaram abordagem similar
de sondas haplétipo-especificas para identificar, pela primeira vez em plantas,
cromossomos homedélogos em milhos hibridos. As sondas utilizadas foram baseadas
em sequéncias PAV (Presenca/Auséncia de variacdo) e SNPs, com 1 a 5 SNPs de
variagao. Os cromossomos parentais de duas linhagens puras do milho, B73 e Mo17,
foram identificados tanto no milho hibrido F1, como em 58 individuos da geracéo F».
Além disso, essas sondas permitiram localizar diferentes pontos de recombinacdo
préximos ao centrdmero de 10 individuos de populacédo IBMRILs (Intermated B73 x
Mo17, linhagens recombinantes endogamicas entre B73xMo17), sugerindo acumulo
de crossing over e localizagéo de potenciais alelos favoraveis nessa populacao.

A técnica de Oligo-FISH apresenta, portanto, eficacia, resolucéo e versatilidade
superiores quando comparada as demais técnicas citogenéticas vegetais que utilizam
sondas baseadas em BACs ou em DNA repetitivo, como sondas teloméricas e
centroméricas. Sao sondas curtas (de 20 a 50 pares de bases), de fitas simples e facil
hibridizacdo. Além disso, estas sondas podem ser desenhadas baseadas em
sequéncias conservadas, sendo bastante Uteis na identificacdo de cromossomos
homeologos em diferentes espécies ou subespécies vegetais. Essas sondas
baseadas em oligos necessitam de um genoma previamente sequenciado da espécie-
alvo ou espécie proximamente relacionada e podem ser desenhadas ou projetadas
especificamente para cobrir 0 genoma inteiro, parte do cromossomo, multiplas regiées
de um cromossomo ou diferentes regides cromossdmicas, a depender do objetivo-
alvo da pesquisa. Um ponto negativo é que as sondas usadas na Oligo-FISH
apresentam um maior custo na producdo quando comparadas as demais sondas
tradicionais que precisam de sequenciamento de alta cobertura para a espécie em

guestdo ou proximamente relacionada a ela (Han et al., 2015; Jiang, 2019).
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4 RESULTADOS
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Abstract

Cytogenomic resources have accelerated synteny and chromosome evolution studies
in plant species, including legumes. Here, we established the first cytogenetic map of
V. angularis (Va, subgenus Ceratotropis) and compared with V. unguiculata (Vu,
subgenus Vigna) and P. vulgaris (Pv) by BAC-FISH and chromosome painting
approaches. We mapped 19 Vu BACs and 35S rDNA probes to the 11 chromosome
pairs of Va, Vu and Pv. Vigna angularis shared high degree of macrosynteny with Vu
and Pv, with five conserved syntenic chromosomes. Additionally, we developed two
oligo-based chromosome painting probes (Pv2 and Pv3) that were used to paint Vigna
ortholog chromosomes. We confirmed two reciprocal translocations (chromosomes 2
and 3; 1 and 8) that have occurred after Vigna and Phaseolus divergence (~9.7 Mya).
Besides, two inversions (2 and 4) and one translocation (1 and 5) have occurred after
Vigna and Ceratotropis subgenera separation (~3.6 Mya). We observed distinct
oligopainting patterns for chromosomes 2 and 3 of Vigna species, with different
breakpoints confirmed for Va2 and Vu2. Both Vigna species shared similar major
rearrangements when compared to Pv: one translocation (2 and 3) and one inversion
(chromosome 3). The sequence synteny identified additional inversions and/or
transpositions involving pericentromeric regions of chromosomes 2 and 3. We believe
these chromosomes are hotspots of rearrangements within and between Vigna and
Phaseolus. We propose centromere repositioning for chromosome 2 during Vigna
evolution. Our BAC- and oligo-FISH mapping contributed to physically trace the
chromosome evolution of Vigna and Phaseolus and its application in further studies of

both genera.

Keywords: BAC-FISH, beans, chromosomal rearrangements, karyotype evolution,

macrosynteny, oligopainting
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Introduction

Current advances in genomics and bioinformatics, including next-generation
sequencing technologies, have allowed progress on molecular cytogenetic studies of
synteny and chromosome evolution in plant species (Chévre et al. 2018). Genome
sequencing of the model legumes Lotus japonicus (Regel) K. Larsen (Sato et al. 2008),
Medicago truncatula Gaertn. (Young et al. 2011; Tang et al. 2014), and Glycine max
(L.) Merr. (Schmutz et al. 2010; Valliyodan et al. 2019) opened the door for legume
genome research, accelerating the study of genomic organization and evolution of
Leguminosae Juss. family, which is the second and the third-largest angiosperm family
in terms of economic importance and in species number, respectively (LPWG, 2017).

Phaseolus L. and Vigna Savi, with 2n = 2x = 22 for most species, belong to
Phaseolineae subtribe (Leguminosae family, Papilionoideae subfamily, Phaseoloid
clade) and have agronomically important species distributed worldwide (Mercado-
Ruaro and Delgado-Salinas 1996; Lewis 2005; Delgado-Salinas et al. 2011). The
divergence time between both genera is around 9.7 million years ago (Mya) (Li et al.
2013). The reference genome of P. vulgaris L. (common bean) (~587 Mb) was the first
to be published (Schmutz et al. 2014). For Vigna, the first genome assembled was for
V. angularis (Willd.) Ohwi & Ohashi (adzuki bean, Asiatic-origin, subgenus
Ceratotropis), which was estimated in ~540 Mb (Sakai et al. 2015). Recently, Lonardi
et al. (2019) published the reference genome sequence of V. unguiculata (L.) Walp.
(cowpea, African-origin, subgenus Vigna), estimated in ~640 Mb, and inferred on its
synteny relationships with common bean, adzuki bean and mungo bean [V. radiata (L.)
R. Wilczek]. Genome sequencing, supported by previous genetic and chromosome
mapping (Vallejos et al. 1992; Han et al. 2005; Hougaard et al. 2008; Muchero et al.
2009; Wang et al. 2015) has accelerated the knowledge of the agronomic, genetic,
and evolutionary studies in Vigna and Phaseolus beans.

Comparative cytogenetics using BACs (Bacterial Artificial Chromosomes) as
FISH (Fluorescent in situ Hybridization) probes is a powerful approach for validating
synteny, evolution and chromosomal rearrangements in related species (Jiang and Gill
2006). In Phaseolus, a cytogenetic map for common bean was established by Fonséca
et al. (2010). Then, P. vulgaris BAC library has been used for comparative mapping
within the genus, as in P. lunatus L. (Bonifacio et al. 2012; Almeida and Pedrosa-

Harand 2013) and P. microcarpus Mart. (Fonséca and Pedrosa-Harand 2013), species
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with 2n = 22, suggesting a high degree of macrosynteny among them with collinearity
breaks caused by few inversions. On the other hand, in the P. vulgaris and P.
leptostachyus Benth. (2n = 20) comparison, nested chromosome fusion and several
translocations are related to the descending dysploidy of the later species (Fonséca et
al. 2016). In Vigna, the first BAC-based physical mapping was reported by
Vasconcelos et al. (2015). The authors performed the comparative analysis by using
one bacteriophage (SJ19.12) and 19 P. vulgaris BACs hybridized on the 11 pairs of V.
unguiculata metaphase mitotic chromosomes. Macrosynteny breaks were observed
between these two species, by identifying rearrangements involving five V. unguiculata
chromosomes, as translocations, inversions, and duplication, with major
rearrangements involving chromosomes 2 and 3. Later, lwata-Otsubo et al. (2016)
integrated the genetic and physical cowpea maps on V. unguiculata pachytene
chromosomes by BAC-FISH. Oliveira et al. (2020) generated the first BAC-FISH map
to V. aconitifolia (Jacqg.) Maréchal (Ceratotropis subgenus) and compared to V.
unguiculata and P. vulgaris chromosome maps, corroborating chromosomes 2 and 3
as hotspots for chromosomal changes.

BAC-FISH approach has also been used for chromosome painting (CP)
research. Nevertheless, the CP based on BACs has been limited to few model plant
species with small and largely euchromatic genomes, as crucifers (Lysak et al. 2001,
2005, 2006; Mandakova and Lysak 2008; Mandakova et al. 2010) and Brachypodium
P. Beauv taxa (Idziak et al. 2014; Betekhtin et al. 2014; Lusinka et al. 2018). The recent
development of de novo synthesis of single-copy oligonucleotides (oligos) by
bioinformatic design has allowed the chromosomal identification and specific
chromosomal regions in a more precise and efficient way (Beliveau et al. 2012; Han et
al. 2015; reviewed by Jiang 2019). Since then, oligo-based CP and chromosome
identification systems have been used for karyotype and chromosomal evolutionary
studies in an increased number of socioeconomic plant species and their relatives, as
cucumber (Han et al. 2015; Zhao et al. 2019; Bi et al. 2019), strawberry (Qu et al.
2017), potato (Braz et al. 2018; He et al. 2018), rice (Hou et al. 2018; Liu et al. 2019),
poplar (Xin et al. 2018; 2019), sugarcane (Meng et al. 2018, 2020), banana
(Simonikova et al. 2019), maize (Albert et al. 2019; do Vale Martins et al. 2019; Braz
et al. 2020), wheat (Song et al. 2020), cotton (Liu et al. 2020) and Citrus (He et al.
2020).
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In Vigna, the physical BAC-FISH mapping has been performed only in V.
unguiculata (Vasconcelos et al. 2015) and V. aconitifolia (Oliveira et al. 2020), not
being possible to infer the wide chromosome evolution within the genus. Despite the
availability of the genetic mapping and the genome assembly of V. angularis, there is
no cytogenetic mapping established for this species yet. Here, we have established
the cytogenetic map of the Asian species V. angularis (Va) and performed the first
oligo-painting in legumes to: (1) improve our knowledge about synteny and
chromosomal changes between and within Vigna and Phaseolus; (2) integrate BAC-
FISH, oligopainting cytogenetic map and sequence-based synteny map to a deep
analysis of the rearrangements involving the hotspot chromosomes 2 and 3 among
Vigna and Phaseolus species. Our data contribute to a better understanding of the
genetic diversity of Vigna and Phaseolus beans and to trace their

chromosome/genome evolution.

Material and Methods

Plant materials

Vigna angularis accession number 1042, V. unguiculata cv. BR14-Mulato, and
Phaseolus vulgaris cv. BRS Esplendor were used in the comparative FISH mapping.
Seeds were obtained from IPK (Leibniz Institute of Plant Genetics and Crop Plant
Research, Gatersleben, ST, Germany), Embrapa Meio-Norte (Empresa Brasileira de
Pesquisa Agropecuaria, Teresina, Pl, Brazil), and Embrapa Arroz e Feijao (Santo
Anténio de Goias, GO, Brazil), respectively, and were multiplied at IPA (Instituto

Agronémico de Pernambuco, PE, Brazil).

Chromosome preparation

For mitotic metaphase chromosome preparation, root tips harvested from germinated
seeds were pretreated with 2 mM 8-hydroxyquinoline for 4 h and 30 min at 18 °C, fixed
in freshly prepared fixative solution (3 methanol:1 glacial acetic acid, v/v) for 24 h at
room temperature, and stored at —20 °C until use. The root tips were digested with an
enzymatic solution containing 4% cellulase (Onozuka R-10, Serva), 2% pectolyase
(Sigma-Aldrich) and 20% pectinase (Sigma-Aldrich) for 4 h at 37 °C. Slides were
prepared according to Carvalho and Saraiva (1993), with minor modifications at the
final steps: after air drying, the slides were immersed in 45 % acetic acid for 10 s and
dried at 37 °C.
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BAC clone library and probe labeling

Information from V. unguiculata BAC library anchored to linkage groups previously
generated by Muchero et at. (2009) was provided by the University of California,
Riverside, CA, USA. First, we selected and tested a set of 40 BACs belonging to the
V. unguiculata BAC library, 21 of which were previously selected and mapped in the
V. unguiculata pachytene chromosomes (lwata-Otsubo et al. 2016). Nineteen BAC
clones generated single-copy signals on V. unguiculata donor species, seven of them
being used for the first time in this work (asterisk marks, Table 1). For genome
comparisons, V. unguiculata BAC probes were then hybridized for the first time to
identify the mitotic chromosome pairs of V. angularis and P. vulgaris chromosomes
(Table 1, top panel). The remaining 21 BACs that generated repetitive or no FISH
signals were excluded (Table 1, bottom panel). Besides, a 35S rDNA probe from
Arabidopsis thaliana (L.) Heynh. (6.5 kb fragment of 18S-5.8S-25S rDNA repeat unit)
was used for FISH analysis (Wanzenbdck et al. 1997). DNA of individual BAC clones
and 35S rDNA were extracted using the Plasmid Mini Kit (Qiagen), following the
manufacturer’s instructions. BAC DNA was directly labeled with Cy3-dUTP (GE
Healthcare) and 35S rDNA probe was indirectly labeled with digoxigenin-11-dUTP

(Roche Diagnostics), both by nick translation (ThermoFisher Scientific).

Table 1. List of the Vigna unguiculata BAC clones selected, tested, and used in the comparative BAC-
FISH mapping among V. unguiculata, V. angularis and P. vulgaris. BAC clones were mapped and
identified in their corresponding chromosome (Chr) arm and position of V. unguiculata (Vu), V. angularis
(Va) and P. vulgaris (Pv) chromosomes, in addition to pseudomolecules for V. angularis. Top panel
indicates the 19 V. unguiculata BACs with unique signals used for FISH analysis. Bottom panel indicates

the 21 V. unguiculata BACs with disperse or no FISH signals that were excluded of our FISH analysis

Chr(arm)/ position in Vu  Chr(arm)/ position in Va Chr(arm)/ position in

BAC a b/ Va Pseudomolecule ¢ Pv
HO04H23* Vul(L)/ Interstitial Val(L)/ Subterminal/ 7 Pv1(L)/ Interstitial
HO74C16 Vu2(L)/ Proximal Va2(S)/ Interstitial/ 10 Pv3(S)/ Terminal
MO026L23 Vu2(L)/ Terminal Vaz(L)/ Terminal/ 10 Pv2(S)/ Subterminal
H031GO07* Vu3(S)/ Interstitial Va3(S)/ Interstitial/ 1 Pv2(L)/ Interstitial
HO50P11* Vu3(L)/ Interstitial Va3(L)/ Interstitial/ 1 Pv3(L)/ Interstitial
HO49E24 Vu4(S)/ Terminal Va4(S)/ Terminal/ 11 Pv4(L)/ Subterminal
HO085115 Vu4(L)/ Subterminal Va4(S)/ Subterminal/ 11 No signal
MOO2EQ9 Vu5(S)/ Interstitial Va5(L)/ Proximal/ 4 No signal
MO50F11* Vu5(L)/ Interstitial Val(S)/ Proximal/ 7 Pv8(S)/ Interstitial
H065G04 Vu6(L)/ Terminal Va6(L)/ Terminal/ 5 Pv6(L)/ Terminal



52

HO88A15 Vu7(S)/ Terminal Va7(S)/ Terminal/ 8 Pv7(L)/ Terminal
HO53107* Vu7(L)/ Terminal Va7(L)/ Terminal/ 8 Pv7(S)/ Terminal
MO57N05 Vu8(S)/ Interstitial Va8(L)/ Interstitial/ 3 Pv1(S)/ Interstitial
HO80A10* Vu8(L)/ Interstitial Va8(S)/ Interstitial/ 3 Pv8(L)/ Subterminal
HO86N19 Vu9(S)/ Interstitial Va9(S)/ Interstitial/ 2 Pv9(L)/ Subterminal
HO10M18 Vu9(L)/ Terminal Va9(L)/ Interstitial/ 2 PvIO(S)/ Proximal
H015M15 Vul0(S)/ Subterminal Val0(S)/ Subterminal/ 9 Pv10(S)/ Terminal
HO025N06 VulO(L)/ Interstitial Val0(L)/ Interstitial/ 9 Pv10(L)/ Interstitial
H092J22* Vull(S)/ Terminal Vall(S)/ Terminal/ 6 Pv11(L)/ Terminal
M062M10 Vul(S)/ Disperse - =
HO68F14 Vul(S)/ Unique signal No signal No signal
H031B04 Vul(S)/ No signal - -
H029P08 Vu2(S)/ Disperse - -
HO88HO7 Vu2(Pericentromeric)/ - -
Disperse
H094P14 Vu2(L)/ No signal - -
HO019P01 Vu3(S)/ No signal - -
H037B01 Vu3(S)/ Disperse - -
MO017H06 Vu3(Pericentromeric)/ - -
Disperse
MO21E17 Vu3(L)/ No signal - -
H094L14 Vu4(L)/ No signal - -
H014011 Vu5(S)/ No signal - -
MO040D10 Vu6(S)/ Disperse - -
MO015007 Vu6(L)/ Disperse - -
MOO6N15 Vu8(S)/ No signal - -
HO39A20 Vu8(L)/ Disperse - -
HO074C18 Vu9(Pericentromeric)/ - -
Disperse
MO54N15 Vul1(S)/ Unique signal No signal No signal
HO75P08 Vull(S)/ Disperse
H043018 Vull(Pericentromeric)/ - -
Disperse
M045J08 Vull(L)/ Disperse - -

@ Chromosomes of V. unguiculata are numbered according to Lonardi et al. (2019)

b Chromosomes of V. angularis are numbered according to their orthology with V. unguiculata

¢Vigna angularis pseudomolecules numbering described by Sakai et al. (2015) and used by Lonardi et
al. (2019)

* BAC-FISH new data for V. unguiculata chromosomes

S- Short arm; L- Long arm

Design, synthesis, and labeling of the oligo-based painting probes
Oligos were designed using P. vulgaris (Pvulgaris_442 v2.0) as reference genome
Chorus2

from Phytozome v12 (https://phytozome.jgi.doe.goV/) by


https://phytozome.jgi.doe.gov/
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(https://github.com/zhangtaolab/Chorus2) (Han et al. 2015). Briefly, the genomic
sequences were divided into 45 bp oligos in a step size of 5 bp. Chorus2 calculated
the uniqueness of each probe in the genome by analyzing the frequency of 17-mers.
Oligos with 17-mers that exist more than four times in the genome were discarded.
The uniqueness of each oligo was further validated using genomic sequencing data
(SRR837020). A total of 143,559 and 140,599 unique oligos specific to chromosomes
2 and 3 (Pv2 and Pv3) were designed, respectively. From these, we randomly selected
27,000 oligos for each chromosome to be synthesized by Arbor Biosciences company
(Ann Arbor, Michigan, USA). Pv2 and Pv3 oligos were amplified and indirectly labeled
by reverse transcription using universal oligonucleotide primers with dual biotin and

digoxigenin (www.idtdna.com), respectively (Han et al. 2015).

Fluorescent in situ Hybridization

BAC-FISH was carried out according to Fonséca et al. (2010). For oligo-FISH, we
followed the same protocol with modifications: no RNAse addition and stringency
washes using 1x PBS (Phosphate Buffered Saline). The hybridization mixture
consisted of 50% formamide, 10% dextran sulfate, 2x saline sodium citrate (SSC) and
8 ng/uL for BAC probes or 20-30 ng/uL for oligo probes. The dsDNA (BAC and 35S
rDNA labeled probes) was previously denatured for 10 min at 75 °C. For both dsDNA
and ssDNA oligo probes, the hybridization mix was directly applied to the slides for 7
min at 75 °C and hybridized for 2-3 days at 37 °C. BAC probes were directly visualized
with Cy3-dUTP. 35S biotin-labeled probe was detected using avidin-rhodamine
antibody (Vector Laboratories) diluted in 1 % BSA. Pv2 and Pv3 oligo probes were
detected with anti-biotin fluorescein (Vector Laboratories) and anti-digoxigenin
rhodamine (Roche), respectively, both diluted in TNB 1x (1M Tris HCI pH 7.5, 3M NaCl,
and blocking reagent, Sigma-Aldrich). Chromosomes were counterstained with 2
Mg/mL DAPI (4',6-diamidino-2-phenylindole) in Vectashield (Vector Laboratories)
antifade solution. For probe detection of different DNA using the same slide, the

rehybridization was performed following Heslop-Harrison et al. (1992).

Microscopy, Image Processing and Data Analysis
FISH images were captured using Leica DMLB epifluorescence microscope and a
Leica DFC 340FX camera with Leica CW4000 software or using a Hamamatsu CCD

camera attached to an Olympus BX51 epifluorescence microscope with Meta Imaging
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Series 7.5 software. Chromosomes were identified according to their BAC- and oligo-
FISH signal position based on the sequence orthology with V. unguiculata (for BACS)
and P. vulgaris (for oligos). The final image adjustments were optimized for brightness
and contrast with the Adobe Photoshop CS3 software. Seven to ten chromosome pairs
and their respective BAC- and oligo-FISH signals were measured using DRAWID
(https://doi.org/10.3897/compcytogen.v11i4.20830) and Micromeasure 3.3
(http://rydberg.biology.colostate.edu/MicroMeasure/, Colorado State University)
supplemented by Microsoft Excel 2010. The oligopainting pattern of V. angularis and
V. unguiculata chromosomes was calculated by dividing the average of the
chromosomal total length (um) by the average length of the oligopaint regions
corresponding to Pv2 or Pv3 probes. Comparative idiograms between V. unguiculata,
V. angularis and P. vulgaris were constructed using Adobe Flash CS4 Professional
and Adobe lllustrator programs. P. vulgaris and V. unguiculata idiograms were

assembled based on Vasconcelos et al. (2015).

Chromosome numbering identification

Since this is the first cytogenetic map report for V. angularis and to facilitate our
comparative analysis, we standardized the chromosome numbering of V. angularis
(Va) according to their chromosome orthology with P. vulgaris (Pv) and V. unguiculata
(Vu) pseudomolecule numbers proposed by Lonardi et al. (2019). We did not follow
the V. angularis pseudomolecules numbering proposed by Kang et al. (2015) and
Sakai et al. (2015). The correspondence between V. angularis chromosome and its
pseudomolecule numbers is described at Table 1. For the chromosome comparison,
we used the species name abbreviations according to their initials followed by their

chromosome numbering.

Sequence synteny data

Sequence-based synteny analysis between P. vulgaris chromosomes 2 and 3 with V.
angularis and V. unguiculata orthologs were performed as in Lonardi et al. (2019) using
MUMmer software package v3.23 (Kurtz et al. 2004). Alignments were generated
between two sequences with a minimum length of an exact match of 100 bp and
minimum total alignment length of 1 kb. The output alignments between chromosomes
were visualized using Circos v0.69-3 (Krzywinski et al. 2009), in which V. unguiculata

sequences were colored based on synteny with Pv2 (green) and Pv3 (red).
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Results
Development of a chromosomal map of V. angularis

For the V. angularis (2n = 22) cytogenetic map construction, 19 single-copy V.
unguiculata BACs and 35S rDNA probes were hybridized and located to its 11
metaphase chromosome pairs (Fig. 1b). We then hybridized the same set of BACs to
V. unguiculata and P. vulgaris chromosomes (Fig. 1a, c). For most chromosomes, both
short (S) and long (L) arms were identified, except for chromosome 11 of V. angularis,
V. unguiculata and P. vulgaris, VulS (short arm of V. unguiculata chromosome 1),
Va5S and Pv4S, with one BAC each. We were not able to identify Pv5 by using V.
unguiculata probes: BAC M002EQ9 from Vu5S was not hybridized or did not present
consistent FISH signal on P. vulgaris chromosomes, suggesting it is a Vigna-specific

marker.

Vu10 Vu11

Va1 Va2 Va10 Va1

T1/5 Int
— __ % MS30F11 -

Pv2 Pv3 Pvi0  Pv11
T2/13 T2

M50F 11 MO2E09

M50F11

Fig. 1 Vigna unguiculata (Vu) BAC probes hybridized on the 11 metaphase chromosome pairs of V.

unguiculata (a), V. angularis (Va) (b) and P. vulgaris (Pv) (c), confirming the synteny and showing
chromosomal rearrangements among species. Vigna unguiculata BACs from the same chromosome
are pseudocolored by using the same colors in the short and long arms and named in accordance with

their location on V. unguiculata chromosomes. Chromosomes are counterstained with DAPI
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(pseudocolored in gray). The 35S sites that were not mapped in this work are represented in green
arrowheads in V. unguiculata and P. vulgaris, in accordance with Fonséca et al. (2010) and
Vasconcelos et al. (2015). The centromeres of the chromosomes are aligned by a dotted gray line.
Bar in c =5 um. d Arrow points to the Vu2L markers located at the opposite arms of Va2 (pericentric
inversion). e Arrow points to the Vu markers located at adjacent position in the Va4S (pericentric
inversion). f translocation represented by MO50F11 (yellow) from Vu5L and HO04H43 (dark blue) from
VullL hybridized on Val. g VubS BAC located on Va5L. h M026L23 (light blue) from Vu2L and
H031GO07 (pink) from Vu3S hybridized on Pv2, indicating a reciprocal translocation in comparison to
Vigna species. i HO74C16 (light blue) from Vu2L, and HO50P11 (pink) from Vu3L hybridized on Pv3,
indicating a reciprocal translocation in comparison to Vigna species. | MO57NO05 (red) from Vu8S and
HO004H23 (dark blue) from VullL hybridized on Pv1, indicating a reciprocal translocation in comparison
to Vigna species. k MO50F11(yellow) from Vu5L and HO80A10 (red) from Vu8L hybridized on Pv8,

indicating a reciprocal translocation in comparison Vigna species. Bar in k = 10 um

We identified the 35S rDNA sites distribution on V. angularis karyotype (Fig. 1b):
one terminal site on Va6S, a small proximal site on Va9L (long arm of V. angularis
chromosome 9), one terminal and another smaller proximal sites on ValOL. The
comparative BAC-FISH mapping and the distribution of the 35S rDNA sites for
individual V. angularis, V. unguiculata and P. vulgaris chromosomes was schematically
represented as circular idiograms, revealing the macrosynteny relationships and the

chromosomal rearrangements among the analyzed species (Fig. 2).

Macrosynteny between Vigna species and P. vulgaris by BAC-FISH

Overall, five chromosomes (6, 7, 9, 10, and 11) showed a conservation of
macrosynteny across the genomes (Figs. 1, 2). However, according to the V.
unguiculata BAC orientation and position along P. vulgaris chromosomes, we highlight
the BAC positioning change for the type of chromosome arm for Va8, Pv4, Pv7, Pv9,
and Pv1l when comparing to V. unguiculata (Figs. 1, 2). Three V. angularis
chromosomes (Va7, Va9, and Val0) showed conserved synteny for all markers with
their corresponding P. vulgaris and V. unguiculata chromosomes, although number or
position of the 35S rDNA clusters in chromosome 9 and 10 varied between Phaseolus
and Vigna. Additionally, Vall (with one BAC-FISH marker) was orthologous to Pv11l
and Vull. We also used rDNA probes to the opposite Vall and Vull chromosome
arm identification, but only VullS carries an interstitial 35S rDNA site (Vasconcelos
al. 2015). No rDNA sites were observed in Vall.
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Fig. 2 Circular schematic representation of the comparative BAC-FISH mapping among P. vulgaris (Pv),
V. angularis (Va) and V. unguiculata (Vu). Vigna unguiculata BACs (named in the right) from the same
chromosome are represented by using the same colors in the short and long arms. Chromosomes Vu6,
Vul0, Va8 and ValO were inverted to their orientation. 35S rDNA sites are mapped in green.
Conservation of synteny is represented by a continuous line, while chromosomal rearrangements are
represented by dashed lines. For the rDNA sites location on P. vulgaris and V. unguiculata, we followed

Fonséca et al. (2010) and Vasconcelos et al. (2015)
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Chromosomal translocations between Vigna species and P. vulgaris by BAC-
FISH

We confirmed two translocation events between Vigna and Phaseolus (Fig. 1h-
k). Between V. angularis and P. vulgaris, we were able to identify a translocation
involving chromosomes 1 and 8 (Fig. 1b, c, f, j-k). Between V. unguiculata and P.
vulgaris, three V. unguiculata chromosomes (1, 5 and 8) are involved in a complex
translocation with two P. vulgaris chromosomes (1 and 8): Vu8S BAC (M057N05) and
VullL BAC (HO04H23) were located at short and long arms of Pv1, respectively, while
Vu5L BAC (M0O50F11) and Vu8L BAC (HO80A10) were located at short and long arms
of Pv8, respectively (Fig. 1j-k). The other translocation involves chromosomes 2 and 3
of Vigna species and P. vulgaris: Vu2L BAC (M026L23) and Vu3S BAC (H031G07)
were located at short and long arms of Pv2, respectively, while Vu2L BAC (H074C16)
and Vu3L BAC (HO50P11) were located at short and long arms of Pv3, respectively
(Fig. 1h-i).

Chromosomal translocation and inversions between V. angularis and V.
unguiculata by BAC-FISH

We confirmed four chromosomes involved in intra- and interchromosomal
rearrangements between V. angularis and V. unguiculata, being two inversions and
one translocation (Fig. 1d-g). For the first inversion, BACs from Vu2L (H074C16 and
M026L23) were hybridized to the opposite arms of Va2 (Fig. 1d). We tested other BAC
probes from the short and long arms of Vu2. Nevertheless, these probes showed
dispersed signals in V. angularis, V. unguiculata and P. vulgaris (Table 1, bottom
panel). lwata-Otsubo et al. (2016) suggested that none or very few genetic markers
exist for Vu2S. On the other hand, for the other inversion, the opposite BAC markers
(HO49E24 and H085I15) of Vu4 were both located at adjacent positions in Va4S (Fig.
le). Also, the hybridization of Vu5L BAC (M050F11) and VulL BAC (HO04H23) into
the short and long arms of Val chromosome, respectively, and the hybridization of
Vu5S BAC (MO02E09) on Va5L suggest the occurrence of a translocation event
between them (Fig. 1f-g) We were not able, however, to identify the short arm of Va5,
since other Vul and Vu5 BAC probes showed disperse or no FISH signals on V.
unguiculata, V. angularis and P. vulgaris chromosomes (Table 1, bottom panel). VulS

BAC HO68F14, which presented unique signal on V. unguiculata, showed no signal on
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V. angularis and P. vulgaris (data not shown), suggesting that it is a species-specific

marker for V. unguiculata.

Validation of translocation and inversion by oligopainting of chromosomes 2
and 3

For a further investigation of the rearrangements involving chromosomes 2 and
3 between genera, we developed oligo-based probes chromosome-specific to Pv2 and
Pv3 and hybridized both on V. angularis and V. unguiculata ortholog chromosomes
(Fig. 3). Probes generated strong FISH signals covering almost the whole Pv
metaphase chromosomes, with a lack of signals in their pericentromeric regions (Fig.
3a3). Translocation complexes between P. vulgaris-V. angularis and P. vulgaris-V.
unguiculata were confirmed by the CP, corroborating our BAC-FISH analysis.
Additionally, we identified distinct oligopainting patterns for each V. angularis and V.
unguiculata chromosomes. The oligopainting pattern of chromosomes 2 and 3 of V.

angularis and V. unguiculata is represented as idiograms in Fig. 4a-c.

Fig. 3 Oligo-FISH chromosome painting using Pv2 (green) and Pv3 (red) probes hybridized on

metaphase chromosomes 2 and 3 of V. angularis (Va) and V. unguiculata (Vu), showing distinct
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patterns. Chromosomes are counterstained with DAPI (pseudocolored in gray). a-a3 Phaseolus vulgaris
metaphase chromosomes, with Pv2 (green; al, a3) and Pv3 (red; a2, a3) chromosome painting on P.
vulgaris chromosomes. Arrowheads in a3 indicate gaps in the FISH signal of the filtered centromeric
regions on Pv3. b-b3 Vigna angularis metaphase chromosomes, with Va2 and Va3 chromosomes
detailed in the inserts (b1-b3). b3 Merged reciprocal translocation between chromosomes 2 and 3 of P.
vulgaris and V. angularis, highlighting an inversion event on Va3. c-c3 Vigna unguiculata metaphase
chromosomes, with Vu2 and Vu3 chromosomes detailed in the inserts (c1-c3). ¢c3 Merged reciprocal
translocation between chromosomes 2 and 3 of P. vulgaris and V. unguiculata, highlighting an inversion

event on Vu3. Bar = 10 ym

Almost the entire Va2 chromosome was hybridized with Pv2 probe (green), with
the half terminal region of the short arm (23.2 % of the chromosome total length)
painted with Pv3 probe (in red) (Figs. 3b1-3, 4a). Inversely, the whole Vu2S arm and
the proximal region of Vu2L were hybridized with Pv3 probe (red), while almost all the
long arm of Vu2 (47.3 % of chromosomal total length) was painted with Pv2 (green)
(Fig. 3c1-3, 4b). A breakpoint was identified at the interstitial region of Va2S, but at the
proximal region of Vu2L. Despite the painting gap at pericentromeric region, the Va2
centromere seems to be surrounded by Pv2 sequences (green), while the Vu2
centromere is embedded in Pv3 sequences (red) (Figs. S1 3c, ¢, 4a). For Vigna
chromosome 3, besides the 2-3 reciprocal translocation, we also identified an inversion
involving a small region close to the centromere of Va3 and Vu3 chromosomes (Figs.
3b3, ¢3; 4c). Va3 and Vu3 seem to have similar, but not identical, painting patterns:
the short arms presented a large green segment (Pv2) and a small proximal region in
red (Pv3); the long arms presented a large red region covering almost the whole
chromosome arm (Pv3), while a proximal region on Va3 and a small pericentromeric
region on Vu3 correspond to Pv2 (green).We were not able, however, to identify the
exact break point site of these chromosomes. The Va3 centromere seems to be
surrounded by Pv3 sequences (red), while the Vu3 centromere is surrounded by Pv2
painting sequences (green, from ~26 to 30 Mb in the short arm and from 32 to 34 Mb

in the long arm) (Fig. 3c3 and 4b’, ¢’).



Fig. 4 Integrative FISH mapping and sequence synteny analysis between chromosomes and
the pseudomolecules 2 and 3 of V. angularis (Va) and P. vulgaris (Pv), V. unguiculata (Vu) and
P. vulgaris, and V. angularis and V. unguiculata. a-c Idiograms based on our integrative BAC-
and Oligo-FISH mapping. Black blocks represent Vu2 (HO74C16 and M026L23) and Vu3
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(HO31G07 and HO50P11) BACs anchored on V. angularis, V. unguiculata and P. vulgaris
ortholog chromosomes. Gray blocks represent Pv2 (127F19 and 225P10) and Pv3 (174K17,
267H4, and 174E13) BACs (asterisk marks) anchored on V. unguiculata and P. vulgaris
chromosomes, previously identified by Vasconcelos et al. (2015). Green (Pv2) and red (Pv3)
colors on chromosomes are in accordance with the chromosome painting. Green and red
dashed lines represent the rearrangements detected by our cytogenetic mapping. Green and
red continuous lines represent the rearrangements found by Vasconcelos et al (2015). a’, b’, ¢’
Sequence synteny between V. angularis and P. vulgaris, V. unguiculata and P. vulgaris, and V.
angularis and V. unguiculata, using V. unguiculata sequences but colored in accordance to Pv2
(green) and Pv3 (red) pseudomolecules. Lateral black squares in ¢’ represent the centromere

of Vu2 and Vu3 pseudomolecules. Bar =10 Mb

Validation of inversions and transpositions by sequence synteny of
chromosomes 2 and 3

Moreover, the sequence-based synteny analysis using the sequence map
confirmed the distinct distribution patterns of Pv2 and Pv3 gene regions on V.
unguiculata and V. angularis chromosomes found by our CP. On Va3 and Vu3, for
instance, Pv2 (green) proximal sequences located in the long arm represented 12.3 %
and 7.5 % of the pseudochromosomal total lengths, respectively. Besides, sequence
synteny data identified additional complex microrearrangements, including several
inversions and transpositions mainly involving regions close to the centromere of these
two chromosomes, that were not identified by oligo-FISH technique (Figs. S1, 4a’, b’,
c’). Sequence synteny between pseudochromosomes 2 and 3 of V. angularis and V.
unguiculata using V. unguiculata sequences showed that these two chromosomes
share similar rearrangements when compared to P. vulgaris and are macrosyntenic
between them, with a great number of micro transpositions and inversions (Figs. S1,
4c’). The chromosomal rearrangements between Pv2-Pv3 and Va2-Va3, Pv2-Pv3 and
Vu2-Vu3 and between Va2-Va3 and Vu2-Vu3 were identified in detail by combining
the three approaches used in this work. Idiograms representing the integrated FISH
mapping (CP using P. vulgaris oligo-probes and V. unguiculata and previously P.
vulgaris anchored BACs) were compared with their pseudomolecules using V.
unguiculata sequences (Fig. 4). Based on the reference genome of V. unguiculata
(Lonardi et al. 2019), the location of the Vu2 and Vu3 centromeres is represented in
lateral black squares of these pseudomolecules at around 12 and 31 Mb on average,

respectively (Figs. S1, 4b’, ¢’). In turn, the V. angularis centromeres were not located.
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Fig. S1

Fig. S1 Detailed sequence synteny between Vigna angularis (Va) and V.
unguiculata (Vu) pseudomolecules 2 using V. unguiculata sequences but
colored in accordance with Pv2 (green) and Pv3 (red). The pericentric
inversion, previously identified by our BAC-FISH analysis, was confirmed
by our sequence analysis: HO74C16 Vu BAC is located at 5.6 Mb and 18.7
Mb region of Va2 and Vu2, respectively, that corresponds to a red region
in both species. Lateral black square on Vu2 represents the centromere.
Bar =5 Mb

Discussion

Despite recent advances in sequencing and genomic platforms in legume
species, cytogenetic mapping remains an efficient approach for validating the above
methods, and for cytogenomic macro comparison studies of related species. Here, we
have established the first cytogenetic map of V. angularis and compared it with V.
unguiculata and P. vulgaris for a karyoevolution analysis. Besides, we have developed,
for the first time, the CP based on oligo-FISH approach in legumes. We selected Pv2
and Pv3 since they are recognized as the most rearranged chromosomes between V.
unguiculata and P. vulgaris (Vasconcelos et al. 2015). By combining BAC- and oligo-
FISH strategies with sequencing data, it was possible to better understand the
macrosynteny and to deeply investigate the chromosomal rearrangements among the

studied species.
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The chromosome synteny involving five chromosomes (chromosomes 6, 7, 9,
10 and 11) has been well maintained between Vigna species and P. vulgaris, as
observed in previous BAC-FISH mapping between V. unguiculata and P. vulgaris
(Vasconcelos et al. 2015), V. aconitifolia and P. vulgaris (Oliveira et al. 2020), and
confirmed by the sequence-based synteny analysis between cowpea and common
bean and between cowpea and adzuki bean (Lonardi et al. 2019). As expected, a
higher degree of synteny was observed within Vigna species, with seven
macrosyntenic chromosomes (3, 6, 7, 8, 9, 10, and 11).

Chromosomal rearrangements are considered evolutionary events that can be
used as cytogenetics evidence to trace the genome evolution among related species
(Raskina et al. 2008). Structural chromosome changes can be detected by FISH
mapping and could be better acknowledged when integrated with molecular and
genomic studies of the evolutionary and speciation processes among related species
(Wellenreuther and Bernatchez 2018). In this work, we propose that the major and
minor rearrangements that led to speciation and the chromosomal evolution between
Vigna and Phaseolus genera (~9.7 Mya; Li et al. 2013) and between Vigna and
Ceratotropis subgenera (~3.6 Mya; Javadi et al. 2011) are: translocations, inversions
and transpositions.

Three V. unguiculata chromosomes (1, 5, and 8) and two P. vulgaris
chromosomes (1 and 8) are involved in a reciprocal translocation. According to the
sequence synteny between cowpea and common bean, a third P. wvulgaris
chromosome (Pv5) is involved in this translocation event (Lonardi et al. 2019).
However, we cannot extrapolate this complex translocation rearrangement to other
Vigna species, since we were not able to physically confirm Va5 and V. aconitifolia
chromosome 5 participation (Oliveira et al., 2020). Comparing V. angularis and V.
aconitofolia (Oliveira et al. 2020) to P. vulgaris, only chromosomes 1 and 8 could be
identified at the translocation event (Oliveira et al. 2020). Phaseolus vulgaris
chromosome 5 seems to have few single-copy markers for its identification since no
Pv5 markers were mapped to other Phaseolus nor closely related Vigna species
(Bonifacio et al. 2012; Fonséca and Pedrosa 2013; Vasconcelos et al. 2015). Thus,
different markers and/or oligopainting probes for chromosome 5 are needed to
investigate the karyotypic changes between Vigna and Phaseolus. Additionally, a
reciprocal translocation (1 and 5) was observed within Vigna genus as well as in the

comparative cytogenetic map for V. aconitifolia (Oliveira et al. 2020) and in the
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sequence synteny between V. unguiculata - V. angularis and V. unguiculata - V. radiata
(Lonardi et al. 2019).

The second translocation event between V. angularis and P. vulgaris involved
chromosomes 2 and 3. This translocation, previously detected by Vasconcelos et al.
(2015), was confirmed by Lonardi et al. (2019) and also found between V. aconitifolia
and P. vulgaris (Oliveira et al. 2020). To investigate this translocation in detail, we
developed oligopainting probes specific to Pv2 and Pv3 chromosomes. Our CP
confirmed the reciprocal translocation between Vigna analyzed species and P.
vulgaris.

For chromosome 3, a breakpoint was observed at an interstitial region of Va3S
and Vu3S. Our oligo-FISH analysis revealed one macro inversion close to the
centromere of these chromosomes in addition to the previous translocation. Both
rearrangements may have occurred after Vigna and Phaseolus separation.
Additionally, the size difference of the translocated regions/oligopainting patterns of V.
angularis and V. unguiculata chromosome 3 suggests additional small chromosomal
rearrangements. We identified multiple small inversions and/or transpositions mainly
close to the Va3 and Vu3 centromeres, especially in the later chromosome. Lonardi et
al. (2019) also identified an unrelated inversion of 4.21 Mb on Vu3 from 36.12 to 40.33
Mb (long arm at red Pv3 sequences) that is present in the reference accession ‘[T97K-
499-35’ as well as in 9% of additional analyzed accessions, but not on Va3, suggesting
that the cowpea reference genome is inverted in this region.

For chromosome 2, we identified a breakpoint site at the interstitial region of
Vaz2sS, but at the proximal region of Vu2L. However, Pv3 (red) fragment corresponds
to a segment with different sizes in Va2 and Vu2, being Pv3 sequences more spread
in Vu2 when compared to Va2. This can be related to the higher density of repetitive
DNA on Vu2 segment, considering the reported repetitive DNA fraction of 43 % and
50 % for V. angularis and V. unguiculata genomes, respectively (Kang et al. 2015;
Lonardi et at. 2019). Besides, comparing Va2 and Vu2 ortholog sequences, we also
detected inversions and transpositions, mainly for Pv3 region (red). BAC H074C16, for
instance, was observed in different chromosome arms of Va2S and Vu2L, confirming
the positioning change by different spread and one of the inversion events.

We also observed differences in the position of Vigna centromeres. While Va2
centromere was embedded in Pv2 sequences, Vu2 centromere was surrounded by

Pv3 sequences. The opposite seems to be observed for Vigna chromosomes 3. We
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suggest at least one centromere repositioning in Vu2. In a recent review, Schubert
(2018) proposed a positional centromere change based on chromosome
rearrangements, including pericentric and posterior paracentric inversion, or based on
multiple DNA double-strand breaks (DSBs). Both cases maintain the original
centromere, but in a new position. However, we did not observe chromosomal
rearrangements involving the probable centromere regions comparing Va2 and Vu2,
despite a centromere position change. One hypothesis is related to de novo
centromere/new centromere formation, which has been reported in different plant
species (Shubert 2018), including barley (Nasuda et al. 2005), cucumber (Han et al.
2009), maize (Zhao et al. 2017) and different species of Arabideae tribe
(Brassicaceae) (Mandakova et al. 2020). In cucurbit species, centromere activation or
inactivation was associated with gain or loss of a large amount of pericentromeric
heterochromatin (Han et al. 2009). In V. unguiculata, the whole chromosome region
above BAC HO074C16 in Vu2 pachytene (previously named chromosome 7) is
constituted by moderately or highly condensed heterochromatin, which corroborates
the lack of genetic markers in Vu2S of this entire short arm (Iwata-Outsubo et al. 2016;
Lonardi et al. 2019). Due to the limited sequence information for Vigna centromeres,
further studies are needed to fully understand their positional changes.

Based on our results, we believe the pericentromeric region of chromosomes 2
and 3 are hotspots for chromosomal rearrangements in Vigna species and P. vulgaris.
As suggested by Coghlan et al. (2005), there is a strong association between
breakpoints and repeat sequence abundance, which can explain the large number of
rearrangements close to the heterochromatic centromere regions of these
chromosomes. These hotspots may be related to adaptative effects, as observed in
Brachypodium species (Idziak et al. 2014); to epigenetic mechanisms of gene
expression, as found in the Arabideae tribe (Mandakova et al. 2020); and/ or to
genomic responses to biotic stresses, as noted in A. thaliana population studies (Jiao
and Schneeberger 2020).

Together, our integrative BAC- and oligo-FISH mapping combined with the
synteny data provide a foundation for comparative cytogenetics of legumes, and
helped to clarify the macrosynteny, cytogenomic organization and chromosome
evolution mechanisms within and between Vigna and Phaseolus. Therefore, the
continued development of the genetic/genomic diversity exploration based on the

comparative analysis is essential for the comprehension of synteny and evolution of
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closely and distantly related species, especially considering that most Vigna and
Phaseolus species do not present genetic and physical maps, nor genome
sequencing. The combined BAC- and oligo-FISH resources have the potential to trace
a more complete evolutionary history of beans.
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5 CONCLUSOES

Os mapas citogenéticos comparativos fornecem informacdes detalhadas acerca da
macrossintenia e organizacao/ estruturagdo gendmica e evolugcdo cromossémica
entre leguminosas economicamente importantes dos géneros Vigna e Phaseolus.
Uma conservacao parcial de macrossintenia envolvendo cinco cromossomos (6, 7,
9, 10 e 11) é observada entre os genomas de V. aconitifolia, V. angularis, V.
unguiculata e P. vulgaris, sugerindo uma estabilidade cariotipica entre essas
espécies.

Os principais rearranjos identificados e relacionados a evolu¢cao cromossdmica entre
as espécies de Vigna comparativamente a P. vulgaris (ha 9,7 milhdes de anos) e
entre 0s subgéneros Vigna e Ceratotropis (ha 3,6 milhdes de anos) sao
translocacdes e inversoes.

A presenca de um sitio de DNAr 35S no cromossomo 6 de todas as espécies
analisadas e previamente descritas na literatura suporta a hipotese de

ancestralidade e conservacao desse cromossomo na subtribo Phaseolinae.
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sequenced genome. To investigate the cytogenomic
evolution of important Vigna and Phaseolus beans,
we built a BAC-FISH (fluorescent in situ hybridi-
zation of bacterial artificial chromosome) map of
Vigna aconitifolia (Vac, subgenus Ceratotropis),
species with no sequenced genome, and compared
with V. unguiculata (Vu, subgenus Vigna) and
Phaseolus vulgaris (Pv) maps. Seventeen Pv
BACs, cight Vu BACs, and 5S and 35S rDNA
probes were hybridized in situ on the 11 Vac chro-
mosome pairs. Five Vac chromosomes (Vaco6,
Vac7, Vac9, Vacl0, and Vacll) showed conserved
macrosynteny and collinearity between
V. unguiculata and P. vulgaris. On the other hand,
we observed collinearity breaks, identified by
pericentric inversions involving Vac2 (Vu2), Vac4
(Vud), and Vac3 (Pv3). We also detected
macrosynteny breaks of translocation type involv-
ing chromosomes 1 and 8 of V. aconitifolia and
P. vulgaris; 2 and 3 of V. aconitifolia and
P. vulgaris; and 1 and 5 of V. aconitifolia and
V. unguiculata. Considering our data and previous
BAC-FISH studies, six chromosomes (1, 2, 3, 4, 5,
and 8) are involved in major karyotype divergences
between genera and five (1, 2, 3, 4, and 5) between
Vigna subgenera, including mechanisms such as
duplications, inversions, and translocations.
Macrosynteny breaks between Vigna and
Phaseolus suggest that the major chromosomal re-
arrangements have occurred within the Vigna clade.
Our cytogenomic comparisons bring new light on
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the degree of shared macrosynteny and mechanisms
of karyotype diversification during Vigna and
Phaseolus evolution.

Keywords BAC-FISH - beans - chromosome
rearrangements - karyotype evolution - Phaseolineae
subtribe - synteny

Abbreviations

BAC  Bacterial artificial chromosome
Chr Chromosome

DAPI  4,6-Diamidino-2-phenylindole

FISH  Fluorescence in situ hybridization
LG Linkage group
Mya  Million years ago

rDNA Ribosomal DNA

Pl Phaseolus lunatus

Pm Phaseolus microcarpus
Py Phaseolus vulgaris
Vac Vigna aconitifolia

Vm Vigna mungo

Vum Vigna umbellata

Vu Vigna unguiculata
Introduction

Vigna Savi and Phaseolus L. are socioeconomic impor-
tant legumes with wide distribution, mainly in the south-
ern hemisphere. These phylogenetically related genera
were separated ~9.7 million years ago (Mya) (Li et al.
2013) and belong to the Phaseolineae subtribe,
Papilionoideae subfamily, Leguminosae family
(LPWG 2017). Phaseolus comprises about 100 species
(The Plant List 2013), with five domesticated species of
American origin, including P. vulgaris L. (common
bean), the main grain legume for human diet in the
world (Broughton et al. 2003; Gepts et al. 2008). In
turn, Vigna comprises about 120 species (The Plant
List 2013) distributed in five subgenera (Delgado-
Salinas et al. 2011), including several agriculturally
important legumes from Ceratotropis (Asian group)
and Vigna (African group) subgenera (~ 3.6 Mya diver-
gence; Javadi et al. 2011), such as V. aconitifolia (Jacq.)
Maréchal (moth bean; Tomooka et al. 2002; Brink and
Jansen 2006) and Vigna unguiculata (L.) Walp.
(cowpea; Maréchal et al. 1978), respectively.

@ Springer

Most Phaseolus and Vigna species are diploid with
2n=2x=22 chromosomes (Mercado-Ruaro and
Delgado-Salinas 1996, 1998; Forni-Martins 1986;
Venora et al. 1999; She et al. 2015). Genetic maps based
on different molecular markers have been developed for
P. vulgaris (Vallejos et al. 1992; Freyre et al. 1998) and
for several Vigna species, such as V. unguiculata
(Ouédraogo et al. 2002; Muchero et al. 2009; Muiioz-
Amatriain et al. 2017) and V. aconitifolia (Yundaeng
et al. 2019). However, whole-genome assembly is lim-
ited to few species, such as P. vulgaris (Schmutz et al.
2014), V. radiata (L.) R. Wilczek (mungbean; Kang
et al. 2014), V. angularis (Willd.) Ohwi & H. Ohashi
(adzuki bean; Kang et al. 2015; Sakai et al. 2015; Yang
et al. 2015), V. subterranea (Chang et al. 2019), and
V. unguiculata (Lonardi et al. 2019). For most of the
remaining Vigna species, genetic and genomic compar-
isons are limited to the genetic linkage map information.

Cytogenomic comparative analysis using BACs
(bacterial artificial chromosomes) as FISH (fluorescent
in situ hybridization) probes has been a useful approach
for comparative evolution studies in legumes, including
some Vigna and Phaseolus species. In Phaseolus,
macrosynteny studies by BAC-FISH indicated that the
genus evolution mostly relies on chromosomal rear-
rangements of little complexity in 2n =22 species, with
few breaks of collinearity due to inversions between
P. vulgaris and P. lunatus L. (Bonifacio et al. 2012;
Almeida and Pedrosa-Harand 2013), and between
P. vulgaris and P. microcarpus Mart. (Fonséca and
Pedrosa-Harand 2013). For P. leptostachyus Benth.,
species with 2n =20, BAC-FISH revealed that the de-
scending dysploidy was caused by a nested chromo-
some fusion, accompanied by several additional trans-
locations and inversions not previously reported for the
genus (Fonséca et al. 2016). Additionally, in the inter-
generic comparison using P. vulgaris BAC probes hy-
bridized on the mitotic chromosomes of V. unguiculata
(BAC-FISH), a partial conservation of macrosynteny
between these species was identified, with transloca-
tions, inversions, and duplications involved in five
V. unguiculata chromosome pairs (Vasconcelos et al.
2015). Nevertheless, it was not possible to infer about
chromosome diversification and evolution within Vigna
genus since the cytogenetics analysis was restricted to
V. unguiculata.

The present work aimed to expand the cytogenomic
comparison within Vigna by studying a species with no
assembled genome and with distinct cytogenetic
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features with respect to the number of rDNA sites (She
et al. 2015): Vigna aconitifolia, which has only one pair
of 5S rDNA and one pair of 35S rDNA. It is an Asian
wild species tolerant to drought stress (as discussed by
Takahashi et al. 2016), which makes it a target species
for genetics studies. To better understand the chromo-
some evolution and genome organization within Vigna
and between Vigna and Phaseolus, we constructed a
cytogenetic map for V. aconitifolia and compared it with
V. unguiculata and P. vulgaris maps, using
V. unguiculata and P. vulgaris BACs, and 5S and 35S
rDNA as FISH probes. Taken together with previous
BAC-FISH studies, the present results provide evidence
and help to understand the chromosome evolutionary
paths and to identify the main chromosomal rearrange-
ments that occurred during Vigna and Phaseolus
divergence.

Materials and methods
Plant material

Vigna aconitifolia (Vac) accession VIG 1609 (Indian),
V. unguiculata (Vu) cv. BR14-Mulato, P. vulgaris (Pv)
cv. BRS Esplendor, and P. vulgaris Mesoamerican
breeding line BAT93 seeds were provided by IPK (In-
stitute of Plant Genetics and Crop Plant Research,
Gatersleben, Germany), Embrapa Meio-Norte (Empresa
Brasileira de Pesquisa Agropecuaria Meio-Norte, Tere-
sina, Brazil), Embrapa Arroz ¢ Feijao (Empresa
Brasileira de Pesquisa Agropecudria Arroz ¢ Feijdo,
Santo Anténio de Goias, Brazil), and CIAT (Interna-
tional Center for Tropical Agriculture, Cali, Colombia),
respectively. All seeds were multiplied at IPA (Instituto
Agrondmico de Pernambuco, Recife, Brazil).

Chromosome preparation

After seed germination, root tips were collected and pre-
treated with 2 mM 8-hydroxyquinoline (8-HQ) for 4.5 h
at 18 °C, fixed in methanol to acetic acid (3:1, v/v) from
4 to 24 h at room temperature and stored at — 20 °C until
use. Then, meristems were digested for 4 h at 37 °C in
2% (w/v) cellulase “Onozuka R-10" (Serva)/20% (v/v)
pectinase (Sigma). Slides were prepared according to
Carvalho and Saraiva (1993), with minor modifications
at the final steps: after air drying, the slides were im-
mersed in 45% acetic acid for 10 s and dried at 37 °C.

BAC selection and probe labeling

For V. aconitifolia comparative BAC-FISH map, 31
BAC clones from P. vulgaris (Kami et al. 2006), previ-
ously selected (Pedrosa-Harand et al. 2009; Fonséca
et al. 2010) with genetically mapped markers (Vallejos
et al. 1992; Hougaard et al. 2008), as well as the bacte-
riophage SJ19.12 related to anthracnose resistance were
tested (Table 1; Online Resource 1; Fonséca et al. 2010).
Additionally, 14 Vu BAC clones were used, of which
eight were previously mapped in situ on Vu pachytene
chromosomes (Iwata-Otsubo et al. 2016) and six were
used for the first time for in situ hybridization (Table 1;
Online Resource 1). These BAC clones contain SNPs
previously located on V. unguiculata consensus map
and anchored in silico in Pv pseudomolecules (Mufioz-
Amatriain et al. 2017).

Moreover, the R2 probe, 6.5-kb fragment containing
the 18S-5.8S-25S rDNA repeat unit from A. thaliana
(L.) Heynh. (Wanzenbock et al. 1997) and the D2
sequence, 400-bp fragment containing two 5S rDNA
repeats from Lotus japonicus (Regel) K.Larsen (Pedrosa
et al. 2002), were used for the identification of
V. aconitifolia chromosomes that carry tDNA. DNA
extraction of Pv and Vu BACs, and plasmid containing
rDNA followed the Plasmid Mini Kit protocol (Qiagen).
BACs, 35S, and 5S rDNA probes were labeled with
Cy3-dUTP (GE Healthcare), digoxigenin-11-dUTP
(Roche Diagnostics), and biotin-16-dUTP (Sigma), re-
spectively, via nick translation kit (Thermo Fisher
Scientific).

Fluorescent in situ hybridization

The FISH procedure followed Fonséca et al. (2010). All
selected BAC probes were first hybridized on donor
species (P. vulgaris and/or V. unguiculata) metaphases,
confirming the presence of a single FISH signal on their
chromosomes. The hybridization mixture comprised
50% formamide (v/v), 10% dextran sulfate (w/v), 2%
saline sodium citrate (SSC), and 2-5 ng/uL of each
probe, denatured for 10 min at 75 °C. For blocking the
repetitive DNA of some BACs with disperse signals on
FISH, the Cy#-100 fraction of P. vulgaris was isolated
(Zwick et al. 1997) and added to the hybridization mix
(Table 1; Online Resource 1). After the addition of the
hybridization mixture, slides were denatured at 75 °C
for 7 min, and kept for 2 days in humid chamber at
37 °C (stringency of 77%). The post-hybridization
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Table 1 List of 17 BACs from Phaseolus vulgaris (Pv) and eight BACs from Vigna unguiculata (Vi) mapped in situ on chromosomes of

V. aconitifolia (Vac), V. unguiculata, and P. vulgaris chromosomes (with or without Cyt-100 blocking DNA)

Vac BAC

BAC chromosome position/arm

V. aconitifolia

V. unguiculata®
Vu/LG

P. vulgaris®
Py

Vacl 177119
38C24

Vac2 HO074C16"
M0261.23"

Vac3 225P10

21N14
127F19
267H4
147K17
95L13
Vac4 221J10
190C15

Vac5 MO02E09*

Vac6 121F5
18B15

Vac7 22121
86117

Vac8 169G16
221F15

Vac9 HO86N19*
Ho10M18"

Vacl0  HO15M15"
HO025N06"

Vacll H092122%

@ Springer

Interstitial/short (0%)
Terminal/long (0%)
Proximal/short (0x)
Terminal/long (0%)

Terminal/short (0x)

Interstitial/short (Vac3) and interstitial/short

(small chromosome) (50%)

Interstitial/short (Vac3) and interstitial/short

(small chromosome) (50%)
Proximal/short (0%)

Proximal/long (0x%)
Interstitial/long (0x)
Terminal/short (0x)
Terminal/long (0x)

Interstitial/long (0x)

Subterminal/long (0%)
Terminal/long (0x)
Terminal/short (0x)
Terminal/long (0x)
Interstitial/short (0%)
Interstitial/long (0x)
Terminal/short (0x)
Terminal/long (0x)
Terminal/short (0x)
Proximal/long (0x%)

Subterminal/short (0x)

Terminal/long (0x)
Vu5/VulLG1

Subterminal/long (50x%)
Vul/VulLG4

Proximal/long (0%)
Vu2/VulLG7

Terminal/long (0%)
Vu2/Vul.G7

Terminal/short (0x)
Vu3/VulLG3
No signal (0x)

Terminal/short (50%)
Vu3/VulLG3

Interstitial/short (50%)
Vu3/VulLG3

Proximal/short and long (0x%)
Vu3/VulLG3

Interstitial/long (0x)
Vu3/VuLG3

Terminal/short (50%)
Vud/VulLG11

Subterminal/short (20x)
Vud/VulLG11

Subterminal/short (0x)
Vu5/VuLG1
No signal (0x)

Terminal/short (0x)
Vu6/VulLG6

Terminal/short (0x)
VuT7/VulLG2

Terminal/long (0x)
Vu1/VuLG2

Terminal/long (50x)
Vu8/VuL.G5

Proximal/short (5%)
Vu8/VuLGS

Subterminal/short (0x)
Vu9/Vul.G8

Terminal/long (0x)
Vu9/VuLG8

Subterminal/long (0%)
Vul0/VuLG10

Interstitial/short (0x)
Vul0/VuLG10

Terminal/short (0x)

Interstitial/short (0x)
Pv8

Subterminal/long (0%)
Pyl

Terminal/short (0x)
Pv3*

Terminal/short (0x)
Pv2*

Subterminal/long (0%) Pv2

Interstitial/long (80x)
Pv2

Interstitial/long (0x)
Pv2

Interstitial/short (50%)
Pv3

Interstitial/short (0x)
Pv3

Subterminal/long (0%)
Pv3

Subterminal/short (50%)
Pva

Interstitial/long (50x)
Pv4

Not analyzed

Interstitial/long (0x)
Pv6

Subterminal/long (0%)
Pv6

Interstitial/long (50x)
Pv7

Subterminal/short (50%)
Pv]

Subterminal/long (50%)
Pv8

Proximal/short (20%)
Pvl

Subterminal/long (0x)
Pvo*

Proximal/short (0x)
Pvo*

Terminal/short (0x)
Pv10*

Proximal/long (0x)
Pv10*

Terminal/long (0x)
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Table 1 (continued)

Vac BAC BAC chromosome position/arm
V. aconitifolia V. unguiculata® P. vulgaris®
Vu/LG PV
Vul1*/VuLG9 Pvll*
179N 14 Terminal/long (50x) Terminal/long (0x) Subterminal/short (0x)

Vull/VuLG9 Pvll

#BACs hybridized in situ in Vasconcelos et al. (2015)

"BACs hybridized in situ in Pedrosa-Harand et al. (2009) and Fonséca et al. (2010)

© Chromosomes numbered according to Lonardi et al. (2019)
4 Linkage groups according to Mufioz-Amatriain et al. (2017)
¢ Chromosomes numbered according to Schmutz et al. (2014)
#*BAC clones of V. unguiculata

*New data for V. unguiculata or P. vulgaris

washes were performed in 0.1x SSC at42 °C. For BACs
with no FISH signal, 40% stringency was tested (for
details, see Schwarzacher and Heslop-Harrison 2000).
35S biotin-labeled probes were detected using avidin-
rhodamine antibody (Vector Laboratories), and 5S
digoxigenin-labeled probes were detected using sheep
anti-digoxigenin primary antibody conjugated with
FITC (fluorescein isothiocyanate; Roche), both antibod-
ies diluted in 1% (w/v) BSA. All preparations were
counterstained with 8 pulL of DAPI (4',6-diamidino-2-
phenylindole) in Vectashield (1 pg/mL) (Vector). For
different DNA sequence detection using the same cells,
slides were rehybridized (Heslop-Harrison et al. 1992).

Data analysis

Images of the best mitotic metaphases were acquired
using Leica DMLB epifluorescence microscope and
Leica DFC 340FX camera with the Leica CW4000
software. Images were pseudocolored and optimized
for brightness and contrast with Adobe Photoshop CS4
(Adobe Systems Incorporated) software. For each chro-
mosome, five mitotic metaphases were selected. Chro-
mosomes and BAC signal positions were measured
using MicroMeasure v3.3 software (available at
http://rydberg.biology.colostate.edu/MicroMeasure/,
Colorado State University). The BAC positions were
classified in terminal (= subtelomeric), subterminal,
interstitial, and proximal. Twenty chromatids per
chromosome type were measured for size, arm ratio,
and BAC position.

Chromosomes were named according to the ini-
tials of V. aconitifolia (Vac), in accordance with their
orthology to V. unguiculata (Vu) and P. vulgaris
(Pv) chromosomes, using the numbering system pro-
posed by Lonardi et al. (2019). Subsequently, we
constructed comparative circular ideograms among
Vac/Vu/Pv using Adobe Flash CS4 Professional pro-
gram. Pv and Vu ideograms were assembled based
on Vasconcelos et al. (2015). To facilitate our com-
parisons, Vu chromosome numbering described by
Vasconcelos et al. (2015) was substituted by the
new Vu numbering system (Lonardi et al. 2019),
and Vac and Vu chromosomes were positioned ac-
cording to Lonardi et al. (2019), independent of their
morphology. A comparison of the major chromo-
somal changes among Vigna and Phaseolus species
was performed based on the present work and on
the literature data for V. umguiculata (Vasconcelos
et al. 2015), P. vulgaris (Pedrosa-Harand et al. 2009;
Fonséca et al. 2010), P. Ilunatus (Plu) (Bonifacio
et al. 2012; Almeida and Pedrosa-Harand 2013),
and P. microcarpus (Pm) (Fonséca and Pedrosa-
Harand 2013). These comparisons were schematical-
ly represented in a modified phylogenetic tree based
on ITS, #7nK and mafK sequences (Delgado-Salinas
et al. 2011).

Results

In our BAC-FISH map construction for V. aconitifolia
(Vac, 2n=22), we identified its 11 meta- and
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submetacentric mitotic chromosome pairs by using 17
Pv (P. vulgaris) BACs, eight Vu (V. unguiculata) BACs,
and 35S and 5S rDNA as probes (Figs. 1 and 2, Table 1,
Online Resource 1). To perform the intra- and interge-
neric comparative BAC-FISH analysis, we compared
our Vac map with Vu and Pv, as schematically repre-
sented in circular maps (Fig. 3). In the present work, at
least two markers were physically mapped on each of
the 11 chromosome pairs of Vac, Vu, and Pv, except for
Pvs.

From the BACs tested, 14 Pv BACs and eight Vu
BACs showed unique signals on Vac chromosomes
without addition of blocking DNA (Table 1). However,
SJ19.12 bacteriophage, 14 Pv BACs, and four Vu BACs
showed no or disperse FISH signals on Vac chromo-
somes, being excluded from further analyses. Addition-
ally, for three Pv BACs and two Vu BACs with disperse
signals, we added the blocking DNA (50-100% Cyt-100
fraction), but only for BAC 179N14, a single-copy
signal was detected on Vacll, while BACs 127F19
and 21N14 (Pv2) were mapped on Vac3 and on a small
chromosome (Table 1; Online Resource 1).

Five of the 11 Vac chromosomes (Vac6, Vac7, Vac9,
Vacl0, and Vacl1) showed conservation of synteny and
collinearity with their corresponding Vu and Pv chro-
mosomes (Fig. 3). Our BAC-FISH comparison identi-
fied two translocation events with macrosynteny breaks
between V. aconitifolia and P. vulgaris: one involving
Vacl (177119, 38C24; Fig. 1b) and Vac8 (169G16,
221F15; Fig. 2d), when compared with Pvl (221F15,
38C24) and Pv8 (177119, 169G16), and the other in-
volving Vac2 (HO74C16, M026L.23; Fig. 1c) and Vac3
(225P10, 127F19, 21N14, 267H4, 147K 17, 95L13; Fig.
1d-f), when compared with Pv2 (M026L23, 127F19,
21N14, 225P10) and Pv3 (H074C16, 147K17, 267H4,
95L13) (Figs. 3 and 4). Since chromosomes 2 and 3 are
known to be the most involved in rearrangements be-
tween Vu and Pv (Vasconcelos et al. 2015), we in-
creased the number of BACs in their analysis. After
adding block DNA (50% Cyt-100 fraction), 127F19
and 21N14 BACs (both markers colocalized on Pv2)
were colocalized on Vac3, but also mapped in a small
chromosome, suggesting a duplication for these two
sequences on different chromosomes (Table 1; Fig. 1d
and f, respectively). The chromosome segment includ-
ing BACs 147K17 and 267H4 (Pv3, short arm) was
inverted on Vac3, with 267H4 at short arm and
147K17 at the long arm, suggesting a break of collin-
earity caused by an inversion between genera, which
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also involved a centromere repositioning (Figs. 1a, e and
3). As previously reported by Vasconcelos et al. (2015),
we also observed a duplication of 147K17 BAC marker
on Vu3 (Fig. 3), being considered a species-specific
event since it was not observed on Vac3 (Fig. 1e).

Furthermore, the comparative BAC-FISH map be-
tween Vigna species also revealed breaks of synteny
within the genus. We identified a translocation involv-
ing Vacl (177119 and 38C24; Fig. 1b) and Vac5
(MO002E09; Fig. 1h) when compared with Vul
(38C24) and Vu5 (M002E09 and 177119; Fig. 3). Ad-
ditionally, two collinearity breaks caused by pericentric
inversions were observed between Vigna species, in-
volving Chr2 (H074C16 and M026L.23; Figs. 1c and
3)and Chr4 (221J10 and 190C15; Figs. 1g and 3). In the
latter case, BACs located on Vac4 were collinear to Pv4,
suggesting the inversion is species-specific and has oc-
curred in V. unguiculata (Figs. 3 and 4).

We also compared the position and distribution of the
rDNA sites among all analyzed species. The mapped
P. vulgaris accession presented two chromosomes with
5S rDNA sites (Pv6, Pv10) and three chromosomes with
35S rDNA sites (Pv6, Pv9, Pv10), while V. unguiculata
showed two chromosomes carrying 5S rDNA sites
(Vul0, Vull) and six with 35S rDNA sites (Vul, Vu2,
Vu6, Vu9, Vul0, Vull), as previously described by
Fonséca et al. (2010) and Vasconcelos et al. (2015),
respectively. In contrast, only one pair of 5S rDNA sites
was located at the proximal region of the long arm of
Vac5 (Fig. 1a, h), and one 35S rDNA pair was found
covering the whole short arm of Vac6 (Fig. 2a, b).

To provide additional support for our comparative
chromosome analysis between genera, we compared
our FISH mapping with the previous literature data for
P. microcarpus (Fonséca and Pedrosa-Harand 2013) and
P. lunatus (Bonifacio et al. 2012; Almeida and Pedrosa-
Harand 2013). The cytogenetic comparison is schemati-
cally represented in a simplified phylogenetic tree
(adapted of Delgado-Salinas et al. 2011), which helped
us to understand the macrosynteny, collinearity, and
chromosome alterations among Vigna and Phaseolus
species (Fig. 4). Inversions were the only rearrangement
type found in Phaseolus genus. One paracentric and one
pericentric inversion were identified between clades A
and B. Within clade B (P. vulgaris and P. lunatus), three
pericentric inversions were previously described. Alto-
gether, the results described above associated with these
previous BAC-FISH studies identified the main chromo-
somes and the major rearrangements among these
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177119 38C24 | HO74C16 M026L23 | 225P10 21N14 127F19 267H4 147K17 95L13 | 221J10 190C15 | rDNA MO02E09

177119

* ® 4
\"q o

M026L23

Fig. 1 Fluorescent in situ hybridization of ten genetically
assigned BACs of Phaseolus vulgaris (Pv) and three BACs of
Vigna unguiculata (Vu), as well as 5S rDNA, in V. aconitifolia
(Vac) mitotic chromosomes counterstained with DAPI
(pseudocolored in gray). a Vigna aconitifolia chromosomes
(Vacl, Vac2, Vac3, Vac4, and Vac5) hybridized with 5S rDNA,
BACs from five P. vulgaris chromosomes (Pvl, Pv2, Pv3, Pv4,
and Pv8) and two V. unguiculata chromosomes (Vu2 and VuS5).
BACs were labeled with Cy3-dUTP and different pseudocolors
were applied. Chromosomes were orientated according to their

species. Chromosomes 1, 2, 3, 4, 5, and 8 were involved
in translocations, inversions, and duplications related to
the divergence and evolution between and within Vigna
and/or Phaseolus genera.

Discussion

To increase the knowledge of the global macrosynteny
and karyoevolutionary mechanisms in Vigna and
Phaseolus, we constructed a comparative FISH map
among V. aconitifolia, V. unguiculata, and P. vulgaris
(Pedrosa-Harand et al. 2009; Fonséca et al. 2010;
Vasconcelos et al. 2015) (Fig. 3). Partial conservation
of synteny was observed among Vigna and Phaseolus
species. Five chromosomes (6, 7, 9, 10, and 11) were

- o

221J10
190C15

MO002E09

morphology. b BACs 177119 (Pv8) and 38C24 (Pvl) in situ
located in Vacl. ¢ BACs HO74C16 (Vu2) and M026L23 (Vu2)
mapped in Vac2. d BACs 127F19 (Pv2, arrowhead and in an
unidentified second pair) and 95L13 (Pv3) in Vac3. e BACs
267H4 (Pv3) and 147K 17 (Pv3) mapped in Vac3. f BAC 21N14
(Pv2, arrowhead and in an unidentified second pair) hybridized on
chromosome Vac3. g BACs 221J10 (Pv4) and 190C15 (Pv4) in
Vac4. h 5S tDNA and BAC M002E09 (Vu5) in Vac5. Bars in a
and h represent 5 pm

highly syntenic and collinear among V. aconitifolia
(present work), V. unguiculata (Vasconcelos et al.
2015; Mufnoz-Amatriain et al. 2017; Lonardi et al.
2019), and P. vulgaris (Pedrosa-Harand et al. 2009;
Fonséca et al. 2010). Additionally, despite its involve-
ment in chromosomal rearrangement between both gen-
era, chromosome 8 was syntenic within Vigna, as ob-
served in our Vu and Vac comparison, and from geno-
mic data in other two species from Ceratotropis subge-
nus, V. angularis (Va) and V. radiata (Vr) (Lonardi et al.
2019). Overall, breaks of macrosynteny and collinearity
due to translocations, inversions, and duplications were
detected in the other six or five chromosomes that are
involved in the major karyotype divergences between
both genera or between Vigna and Ceratotropis
subgenera, respectively.
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358 Pvb Pv6 Pv8 Pv1 Vu9 vu9

rDNA 121F5 18B15 | 22121 86117 | 169G16 221F15

B

HO10M18

Fig. 2 Fluorescent in situ hybridization of seven genetically
assigned BACs of Phaseolus vulgaris (Pv) and five BACs of
Vigna unguiculata (Vu), as well as 35S rDNA, in Vigna
aconitifolia (Vac) mitotic chromosomes counterstained with DAPI
(pseudocolored in gray). a V. aconitifolia chromosomes (Vaco,
Vacl, Vac8, Vac9, Vacl0, and Vacl 1) hybridized with 35S rDNA
and BACs from five P. vulgaris chromosomes (Pvl, Pv6, Pv7,
Pv8, and Pvll) and three V. unguiculata chromosomes (Vu9,
Vul10, and Vull). BACs were labeled with Cy3-dUTP and

We also expanded our comparison to the literature data
for P. lunatus (Bonifacio et al. 2012; Almeida and
Pedrosa-Harand 2013) and P. microcarpus (Fonséca
and Pedrosa-Harand 2013), including the chromosomes
involved in rearrangements (Fig. 4). In Phaseolus,
P. vulgaris, P. lunatus, and P. microcarpus showed con-
served synteny, being identified by BAC-FISH only in-
versions involving four chromosomes (3, 6, 9, and 10, but
only Chr3 is represented in Fig. 4) resulting in breaks of
collinearity, in addition to one duplication involving Pm3
and Pm6 (Pv3 marker) (Fonséca et al. 2010; Bonifacio
et al. 2012; Fonséca and Pedrosa-Harand 2013).

Between Vigna and Phaseolus, major synteny breaks
were found within Vigna, suggesting that most of the
chromosomal rearrangements must have occurred dur-
ing its genus diversification. For instance, pericentric
inversions, as observed for Chr2 and Chr4, indicate
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HO86N19 HO010M18

Vu10 Vu10 Vul Pvi1
HO015M15 HO25N06

H092J22 179N14

. 3

221F15

HO025N06

different pseudocolors were applied. Chromosomes were orientat-
ed according to their morphology. b 35S rDNA and BAC 18B15
(Pv6) mapped in Vac6. ¢ BACs 22121 (Pv7) and 86117 (Pv7) in
Vac7. d BACs 169G16 (Pv8) and 221F15 (Pvl) mapped in Vac8.
e BACs HO86N19 (Vu9) and HO10M 18 (Vu9) identified in Vac9. f
BACs HO15M15 (Vu10) and HO25N06 (Vu10) located in Vac10.
g BACs H092J22 (Vull) and 179N14 (Pv11) hybridized in
Vacl1. Bars in a and g represent 5 um

collinearity breaks within Vigna. Regarding synteny,
while chromosomes 1 and 8 are syntenic among
Phaseolus species with 22 chromosomes (Fonséca
et al. 2010; Bonifacio et al. 2012; Fonséca and
Pedrosa-Harand 2013), only Chr8 was syntenic within
Vigna (present work; Lonardi et al. 2019). Comparing
Vigna-Phaseolus, we identified a Pv1-Pv8 BAC trans-
location for Chr8 of both Vigna species. However, in
Vu-Pv comparison, Chrl and Chr8 are involved in a
complex translocation with a third chromosome
(Vasconcelos et al. 2015), which was identified in the
present work as Vu5, corroborating Lonardi et al.
(2019). Our results indicate that a translocation between
Chrl and Chr8 occurred after Phaseolus-Vigna diver-
gence (9.7 Mya, Li et al. 2013), followed by an addi-
tional translocation with Chr5 observed in the
V. unguiculata lineage.
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Fig.3 Schematic representation of comparative cytogenetic maps
of Vigna aconitifolia (Vac), V. unguiculata (Vu), and Phaseolus
vulgaris (Pv), showing chromosomal localization of 17 Pv BACs,
eight Vu BACs, and 35S and 5S rDNA clones. BACs 21N14 and
127F19 (both localized at the same position in the Pv2 cytogenetic
map) were colocalized in Vac3. *BAC 86117 was not mapped as a
single copy in P. vulgaris, but as repetitive subtelomeric sites.
Here, it was positioned as single site, according to their reported

Between genera, BACs from Pv2 and Pv3 are in-
volved in at least one reciprocal translocation and a
complex inversion or transposition when compared with
Vac and Vu chromosomes (present work; Vasconcelos
et al. 2015; Lonardi et al. 2019), suggesting that this
event must have occurred after Vigna and Phaseolus

Vud

35S
Vué

18B15

genetic position and location in P. lunatus (Almeida and Pedrosa-
Harand 2013). Same BACs are connected by lines colored accord-
ing to P. vulgaris chromosome number. *New data for
V. unguiculata and P. vulgaris. Chromosome numbering and
positioning followed the new V. unguiculata numbering system
(Lonardi et al. 2019), and V. aconitifolia chromosomes were
orientated according to V. unguiculata chromosome orthology,
independent of their morphology

divergence and before diversification of the genus in
which it occurred. Within Vigna species analyzed in our
work, as well as in previous V. unguiculata-V. radiata
and V. unguiculata-V. angularis comparisons, both
chromosomes are mainly syntenic, with breaks of col-
linearity identified (Lonardi et al. 2019). We observed a

@ Springer



A.R.d. S. Oliveira et al.

vu1 Vu2
IPe 2,4
T (1-5)
B 358 358
HO74C16"
g § 38C24 M026L23*
T(2:3) L
T(1-8) ~|%
13 =~
2
g|E Vac1  Vac2
215 ac ac
Ol w»
N~
g = 177119
s O H074C16*
Rl
S M026L23*
38C24
Pv1 Pv2
o 1Pe2,9 | 221F15 MUZEESS
= 127F29
3 38C24 |=225P10
=
Q
£ !
<
2 Pl Plu2
3
% @ 221F15
s 8| [Peto
Q K]
IPa6 © 127F29
IPe 3 225P10
<
o
8
o Pm1 Pm2
221F15
127F29
225P10
38C24

Fig. 4 Schematic BAC-FISH comparative analysis, using BACs
from P. vulgaris and Vigna unguiculata (¥), for six chromosomes
of V. aconitifolia (Vac; present work) and V. unguiculata (Vu;
Vasconcelos et al. 2015), Phaseolus vulgaris (Pv; Pedrosa-Harand
et al. 2009; Fonséca et al. 2010), P. lunatus (Plu; Bonifacio et al.
2012; Almeida and Pedrosa-Harand 2013), and P. microcarpus
(Pm; Fonséca and Pedrosa-Harand 2013), involved in the major
rearrangements in relation to P. vulgaris, considering the proposed
phylogeny for the genera Vigna and Phaseolus (adapted from

pericentric inversion for Chr2 besides a species-specific
duplication of BAC 147K17 (Pv3) for Chr3 in
V. unguiculata (Vasconcelos et al. 2015), but not in
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Delgado-Salinas et al. 2011). T, translocation; D, duplication; I,
inversion; IPe, pericentric inversion; IPa, paracentric inversion.
Arrows in red indicate inversions in comparison with P. vulgaris
chromosomes. Vigna unguiculata chromosome numbering and
positioning followed the new numbering system (Lonardi et al.
2019), and V. aconitifolia chromosomes were orientated according
to V. unguiculata chromosome orthology, independent of their
morphology

V. aconitifolia. Comparing different accessions of
V. unguiculata, Lonardi et al. (2019) also identified a
4.2-Mb inversion at the long arm of Vu3 for 33 out of
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368 analyzed accessions. Most accessions that carry the
inversion were breeding materials (98.8%), indicating
the breeding selection can act to maintain the inversion
as an advantageous feature. In V. aconitifolia and
V. unguiculata, stress factors can be related to their
growing condition, mostly in hot and/or drought regions
(Singh 2005; Brink and Jansen 2006). Since transloca-
tion, inversions, and duplication were identified for
Chr2 and Chr3, we believe these chromosomes are
hotspots for chromosomal rearrangements, which con-
tributed to the karyotype divergence between Vigna and
Phaseolus.

Genetic linkage groups and/or sequenced
pseudochromosomes of Asian Vigna species, such as
V. aconitifolia, V. angularis, V. mungo (L.) Hepper
(Vm), V. radiata, and V. umbellata (Thunb.) Ohwi &
H.Ohashi (Vum), were previously compared by several
authors. In general, conserved synteny was observed
among these five Ceratotropis species, except for some
inversions, deletions, and few translocations (Chaitieng
et al. 2006; Gupta et al. 2008; Isemura et al. 2010;
Yundaeng et al. 2019). Between V. mungo and
V. angularis, only one translocation was detected. A
linkage block with three RFLP markers located on the
Vm LG10 was positioned in the distal end region of the
Va LG1 (Chaitieng et al. 2006), which in our nomen-
clature corresponds to the most rearranged Chr2 and
Chr3, respectively (see Lonardi et al. 2019 and Figs. 3
and 4). The comparison of the species with sequenced
genomes, such as V. angularis and V. radiata
(https://legumeinfo.org/genomes/gbrowse/Va3.0),
indicated few major and several minor translocation
events between them.

We detected differences regarding the centromere
relative position and arm sizes for Vac6, Vac8, and
Vacl0 when compared with their Vi orthologs. Differ-
ences in Vac6 and Vacl0 are probably related to the 35S
rDNA block size or to its absence, respectively, while
Vac8 could vary due to other repetitive sequences or
chromosome rearrangements such as pericentric inver-
sion and deletion. Number variation of rDNA sites is
commonly found in plant species, and in some families
as Leguminosae, the preferential position of the sites in a
chromosome can vary according to the studied genus
(revised by Roa and Guerra 2012). Between P. vulgaris
and V. unguiculata, changes regarding the number or
location of IDNA Joci seem to be related to transposition
events (Iwata et al. 2013), or to the activity of transpos-
able elements associated to cooptation of rDNA or

rRNA (Kalendar et al. 2008). In both genera, the number
of 5S rDNA is less variable with one or two pairs of
carrier chromosomes (Moscone et al. 1999; Almeida
and Pedrosa-Harand 2011; She et al. 2015). In
Phaseolus, Chrl0 is considered the ancestral chromo-
some condition for the 5S rDNA site (Fonséca et al.
2016), which was conserved on its V. unguiculata
ortholog chromosome, besides an additional site at
Vull (Vasconcelos et al. 2015). However, in
V. aconitifolia, the 5S rDNA site was not conserved at
Chr10, which presented only one site at Vac5. Regard-
ing the 35 rDNA sites, V. aconitifolia presented one pair
located on Vac6 that was syntenic to Vu6 and Pv6. On
the other hand, six additional sites (five chromosome
pairs) were present in V. unguiculata (Vasconcelos et al.
2015). In other Vigna species, at least two and three
pairs of 35 rDNA were reported in both Ceratotropis
and Vigna subgenera, respectively (She et al. 2015). In
Phaseolus, Pm6, Plu6, and Chr6 of P. leptostachyus
also presented the 35S rDNA site (Fonséca et al. 2010;
Bonifacio et al. 2012; Fonséca and Pedrosa-Harand
2013; Fonséca et al. 2016). The presence of the 35S
rDNA site on Chr6 of all species analyzed so far sup-
ports the idea of its ancestral condition not only in the
genus Phaseolus, as suggested by Fonséca et al. (2016),
but also in the Phaseolineae subtribe species. Neverthe-
less, comparative analyses, including other clades,
would be necessary to propose the chromosome ances-
try for the subtribe.

Here, we presented the first physical map of
V. aconitifolia and expanded the chromosome compar-
ison to other Vigna and Phaseolus species.
Macrosynteny analyses demonstrated highly syntenic
relationships between and within both genera, indicating
the conservation and ancestry of the 35S rDNA site on
Chr6 for both genera. At least two translocations (Chr1-
Chr8 and Chr2-Chr3) and a complex inversion or trans-
position (Chr3) have probably occurred after Vigna-
Phaseolus separation (9.7 Mya; Li et al. 2013), with
additional rearrangements involving these chromo-
somes within each genus. We believe that Chr2 and
Chr3 are hotspots for chromosomal rearrangements in
these and other species of the subtribe Phaseolinae. Our
data, together with previous reports, suggest that major
rearrangements have occurred within Vigna genus.
Within Vigna, at least one translocation (Chrl and
Chr$5), two pericentric inversions (Chr2 and Chr4) and
duplications (Chr3 markers) occurred after
V. unguiculata (subgenus Vigna) and V. aconitifolia
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(subgenus Ceratotropis, age of the clade ~3.6 Mya;
Javadi et al. 2011) diversification. The new
V. aconitifolia map provided new insights to the Vigna
comparative cytogenomic analyses, helping to elucidate
the chromosomal changes related to the evolution and
karyotype diversification of these economically impor-
tant legume crops.
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Meiotic crossovers characterized by haplotype-
specific chromosome painting in maize
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Meiotic crossovers (COs) play a critical role in generating genetic variation and maintaining
faithful segregation of homologous chromosomes during meiosis. We develop a haplotype-
specific fluorescence in situ hybridization (FISH) technique that allows visualization of COs
directly on metaphase chromosomes. Oligonucleotides (oligos) specific to chromosome 10 of
maize inbreds B73 and Mol7, respectively, are synthesized and labeled as FISH probes. The
parental and recombinant chromosome 10 in B73 x Mo17 F; hybrids and F, progenies can be
unambiguously identified by haplotype-specific FISH. Analysis of 58 F, plants reveals lack of
COs in the entire proximal half of chromosome 10. However, we detect COs located in
regions very close to the centromere in recombinant inbred lines from an intermated B73 x
Mo17 population, suggesting effective accumulation of COs in recombination-suppressed
chromosomal regions through intermating and the potential to generate favorable allelic
combinations of genes residing in these regions.
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eiotic recombination, which generates genetic variation

via exchange of DNA between homologous parental

chromosomes, is essential for plant and animal breed-
ing. Breeders rely on meiotic recombination to create new and
favorable combinations of parental alleles. Meiotic recombination
is initiated from the formation of double-strand breaks (DSBs) of
DNA molecules!. DSBs are then repaired through the double
Holliday junction or synthesis-dependent strand annealing
pathways, which result in meiotic crossovers (COs) or non-
crossovers (NCOs), respectively?. COs, which create a physical
connection of the homologous chromosome pairs, are also
essential for faithful chromosome segregation in meiosis. Thus,
essentially every chromosome at the first metaphase of meiosis
acquires at least one CO, which is known as the obligatory CO
rule®*. The frequency of zero-CO chromosomes is extremely low
and is usually much less than 1% in different organisms®°.

Meiotic COs can be mapped on chromosomes using different
methods. COs can be indicated based on the locations of late
recombination nodules (RNs) or protein markers associated with
COs, such as MLHI, on synaptonemal complexes (SCs)%7.
However, it is often difficult or impossible to distinguish indivi-
dual SCs in the same plant species, which would prevent to map
each RN on a specific chromosome. Physical mapping of
genetically anchored DNA markers can be used to predict the
locations of COs on chromosomes. Physical mapping in plants
can be achieved by using cytogenetic stocks®?, or by fluorescence
in situ hybridization (FISH) of DNA markers directly on chro-
mosomes!?-14, However, physical mapping can unveil the rela-
tionship between genetical and chromosomal distances of the
DNA markers, but does not reveal the exact positions of indivi-
dual COs. Lastly, genomic in situ hybridization (GISH) can be
used to visualize COs derived from homoeologous chromo-
somes!>~17. GISH, however, relies on presence of dispersed
repeats specific to each chromosone, thus, it can not be used to
detect COs from homologous chromosomes.

We develop a FISH technique that allows us to visualize
meiotic COs derived from homologous plant chromosomes. We
computationally identify large sets of oligonucleotides (oligos)
that are specific to chromosome 10 of either maize inbred B73 or
Mol7, two highly utilized inbreds that belong to two important
opposing heterotic groups!® and have been used extensively as
parental lines for genetic mapping and heterosis studies!®-21. The
identified oligos are based on presence-absence variation (PAV),
single nucleotide polymorphisms (SNPs), and/or insertions and
deletions (indels) in chromosome 10 sequences derived from the
two inbreds. These oligos are then massively synthesized and
labeled as FISH probes. We are able to differentially paint the two
copies of parental chromosome 10 in a B73 x Mo17 hybrid using
these haplotype-specific FISH probes. We intend to use this FISH
technique to detect and quantify meiotic COs derived from the
two homologous chromosome 10 in different maize populations.

Results

Identification of haplotype-specific oligos. Chromosome 10 of
maize consists of 150.98 megabases (Mb) of DNA sequences®>23.
To develop oligo-FISH probes that can be used differentially paint
the chromosome 10 from maize inbreds B73 and Mol7, respec-
tively, we used Chorus (https://github.com/forrestzhang/Chorus)
to generate single copy oligos (45 nucleotides (nt)) from the
pseudomolecules of chromosome 10 of B7324 and Mo1723. We
obtained a total of 175,437 and 174,728 oligos for B73 (B73 oli-
gos) and Mol7 (Mol7 oligos), respectively. We then identified
B73 oligos that are absent in the Mo17 genome and vice versa (see
Methods section), which were named PAV oligos. B73 oligos that
contain mismatches and/or indels to the Mol7 chromosome

10 sequence, and vice versa, were defined as SNP oligos. We only
retained oligos with mismatches and/or indels located between
10-35bp within each oligo. SNP oligos were identified in pairs
(see Methods section), one for B73 and one for Mol7. We cal-
culated the ATm between the B73 and Mol7 oligos of each pair
using primer32>26, Oligo pairs with ATm > 5 °C were discarded
to avoid hybridization bias towards one variant.

Chromosome painting using haplotype-specific oligo probes.
We identified 6251 and 5506 PAV oligos specific to B73 and
Mol7, respectively. These two sets of oligos were synthesized as
two oligo pools. The two synthesized pools of oligos were then
amplified, labeled, and hybridized to the metaphase chromo-
somes prepared from a B73 x Mo17 hybrid plant. Each pool of
oligos generated distinct FISH signals highly specific to the
chromosome 10 derived from B73 (red) or Mol7 (green)
(Fig. la). The B73 PAV probe generated only minimal cross
hybridization to chromosome 10 from Mol7, and vice versa.
However, the Mo17 probe hybridized to the 45S ribosomal RNA
gene region on chromosome 6 from both inbreds (Fig. 1a). This
cross hybridization was found to be caused by three oligos that
shared 79-88% sequence similarity with the 45S rRNA genes.
These three oligos were not detected by the oligo selection
software.

We identified 4353 pairs of oligos that are differentiated by 5 or
more SNPs between the B73 and Mol7 chromosome
10 sequences. These two sets of oligos generated strong signals
on the respective chromosome 10 from B73 or Mol7. We
observed weak but visible cross hybridization of the B73 probe to
the Mol7 chromosome, and vice versa (Fig. 1b). Similarly, we
identified 3894, 6506, and 19,885 pairs of oligos that are
differentiated by 3-4 SNPs, 2 SNPs, and 1 SNP, respectively,
between the B73 and Mo17 chromosome 10 sequences. Each SNP
probe generated stronger signals on the respective chromosome
10 than on the other copy of chromosome 10 in the hybrid.
However, the cross hybridization signals became stronger as the
number of SNP decreased (Fig. 1). We then used different
combinations of these five pairs of oligo pools. The combined
pools of oligos with PAV, =5 SNPs, and 3-4 SNPs produced the
best contrast of haplotype-specific FISH signals (Fig. 2b, c). These
two probe pools, thereafter named hapB (haplotype B73, red) and
hapM (haplotype Mo17, green), and were used in all future FISH
experiments.

Probes hapB and hapM contain 14,498 and 13,753 oligos,
respectively. These oligos are not uniformly distributed on
chromosome 10 (Fig. 2a). The chromosomal region spanning
42-54 Mb, which includes the centromere?’, contained only 27
and 39 oligos in B73 and Mol?7, respectively. Similarly, only 74
(115) oligos were identified in the first 2 Mb on the short arm and
19 (0) oligos identified in the final 1 Mb on the long arm of B73
(Mol7) (Supplementary Data 1). Thus, these regions showed
weak or undetectable FISH signals (Fig. 2c).

Meiotic COs revealed by chromosome painting. We wanted to
exploit the potential of oligo-FISH using hapB and hapM to
detect meiotic COs derived from the homologous chromosome
10 from B73 and Mol7. We produced F, seeds by pollinating
sibling B73 x Mo17 hybrid plants. Each F, plant contains two
copies of chromosome 10, with each homolog classified as par-
ental or recombinant (Fig. 3). We performed oligo-FISH experi-
ments on somatic metaphase chromosomes from 58 F, plants
(BM1-BM58), resulting in the analysis of 116 copies of chro-
mosome 10. These chromosomes can be cataloged as eight dif-
ferent types based on the positions of chromosomal exchanges
(Fig. 3c). We identified at least one unambiguous B73-Mol7
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B73

Fig. 1 Development of maize chromosome 10 oligo-FISH probes specific to inbreds B73 or Mo17. a Two oligo-FISH probes based on presence-absence
variation. b Two oligo-FISH probes based on 5 or more single nucleotide polymorphisms (SNPs). € Two oligo-FISH probes based on 3 or 4 SNPs. d Two
oligo-FISH probes based on 2 SNPs. e Two oligo-FISH probes based on 1 SNP. Oligo-FISH probes specific to the B73 haplotype were detected in red color.
Oligo-FISH probes specific to the Mo17 haplotype were detected in green color. Images in first column: Complete metaphase cells hybridized with the two
FISH probes; Images in the second column: digitally separated red FISH signals derived from the B73-specific probes; Images in the third column: digitally
separated green FISH signals derived from the Mo17-specific probes; Images in the forth column: merged FISH signals derived from both B73 and Mo17.
Arrows indicate the cross-hybridization signals at the 45 rDNA region associated with chromosome 6. Yellow arrowheads indicate the cross-hybridization
signals from B73-specific probes to Mo17 chromosome 10, and vice versa. Bars =10 pm. The original gray-scale images used to generate the five color
images in the first column of all panels of Fig. 1 are provided as a Source Data file

chromosomal exchange on 50 (43%) of the 116 chromosomes
(Supplementary Data 2), including 6 chromosomes with an
exchange on both arms (Fig. 3a). A chromosome 10 with three or
more COs was not identified in the analysis.

We measured the distance (um) from each homologous
chromosome exchange position (EP) to the telomere of the
respective chromosome arm. This distance was divided by the
total length of the respective chromosome arm to calculate the
FLA (Fractional Length of the Arm) (see Methods section), which
was used to map the position of each EP on the arm (Fig. 4). For
example, if the FLA of an EP is 42.5 on the long arm, the distance
from this EP to the telomere is 42.5% of the long arm. We divided

the short and long arms of the chromosome into 100 intervals,
from 0 at the telomere to 100 at the centromere. Each EP was
then mapped to one of these intervals (Fig. 4). Most EPs were
located within intervals 20-40 on the short arm and intervals
10-55 on the long arm (Fig. 4). Thus, no EP was observed within
nearly half of the chromosome 10 flanking the centromere
(Fig. 4). In addition, double COs in the same arm were rare and
were found only in one of the 116 copies of chromosome 10
analyzed (Fig. 3b).

Validation of crossovers by genomic sequencing. Recombinant
or parental copies of chromosome 10 were unambiguously
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Fig. 2 Development of hapB and hapM probes. a Distribution of 14,498 oligos (red) of probe hapB and 13,753 oligos (green) of probe hapM on maize
chromosome 10. The chromosome was divided into 500-kb windows and number of oligos was calculated for each window. The distribution of the number
of oligos is shown in the line plot and heatmap. y-axis is the number of oligos in each 500-kb window. b Oligo-FISH on metaphase chromosomes from a
B73 x Mo17 hybrid using hapB (red) and hapM (green). Bar =10 um. ¢ The oligo-FISH signals were digitally separated from panel (b). The original gray-
scale images used to generate the color image in Fig. 2b are provided as a Source Data file

identified in 54 of the 58 F, plants analyzed. In the remaining four
F, plants (BM5, BM33, BM34, BM48) (Supplementary Data 2),
we observed putative recombinant chromosome(s) with faint
FISH signals that were inconsistently observed in the metaphase
cells analyzed (Fig. 5). We conducted genomic sequencing of
these four plants to validate the inconsistent identification of the
COs. In addition, no COs were identified in 18 of 58 (31%) F,
plants. We suspected that CO(s) may occur at the distal regions
on chromosome 10 in these plants. These COs may not be
detectable by FISH due to the lack of a sufficient number of oligos
selected from the distal regions (Fig. 2a, Supplementary Data 1).
Therefore, we also included six F, plants (BM8, BM12, BM19,
BM21, BM31, BM42), which did not have visible COs, in the
sequencing analysis. These 10 plants included 13 copies of
chromosome 10 without a visible CO. We generated an average of
2.41x coverage of 150 bp paired-end Illumina sequences from
each of the 10 plants for the analysis.

BM5 contained two copies of Mol7-derived chromosome 10.
A CO was detected on the short arm of one chromosome 10 in 8
of 25 (32%) metaphase cells analyzed (Fig. 5). Sequencing analysis
showed that one chromosome 10 has a CO at 5.04 Mb (Fig. 5).
Thus, the oligo-FISH result was supported by the sequencing
data. Similarly, BM33 also contained two copies of Mo17-derived
chromosome 10. FISH detected a CO on the short arm of one
chromosome 10 in 11 of 19 (58%) metaphase cells analyzed.
Sequencing analysis revealed a CO at 6.45 Mb on the short arm of
one chromosome (Fig. 5), thereby supporting the CO observed
with oligo-FISH.

BM34 contained two copies of Mo17-derived chromosome 10.
We observed hapB FISH signals at the distal regions of the long
arms of both chromosome 10 homologs in 6 of 29 (21%)
metaphase cells analyzed (Fig. 5). Sequencing analysis revealed a
single CO on the long arm of each chromosome 10 homolog: at
145.73 Mb (5.25 Mb away from the end of the long arm telomere)

and 148.93 Mb (2.06 Mb away from the long arm telomere),
respectively (Fig. 5). Thus, the sequencing data confirmed the
locations of COs on the long arms of both chromosomes.

BM48 contained one B73-derived and one Mol7-derived
chromosome 10. We observed weak hapB FISH signals on the
Mol7-derived chromosome 10, and weak hapM FISH signals on
the B73-derived chromosome 10, but only in 35% (9/26) and 8%
(2/26) of the metaphase cells, respectively. Sequencing analysis
identified a duplicated B73 fragment between 3.86 Mb and 5.42
Mb on the short arm (Fig. 5). This fragment was possibly resulted
from a putative double COs occurred at 3.86 Mb and 5.42 Mb,
respectively, or two single COs, one at 3.86 Mb on the B73-
derived chromosome 10, and one at 542Mb on the Mol7-
derived chromosome 10 (Fig. 5).

COs were not detected by oligo-FISH in BM8, BM12, BM19,
and BM21. However, a single CO was discovered on one copy of
chromosome 10 in each of these four lines by sequence analysis.
The EPs of these four COs were 5.53 Mb, 2.37 Mb, 1.69 Mb, and
1.74 Mb away from the end of the chromosome, respectively
(Fig. 5). COs were not detected in BM31 and BM42 using oligo-
FISH or sequencing analysis (Fig. 5).

In summary, genomic sequencing of 10 F, plants revealed COs
in 9 of the 20 copies of chromosome 10, including 4 copies of
recombinant chromosome 10 that were FISH negative. No COs
were detected in BM31 and BM42 (Fig. 5). The comparative
analysis showed that COs cannot be reliably detected by the hapB
and hapM probes if the EP is located <5Mb away from the
telomere of a chromosome arm, which contain only ~600 oligos
within each probe (Supplementary Data 1).

Characterization of recombinant inbred lines. B73 and Mol7
have been popular parental lines used in genetic mapping of
maize. An intermated B73 x Mol7 recombinant inbred line
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Fig. 3 Crossovers between B73 and Mo17 chromosome 10 revealed by oligo-FISH mapping using probes hapB and hapM. a Oligo-FISH mapping of B73 x
Mo17 F; plant BM15. Probes hapB and hapM are shown in red and green, respectively. The single arrow identifies a single chromosomal exchange position
(EP) on the B2-classified chromosome. Double arrows point to the two chromosomal EPs on the M4-classified chromosome. Bar =10 pm. b Oligo-FISH
mapping of B73 x Mo17 F, plant BM20. The single arrow points a single EP on the B3-classified chromosome. Double arrows point to the two EPs of double
crossovers (COs) on the B5*-classified chromosome. Bar =10 um. € Upper panel: diagrams of the 8 types of parental or recombinant chromosomes
identified in F, plants. B indicates B73; M indicates Mo17. Lower panel, representative images of the two copies of chromosomes 10 in 48 F, plants. One
copy of chromosome 10 in BM20 is marked as B5*, which is the only chromosome that does not belong to any of the eight types listed in the upper panel.
The original gray-scale images used to generate the color images in Figs. 3a, b are provided as a Source Data file

(IBMRIL) population was developed by randomly intermating
plants for four generations following the F, generation28. The
increased recombination in this population has resulted in a
nearly 4-fold increase in the genetic map distance compared with
conventional nonintermated RIL populations?®. Thus, chromo-
somes in IBMRIL are expected to contain four times of more COs
compared to the F, plants from the B73 x Mol7 hybrids. We
intended to use oligo-FISH to cytologically characterize the
multiple COs on chromosome 10, which were delineated by
genotype and genome sequence data3031.

We re-analyzed the chromosome 10 genotyping data of the
IBMRIL population (see Methods section) and chose 10 IBMRILs
for oligo-FISH analysis. A total of 45 genetically immortalized CO
events were identified across the 10 IBMRILs using genotypic
data sets’%3! (Supplementary Table 1). The genotypic data
indicated that these 10 IBMRILs contain multiple COs located
throughout chromosome 10 (Fig. 6). Several of these IBMRILs
contain putative COs located in the pericentromeric regions.
FISH using the hapB and hapM probes revealed that nearly all of
the recombination events predicted by the genotypic data were
associated with a visible CO. For example, line Mol89 was
predicted to contain a proximal B73 chromosome segment,
including the centromere, and a distal B73 segment on the long
arm (Fig. 6, Supplementary Data 3). Oligo-FISH mapping

revealed that chromosome 10 of Mo189 contains two chromo-
somal segments, including the centromere, from B73 and two
segments from Mol7 (Figs. 6 and 7a, b). Similarly, both
genotyping and oligo-FISH data showed that chromosome 10
of Mo0270 contains two segments from Mol7, including the
centromere, and two segments from B73 (Figs. 6 and 7c, d).
However, we were not able to detect the putative small
chromosomal fragments, which were indicated by a single or
few DNA markers, such as those associated with lines M0270 and
Mo346 (Fig. 6). These regions may represent small chromosomal
segments from B73 or Mol7, but cannot be visualized by oligo-
FISH using the hapB and hapM probes.

COs close to the centromere of chromosome 10 were
detected in several IBMRILs. For example, an EP on chromo-
some 10 of M0189 was mapped at FLA 68.8 on the long arm
(Figs. 6 and 7b). The EP that is most close to the centromere
was mapped at FLA 84.6 on the long arm of chromosome 10 of
Mo029 (Fig. 6). Marker analysis on 209 IBMRILs showed that
11 additional lines (in addition to the five lines in Fig. 6)
contain a CO with a breakpoint at the same position as Mo189
or more close to the centromere of chromosome 10. Therefore,
the intermating process is highly effective to recover and
accumulate the rare CO events occurred in the pericentromeric
regions.
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chromosome

Discussion

COs are not evenly distributed along the chromosomes in most
plant species studied so far. Suppression of genetic recombination
in the pericentromeric regions has been well documented in a
number of plant species®*13. Physical mapping of a large number
of RN indicated the lack of recombination in the pericentromeric
regions of maize chromosomes, although such analysis was
conducted only in a single inbred line KYS32. The RN-based
analysis showed that the pericentromeric regions, which account
approximately half of the length of each chromosome, were
nearly free of RNs32. Recombination suppression in the peri-
centromeric regions was also supported by physical mapping of
genetically achored DNA markers on maize chromosomes33-3°.
We demonstrate that several IBMRILs contain COs close to the
centromere of chromosome 10 (Fig. 6), which were not detected
in the 58 F, plants (Fig. 4). Thus, the intermating process was
effective to accumulate COs in recombination-suppressed chro-
mosomal regions, which can be used to generate favorable allelic
combinations of genes residing in these regions.

If a single CO is associated with chromosome 10 during
meiosis of the B73 x Mo17 hybrid, two of the four chromatids
will be involved in this CO event. Therefore, 50% of the pro-
geny chromosome 10 will become a recombinant chromosome
that may be detected by FISH. Our FISH analysis of 58 F, BM
plants indicated that 60 of the 116 copies of chromosome 10 are
not recombinant chromosomes (Supplementary Data 2). We
sequenced 10 F, BM plants, including 13 copies of chromosome
10 that were FISH negative (Fig. 5). Sequence analysis showed
that 69% (9/13) of these FISH-negative chromosome 10 were
confirmed as non-recombinant chromosomes. Therefore, the
percentage of chromosome 10 without CO is estimated to be
36% (69% x 60/116) in the F, population. Luo et al. (2019)3°
have recently developed a technique to sequence individual
gametophyte using a maize hybrid derived from a cross
between inbreds Zheng58 and SK. They reported that 18% male
gametes and 31% female gametes from this hybrid do not
contain a CO on chromosome 1036, which would result in 25%
of chromosome 10 without CO in F, population. Thus, our data
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Fig. 5 Oligo-FISH and sequencing analyses of 10 F; plants. Red arrows indicate the B73 FISH signals located on Mo17-derived chromosome 10 in BM5,
BM33, BM34, and BM48. These crossovers (COs) were inconsistently detected in different metaphase cells in each line. Black arrows mark the
chromosomal exchange position on chromosome 10. No CO was detected in any of the chromosome 10 in BM31 and BM42. The y-axis of each sequencing
profile represents the allele frequency of B73 (red) or Mo17 (green). The x-axis represents the sequence position of chromosome 10 (150.98 Mb). Orange
dots indicate the mix of red (B73 allele) and green (Mo17 allele) dots

Fig. 6 Schematic illustration of genotyping data and oligo-FISH results of 10 lines from the IBMRIL population. The genotyping data is illustrated by location
of markers from B73 (red) and Mo17 (green), respectively. Gray indicates missing genotyping data. A dashed line marks the putative position of the
centromere on each of the marker-based diagrams. The regions indicated by blue arrows on Mo0321 were not consistently visualized by oligo-FISH. Blue
arrowheads on Mo0270 and Mo346 point to small regions that were not identified by oligo-FISH. Black arrows point to the chromosomal exchange
positions (EPs) and their fractional length of the arm (FLA), all on the long arm
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Fig. 7 Oligo-FISH characterization of two lines from the IBMRIL population. a Oligo-FISH analysis of Mo189. Bar =10 pm. b The oligo-FISH signals of the
two chromosome 10 were digitally separated from panel (a). Signals from one copy of chromosome 10 are exemplified. Two B73 chromosomal blocks
(red), including the centromere, and two Mo17 blocks (green) are identified on chromosome 10. Arrowheads indicate the centromeric region that shows
weak signals due to few oligos available. ¢ Oligo-FISH mapping of M0270. Bar =10 pm. d The oligo-FISH signals of the two chromosome 10 were digitally
separated from panel (c). Signals from one copy of chromosome 10 are exemplified. Two Mo17 blocks (green), including the centromere and two B73
blocks (red) are identified on chromosome 10. Arrowheads indicate the centromeric region that shows weak signals due to few oligos available. The
original gray-scale images used to generate the color images in Fig. 7a and c are provided as a Source Data file

of 36% chromosome 10 without CO in the B73 x Mol7 F,
population is higher than the predicted 25% in the Zheng58 x
SK F, population. This variation may be caused by the different
maize inbreds used in the F; hybrids. In Arabidopsis, meiotic
COs on chromosome 4, the smallest chromosome, were ana-
lyzed by genotyping F, plants resulting from a cross between
ecotypes Columbia and Landsberg?’. Approximately 30% (423
of 1404) chromosome 4 do not contain a CO37, which is close
to 36% of non-recombinant maize chromosome 10 in
our study.

A major recent advance of FISH is the application of probes
based on synthetic oligos?3-40. Oligo-based chromosome painting
probes have been developed in several plant species and applied
in various types of chromosomal studies*!~4”. We demonstrate
that haplotype-specific oligo-FISH can be to visualize meiotic
COs derived from homologous chromosomes derived from dif-
ferent maize inbreds. Although COs can be mapped using RNs or
protein markers”32, these traditional methods can only predict
the positions of COs on SCs in a specific maize line. In contrast,
haplotype-specific FISH maps the chromosomal breakpoints
derived from historical COs, including breakpoints derived from
multiple COs on recombinant inbred lines from the intermated
B73 x Mol17 population (Fig. 7), which can not be analyzed by the
traditional methods. The haplotype-specific FISH probes will
have unique applications in tracking specific chromosomes
derived from a single genotype (Supplementary Note 1). For
example, such probes can be used to examine the extent of
somatic recombination reported in several plant species*$:49,
Haplotype-specific probes can potentially be used to distinguish
true homologous chromosome pairing from pairing of homo-
eologous chromosome with minor structural variation in poly-
ploid species.

Methods

Plant materials and associated genomic data sets. Hybrids between B73 and
Mol7 were developed and sibling F; plants were pollinated to generate F, seeds.
IBMRIL seed was originally obtained from the Maize Genetics Cooperative Stock
Center and was bulked and quality-controlled as described>’. This ensured cor-
respondence with the genotype data used to construct the original IBM2 map?,
which are available at MaizeGDB!. To add genetic detail for the chromosome 10
investigation, data for 1761 SNPs genotyped for the IBMRILs?! was merged with
the 64 markers available in the IBM2:chromosome 10 data set. Physical genomic
coordinates of the markers corresponding to the Zm00001d genome?* were
obtained using resources available at MaizeGDB>!.

Development of haplotype-specific oligo-FISH probes. Chorus software
(https://github.com/forrestzhang/Chorus) was used to generate single copy 45-nt
oligos from chromosome 10 of B7324 and Mo1723, respectively, with a parameter of
Chorus “-1 45 ~homology 75 -step 5”. B73 reference genome Zm-B73-REFER-
ENCE-GRAMENE-4.0%4 and Mol7 genome Zm-Mol7-REFERENCE-CAU-1.033
were download from NCBI under project PRINA10769 and PRJNA358298,
respectively. To validate the repetitiveness of each oligo, we generated the fre-
quency distribution of 17-mers from B73 (SRR407544 and SRR407504, JGI) and
Mol7 (SRR5826129,%3) genomic sequencing data. Any 17-mers with a frequency
more than 100 in the genome was defined as a repetitive 17-mer. Oligos containing
2 or more repetitive 17-mers were discarded.

In total, 175,437 and 174,728 oligos from B73 and Mol7 chromosome 10 were
generated, respectively (Supplementary Note 1). To identify oligos that distinguish
the chromosome 10 sequences from the two inbreds, we mapped B73 (Mo17)
oligos to Mo17 (B73) reference genome using BWA ALN>2 with default parameters
and blastn in BLAST?3 with parameter “-task blastn”. B73 (Mo17) oligos that were
not identified on Mo17 (B73) chromosome 10 were defined as PAV oligos. B73
(Mo17) oligos containing mismatches and/or indels to Mo17 (B73) chromosome
10 were defined as SNP probe. We only retained SNP oligos with mismatches and/
or indels located between 10 and 35 bp within each oligo. For each B73 oligo, the
B73 sequences at SNPs and/or indels were replaced by the Mo17 sequences, and
vice versa. Therefore, SNP oligos are in pairs, in which one oligo set is homologous
to the B73 genome but showed mismatches and/or indels to Mo17 genome and
vice versa. We then calculated the ATm (difference of melting temperature)
between B73 oligo and Mol7 oligo of each oligo pair using primer32>26. We
discarded oligo pairs with ATm > 5 °C to avoid hybridization bias toward one
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variant. The SNP oligo pairs were divided into four different classes: oligos with 1
SNP, 2 SNPs, 3-4 SNPs, and 5 or more SNPs. The two probes used for CO
characterization, hapB and hapM, included all PAV oligos and oligos with 3-4
SNPs, and 5 or more SNPs. These two probes contained 14,498 and 13,753 oligos,
respectively (Supplementary Data 4).

Oligo-FISH. All seeds were germinated in the laboratory and plants were trans-
ferred to the greenhouse. Root tips were collected from the plants and were treated
with nitrous oxide at a pressure of 160 psi (~10.9 atm) for 2 h. Root tips were
harvested from plants growing in greenhouses. Chromosome preparation from root
tips followed published protocols*2. We synthesized 10 different oligo pools (five for
B73, five for Mo17), including two PAV oligo pools, and four paired (i.e., eight total)
oligo pools with 1 SNP, 2 SNPs, 3-4 SNPs, or =5 SNPs. The B73 oligo probes were
labeled with digoxigenin and Mol7 probes were labeled with biotin. Amplification
and labeling of the oligo-based probes were according to published protocols*!. All
biotin-labeled probes were detected by anti-biotin fluorescein (Vector Laboratories,
Burlingame, California) and digoxigenin-labeled probes were detected by anti-
digoxigenin rhodamine (Roche Diagnostics, Indianapolis, Indiana). DAPI (4,6-
diamidino-2-phenylindole) was used to counterstain chromosomes in the Vecta-
Shield antifade solution (Vector Laboratories). FISH images were captured using a
QImaging Retiga EXi Fast 1394 CCD. The original gray scale images were processed
with Meta Imaging Series 7.5 software. The contrast of the gray scale images was
adjusted and merged using Adobe Photoshop CS3 software.

For each unambiguously identified meiotic CO we measured the distance, or
length (um), from the chromosomal exchange point (EP) to the telomere of the
respective chromosome arm. The length (um) of the respective chromosome arm
bearing the CO was also measured. The chromosomal position of each EP is
presented as a FLA (Fractional Length of the Arm) by dividing the measured distance
by the total length of the chromosome arm. DRAWID (https://doi.org/10.3897/
compcytogen.v11i4.20830) was used to measure the distance from the FISH signal to
the telomere of the corresponding arm, as well as the length of the entire arm.

Sequencing and analysis. Genomic DNA was isolated from 10 F, plants (BM5,
BM33, BM34, BM48, BM8, BM12, BM19, BM21, BM31, BM42) for Illumina
sequencing. We generated an average of 2.41x coverage of 150 bp pair-end
sequences from these plants. The sequence data was mapped to the B73
RefGen_v4?* by BWA MEM software with default parameters®2. Reads with
mapping quality more than 50 were retained for SNP calling. SNPs were detected
using freebayes with parameter “-C 1 -m 50 —q 30> Raw SNPs were further
filtered using vcffilter in freebayes package by “DP < 40” and “QUAL/DP > 10”. The
bin map was constructed using a sliding window approach®® with minor mod-
ification. SNPs were scanned in 300-SNP-windows and the genotype of each
window defined by the percentage of B73 and Mo17 SNPs: the windows were called
homozygous B73 genotype when SNPg;; is more than 80% in the window,
homozygous Mo17 genotype when SNPy,17 is more than 80% in the window and
heterozygous genotype when SNPg;; was between 20 and 80%.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper and its
Supplementary Information files. A reporting summary for this article is available as a
Supplementary Information file. The datasets generated and analyzed during the current
study are available from the corresponding author upon request. Genomic sequencing
data of the 10 maize lines have been deposited to NCBI Sequence Read Archive (SRA)
under project PRINA540894 (https://www.ncbi.nlm.nih.gov/bioproject/?
term=PRJNA540894). The source data underlying Figs. 1, 2b, 3a, 3b, 7a, and c are
provided as a Source Data file.
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Abstract Maize was one of the first eukaryotic species in
which individual chromosomes can be identified cytologi-
cally, which made maize one of the oldest models for
genetics and cytogenetics research. Nevertheless, consistent
identification of all 10 chromosomes from different maize
lines as well as from wild Zea species remains a challenge.
We developed a new technique for maize chromosome
identification based on fluorescence in situ hybridization
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(FISH). We developed two oligonucleotide-based probes
that hybridize to 24 chromosomal regions. Individual maize
chromosomes show distinct FISH signal patterns, which
allow universal identification of all chromosomes from
different Zea species. We developed karyotypes from three
Zea mays subspecies and two additional wild Zea species
based on individually identified chromosomes. A
paracentric inversion was discovered on the long arm of
chromosome 4 in Z. nicaraguensis and Z. luxurians based
on modifications of the FISH signal patterns. Chromo-
somes from these two species also showed distinct distri-
bution patterns of terminal knobs compared with other Zea
species. These results support that Z. nicaraguensis and
Z. luxurians are closely related species.

Keywords FISH - Oligo-FISH - Chromosome
identification - Karyotype - Maize

Abbreviations

BAC  Bacterial artificial chromosome
DAPI  4,6-Diamidino-2-phenylindole
FISH Fluorescence in situ hybridization
Mb Megabase

MY  Million years

Oligo Oligonucleotide

Introduction

A reliable and efficient system for chromosome identi-
fication is the foundation for cytogenetic research.
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Maize (Zea mays) and common fruit fly (Drosophila
melanogaster) became the most important model spe-
cies for genetic and cytogenetic research in early twen-
tieth century because individual chromosomes could be
readily identified in both species (Bridges 1935;
McClintock 1929). However, the identification of indi-
vidual chromosomes relied on meiotic pachytene chro-
mosomes in maize and salivary polytene chromosomes
in Drosophila. Thus, the chromosome identification
methodologies developed in these two model species
were not applicable in most of the other eukaryotes.
Preparation and identification of pachytene chromo-
somes is technically demanding; thus, cytogenetic re-
search in most plant species relies on mitotic metaphase
chromosomes. Most of the chromosome identification
systems based on mitotic metaphase chromosomes were
developed after 1970s using either chromosome
banding or DNA in situ hybridization techniques
(Jiang and Gill 1994).

Although maize chromosomes can be individually
identified based on their morphology (McClintock
1929), there are ambiguities. Chromosome banding
techniques were developed in 1980s and 1990s for
maize chromosome identification (de Carvalho and
Saraiva 1993, 1997; Deaguiarperecin and Vosa 1985;
Jewell and Islam-Faridi 1994; Kakeda et al. 1990; Ray-
burn et al. 1985; Ward 1980). C-banding, the most
popular banding technique applied in plants, revealed
mostly the knob-related regions on maize chromosomes
(Deaguiarperecin and Vosa 1985; Jewell and Islam-
Faridi 1994; Rayburn et al. 1985). Thus, maize chromo-
somes showed a limited number of C-bands that are also
highly polymorphic among different maize varieties. It
was not possible to establish a standard banding pattern
for maize chromosome identification.

Fluorescence in situ hybridization (FISH) gradually
replaced chromosome banding to become the most pop-
ular technique for chromosome identification in plants
(Jiang and Gill 2006). Repetitive DNA sequences and
large-insert DNA clones, such as bacterial artificial
chromosome (BAC) clones, have been most commonly
used as FISH probes in maize (Amarillo and Bass 2007,
Chen et al. 2000; Figueroa and Bass 2012; Koumbaris
and Bass 2003; Lamb et al. 2007b; Sadder and Weber
2001; Wang et al. 2006). Kato et al. (2004) used a
combination of several repetitive DNA sequences as
FISH probes to identify all 10 maize chromosomes in
the same metaphase cells. This repeat-based FISH meth-
od was successfully used to identify chromosomes in
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various maize lines as well as wild Zea species and
subspecies (Albert et al. 2010; Kato et al. 2004). The
FISH signal patterns of some repeats, however, are
highly polymorphic among different maize lines, which
may cause difficulties or errors in chromosome
identification.

Recently, a new class of FISH probes was developed
based on pooled single-copy oligonucleotides (oligo)
(Jiang 2019). If the genomic sequence is available from
a target species, oligos, typically 40-50 bp long, specific
to a chromosomal region or to an entire chromosome
can be synthesized in parallel and labeled as a FISH
probe (Han et al. 2015). Oligo-FISH probes have been
successfully developed in several plant species for var-
ious types of cytogenetic studies (Albert et al. 2019; Bi
etal. 2020; He et al. 2018; Hou et al. 2018; Martins et al.
2019; Meng et al. 2018; Qu et al. 2017; Simonikova
et al. 2019; Song et al. 2020; Xin et al. 2018; Xin et al.
2020). A FISH probe can include oligos derived from
multiple regions from multiple chromosomes (Braz
et al. 2018). Such oligo-FISH probes generate specific
hybridization patterns on individual chromosomes,
which resemble distinct barcodes on different chromo-
somes. This chromosome identification strategy has
been successfully demonstrated in potato (Braz et al.
2018), rice (Liu et al. 2020), and sugarcane (Meng et al.
2020). Here, we report the development of similar
barcode FISH probe in maize. We demonstrate that
barcode FISH can be used as a universal chromosome
identification system for maize and all wild Zea species.
The FISH signal pattern is not affected by the DNA
polymorphisms existing among different maize varieties
or even among different species. Using this system, we
were able to establish karyotypes of several different
Zea species and subspecies and to discover a paracentric
inversion specific to two wild Zea species.

Materials and methods
Plant materials

We included the following Zea species and subspecies
in chromosome identification and karyotyping studies:
Z. mays (inbred B73), Z. mays ssp. parviglumis (Ames
21826), Z. mays ssp. mexicana (Ames 21851), Z. mays
ssp. huehuetenangensis (Pl 441934), Z. diploperennis
(PI 462368), Z. nicaraguensis (P1 615697), and
Z. luxurians (PI 422162). Additional species included
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in the study were the tetraploid species Z. perennis
(Ames 21874), Tripsacum dactyloides (P1 421612),
and Sorghum bicolor (P1 564163). Seeds of all wild
species were originally from the Germplasm Resources
Information Network (GRIN) and the National Genetics
Resource Program (Ames, lowa).

Oligo-FISH probe design

The two oligo-based barcode probes were designed
following our published procedure (Albert et al. 2019)
using Chorus software (https://github.
com/forrestzhang/Chorus). Briefly, the maize genome
sequence was divided into 45-nt long oligos in step size
of 3 nt. The short sequence reads were mapped back to
the genome using BWA (Burrows-Wheeler Alignment
tool) (Li and Durbin 2009). Oligos mapped to two or
more locations (with 70% homology) were eliminated.
All repetitive sequences related oligos were filtered out
from the oligo set using A-mer method (Albert et al.
2019). We selected oligos from 24 chromosomal regions
to create a barcode for all 10 maize chromosomes (Fig. 1
a). Each selected region contains approximately 2000
oligos. We selected the chromosomal regions that are
relatively enriched with single copy sequences. Each of
the 24 selected regions spans 1.3-3.3 Mb (Table S1). If
two regions are designed from the same chromosomal
arm, we then intended to separate the two regions as far
as possible. The two regions on eight different chromo-
somal arms (Fig. la) are separated 28.2-66.4 Mb
(Table S1).

Oligo-FISH

Root tips harvested from plants grown in greenhouse
were treated with nitrous oxide at a pressure of 160 psi
(~10.9 atm) for 2 h and 20 min (Kato 1999), fixed in
fixative solution (3 ethanol:1 acetic acid) and kept at —
20 °C. Root tips were digested using an enzymatic
solution composed by 4% cellulase (Yakult Pharmaceu-
tical, Japan), 2% pectinase (Sigma-Aldrich Co., USA)
and 2% pectolyase (Plant Media, USA) for 2 h at 37 °C
and slides were prepared using the stirring method (Ross
et al. 1996).

Two oligo-based FISH probes were labeled accord-
ing to published protocols (Han et al. 2015) and hybrid-
ized to metaphase chromosomes (Cheng et al. 2002).
Biotin- and digoxygenin-labeled probes were detected
by anti-biotin fluorescein (Vector Laboratories,

Burlingame, California) and anti-digoxygenin rhoda-
mine (Roche Diagnostics, Indianapolis, Indiana), re-
spectively. Chromosomes were counterstained with
4,6-diamidino-2-phenylindole (DAPI) in VectaShield
antifade solution (Vector Laboratories). FISH images
were captured using a QImaging Retiga EXi Fast 1394
CCD camera attached to an Olympus BX51
epifluorescence microscope. Images were processed
with Meta Imaging Series 7.5 software. The final con-
trast of the images was processed using Adobe
Photoshop software.

Karyotyping

We used 7-10 complete metaphase cells of Z. mays and
its relatives (Z. mays ssp. parviglumis, Z. mays ssp.
mexicana, Z. mays ssp. huehuetenangensis,
Z. nicaraguensis, Z. luxurians) to measure the short
(S) and long (L) arms of individual chromosomes using
DRAWID software version 0.26 (Kirov et al. 2017). The
measurements were used to determine the total length of
each chromosome (#/ =S+ L), total length of entire set
of chromosomes (7L =} tl), arm ratio (AR = L/S) of each
chromosome, and relative length of each chromosome
(RL =tl/TL % 100). Chromosomal knobs were identified
as DAPI-positive bands. Chromosomes were classified
based on arm ratio following Levan et al. (1964).

Results

Development of oligo-FISH probes for maize
chromosome identification

We developed two oligo-based FISH probes to facilitate
simultaneous identification of all 10 maize chromo-
somes in the same metaphase cells. These two probes
contained a total of 50,082 oligos (45 nt) designed from
single copy sequences in the maize genome (Schnable
et al. 2009). The oligos were selected from 24 chromo-
somal regions (Fig. 1a), each containing 19782282
oligos and spanning 1.3-3.3 megabase (Mb) of DNA
sequences (Table S1). The oligos were synthesized as
two separate pools, containing 25,059 (red probe) and
25,023 (green probe) oligos, respectively. FISH using
these two probes generated 24 distinct signals on meta-
phase chromosomes prepared from maize inbred B73
(Fig. 1b). The chromosomal positions of the FISH sig-
nals matched with predicted positions on the 10
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Fig. 1 Development of barcode oligo-FISH probes for maize
chromosome identification. a Predicted locations of the oligo-
FISH signals on 10 maize chromosomes. Oligos were selected
from a total of 24 chromosomal regions (12 red regions and 12
green regions). The 10 chromosomes can be distinguished from
each other based on number and location of the red/green signals.
The centromere positions on the 10 chromosomes in the maize

pseudomolecules, which allowed us to readily distin-
guish 10 individual chromosomes in the same meta-
phase cell (Fig. 1c). Several chromosomal arms
contained two signals, which were well separated on
metaphase chromosomes. The two signals designed on
the short arm of chromosome 4 were separated by
28.2 Mb, representing the shortest distance among the
paired signals (Table S1). These two signals appeared to
be fused only on some highly condensed metaphase
chromosomes.

Chromosome identification in different Zea species

The two oligo-FISH probes were used to identify chro-
mosomes from several Z. mays subspecies and wild Zea
species known as “teosintes”, including Z. mays ssp.
parviglumis (Fig. 2a), Z. mays ssp. mexicana (Fig. 2b),
Z. mays ssp. huehuetenangensis (Fig. 2c¢),
Z. diploperennis (Fig. 2d), Z. nicaraguensis (Fig. 2¢),
and Z. luxurians (Fig. 2f). We observed a nearly identi-
cal FISH signal pattern on chromosomes from all Zea
species and subspecies (Fig. 3). We also performed
oligo-FISH analysis in the tetraploid species
Z. perennis (2n=4x=40). Similarly, the conserved
FISH signal pattern was observed on all 10 sets of
homologous chromosomes (Fig. 4). Thus, these two
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reference genome were based on the locations of sequences asso-
ciated with CENH3 nucleosomes (Zhao et al. 2016). b FISH
mapping of the two oligo-FISH probes on metaphase chromo-
somes prepared from maize inbred B73. Bar= 10 um. ¢ Homol-
ogous chromosomes were digitally excised from (b) and paired.
The centromeres of the chromosomes are aligned by a dotted line

probes allowed us to identify all chromosomes from
all Zea taxa.

A putative inversion detected on long arm
of chromosome 4

We detected some noticeable chromosome level differ-
ences based on the signal patterns of oligo-FISH. One
distinct FISH signal pattern change was observed on the
long arm of chromosome 4 from Z. nicaraguensis and
Z. luxurians (Fig. 3). One green signal was designed
from the distal end on the long arm of chromosome 4 (at
234-236 Mb of chromosome 4, which is 242 Mb long).
This signal was detected at the end of the long arm of
maize chromosome 4 (Fig. 1¢). However, chromosome
4 of Z. nicaraguensis and Z. luxurians did not contain
this terminal signal. It instead contains two interstitial
green signals on the long arm (Fig. 3). Thus, a
paracentric inversion may have occurred in the long
arm, which would relocate the terminal signal into an
interstitial position.

Chromosomal difference revealed by oligo-FISH

The number, size, and distribution of metaphase-visible
“knobs” were the most prominent factor resulting in the
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Fig. 2 FISH mapping of the two oligo-FISH probes on metaphase chromosomes prepared from a Z. mays ssp. parviglumis, b Z. mays ssp.
mexicana, ¢ Z. mays ssp. huehuetenangensis, d Z. diploperennis, e Z. nicaraguensis, and f Z. luxurians. Bars=10 pm

difference observed on the same chromosome from
different species (Fig. 3). Although the polymorphism
of knob distribution among different maize lines is well
known (Adawy et al. 2004; Albert et al. 2010), distinct
knob distribution patterns were observed in some spe-
cies. For example, a knob was detected between the two
red signals on the long arm of chromosome 5 in Z. mays
ssp. parviglumis. By contrast, a knob was observed at
the distal end of the long arm of chromosome 5 in
Z. nicaraguensis and Z. luxurians (Fig. 3, yellow
arrowheads). A similar difference of FISH signal posi-
tion among species, caused by the presence of a terminal
vs. subterminal knob, was observed on the distal regions
of several other chromosomal arms, including the short
arm of chromosome 2, and long arm of chromosomes 1,
2,3,6, 7,8, and 9 (Fig. 3). Interestingly, most of the
terminal knobs in Z. nicaraguensis and Z. luxurians
were located distal to the FISH signals, suggesting a
close structural similarity of these two species (Fig. 3).
In several cases, a major knob was observed only on
one copy of a pair of homologous chromosomes. For
example, the long arm of chromosome 3 contained two
red signals (Fig. 1a). The two red signals were separated
by a major knob in one copy of chromosome 3 in
Z. mays ssp. parviglumis. This knob was not visible in
the second copy of chromosome 3 (Fig. 3). The distance
between the two red signals appeared to be significantly
different on the two chromosomes due to the presence of

this heterozygous knob. A similar heterozygous knob
was observed on several other chromosomes among
different species (Fig. 3, red arrowheads).

The size of a knob can also be visibly different on
two homologous chromosomes. For example, a terminal
knob was observed on the long arm of chromosome 10
in several species. The size of this knob appeared to be
distinctly different on the two copies of chromosome 10
in Z. nicaraguensis (Fig. 3, white arrowheads). Both
presence/absence and size polymorphism of major
knobs can result in a significant difference of the size
of the homologous chromosomes.

The karyotypes of different Zea species and subspecies

Unambiguous identification of all chromosomes in the
same metaphase cells allowed us to develop karyotypes
based on individually identified chromosomes from all
Zea species and subspecies (Tables 1 and 2). Each
karyotype was developed based on measurements of
all chromosomes in 7-10 complete metaphase cells.
Not surprisingly, all Zea species and subspecies shared
a highly similar karyotype with similar relative length
and arm ratio of all 10 chromosomes (Tables 1 and 2).
Chromosomes 1, 4, 5, and 10 are morphologically con-
served, and are metacentric (Chr. 1, 4, and 5) or sub-
metacentric (Chr. 10) in all species (Table 2). The other
chromosomes are also similar but with minor variations
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Z. mays (B73)

Z. mays
ssp. parviglumis

Z. mays
ssp. mexicana

Z. mays ssp.
huehuetenangensis

Z. diploperennis

Z. nicaraguensis

Z. luxurians

Fig. 3 Comparative karyotyping of seven Zea species and sub-
species. Chromosomes 1-10 from each species/subspecies are
arranged from left to right. The karyotypes were developed from
the same metaphase cells in Fig. 1b for maize and Fig. 2 for other
species/subspecies. Double arrows point to the two green signals
on the long arm of chromosome 4 of Z. nicaraguensis and
Z. luxurians. Both signals are located in the interstitial regions.

among different species. Chromosomes 2 and 3 are
metacentric in all species, except in Zea mays ssp.
mexicana (submetacentric). Chromosome 7 is submeta-
centric in all species, except Z. mays ssp. mexicana
(metacentric). Chromosome 8 is submetacentric in all
the species, except in Z. mays ssp. huehuetenangensis
(metacentric). Chromosome 9 is submetacentric in all
the species, except Z. mays ssp. parviglumis and Z. mays
ssp. huehuetenangensis (metacentric). Chromosome 6 is
the only satellite chromosomes in all species.

Application of the oligo probes in distantly related
species

We explored the potential of the barcode probes for
chromosome identification in species that are more dis-
tantly related to maize. We first tested the two maize
probes in hybridization to metaphase chromosomes

@ Springer

Yellow arrowheads point to a knob on the long arm
of chromosome 5, which is located in the subterminal region in
Z. mays ssp. parviglumis, but at the distal end in Z. nicaraguensis
and Z. luxurians. Red arrowheads point to knobs observed only on
one of the two homologous chromosomes. White arrowheads
point to knobs that show visibly different sizes on homologous
chromosomes

prepared from Tripsacum dactyloides (2n=2x=36), a
species from a sister genus related to Zea and diverged
from maize about 4.5 million years (MY's) (Hilton and
Gaut 1998). The two oligo-FISH probes produced punc-
tuated signals on most of chromosomes, which allowed
to identify few putative homoeologous chromosomes
(Fig. 5a). However, most of the signals were not as
strong as those on maize chromosomes. In addition,
strong background signals were observed on most chro-
mosomes. Several 7. dactyloides chromosomes lacked
unambiguous signals (Fig. 5a). Thus, the maize oligo
probes were not useful to identify individual
T’ dactyloides chromosomes.

Sorghum (Sorghum bicolor) and maize diverged for
about 12 MY (Swigonova et al. 2004). The two maize
probes produced background signals on all sorghum
chromosomes (Fig. 5b). Only few of the 10 sorghum
chromosomes generated consistent and distinct FISH
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Fig. 4 Chromosome
identification in a tetraploid
species Z. perennis. The top panel
shows a complete metaphase cell
hybridized with the two oligo-
FISH probes. The bottom panel
shows the 4 homologous chro-
mosomes of each of the 10

Z. perennis chromosomes digital-
ly excised from the same cell.
Bar=10 pm

signal patterns. Thus, the maize probes were not useful
to identify individual sorghum chromosomes.

Discussion
FISH has become the most popular methodology for

chromosome identification in plants (Jiang and Gill
2006). Different FISH methodologies have different

advantages and drawbacks. BACs and repetitive DNA
sequences are the two most common types of FISH
probes used in chromosome identification. Unfortunate-
ly, BACs are not ideal probes for plant species with large
genomes because of the presence of large percentages of
repetitive DNA sequences in the clones (Janda et al.
2006; Zhang et al. 2004). Repeat-based chromosome
identification systems have been established in several
plant species (Findley et al. 2010; Fradkin et al. 2013;

Table 1 Relative length of individual chromosomes of maize and its wild relatives

Chr. Z. mays

Z. mays ssp. parviglumis Z. mays ssp. mexicana Z. mays ssp. huehuetenangensis Z. nicaraguensis Z. luxurians

1 14.26 £ 1.22 12.56 = 0.41 13.26 £ 0.50
2 11.19 £ 0.28 11.56 + 0.30 12.89 + 0.68
3 10.76 £ 0.54 11.49 + 0.38 10.23 + 0.49
4 11.28 £0.53 12.10 £ 0.39 12.12 £ 0.41
5 10.36 £ 0.22 10.67 £ 0.36 10.34 £ 0.55
6 851+034 9.04+042 8.06 + 0.48
7 9.44 £ 050 8.90=+0.42 9.40 = 0.46
8 9.18 £033 887 +0.37 8.79 £ 0.42
9 8.03 £0.36 8.56+0.61 8.00 £ 0.31
10 6.99+046 6.29+0.33 691 +0.37

13.66 + 0.50 13.16 + 0.62 13.41 £0.76
12.11 £ 0.72 12.26 £ 0.94 11.75 £ 0.61
11.22 + 0.32 10.66 + 0.46 10.41 £0.45
11.04 + 0.55 11.14 £ 0.52 11.14 £ 0.63
10.65 £ 0.43 11.46 £ 0.42 12.25 £ 0.56
10.03 £ 0.18 8.10 £ 0.57 8.58 + 0.74
1044 £1.13 921 £0.27 8.49 £ 0.32
10.26 + 1.05 8.69 + 0.42 7.89 £ 0.50
9.94 +0.96 7.78 £ 0.41 8.19 £ 0.40
8.49 +1.28 7.53 £ 0.66 7.90 £ 0.30

Each chromosomal arm was measured in 10 metaphase cells of maize and its wild relatives, except for Z. mays ssp. parviglumis with only 7

metaphase cells
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Table 2 Arm ratio of individual chromosomes of maize and its wild relatives

Chr. Z. mays Z. mays ssp. Z. mays ssp. mexicana Z. mays ssp. Z. nicaraguensis Z. luxurians
parviglumis huehuetenangensis

1 1.26+0.14 m 1.22+0.16 m 125+£0.11 m 126+£027 m 1.11+0.12 m 1.16+0.12 m
2 1.524£0.18 m 1.49+£0.36 m 1.83+£0.32 sm 143£021 m 1.38+£0.23 m 1.27£0.17 m
3 1.65+0.28 m 1.61£0.27 m 1.89+0.34 sm 1.53£0.19 m 1.44+0.18 m 1.59£0.19 m
4 1.34+0.17 m 1.51+032m 1.60£0.30 m 126+0.17m 1.55+021 m 1.23+0.17 m
5 1.54+£045 m 1.59+£025m 1.68+£0.32 m 1.31£035m 1.34£027 m 1.16£0.16 m
6 2.40+0.46 sm 331+£090a 2.74+0.63 sm 2.39£0.39 sm 332+1.06a 3.56+0.60 a

7 2.11+0.46 sm 2.53+£0.58 sm 1.51£037 m 1.86+0.22 sm 2.58+0.65 sm 239+0.35 sm
8 2.13+£0.48 sm 2.78+0.75 sm 1.97+0.47 sm 1.69+0.33 m 1.994+0.48 sm 2.29+0.32 sm
9 1.80+0.34 sm 1.58+0.29 m 1.88+£0.35 sm 1.41+£0.34 m 2.77+0.58 sm 2.89+0.63 sm
10 1.78 £0.40 sm 1.99+0.20 sm 1.83+£0.37 sm 1.99+0.36 sm 2.53+£0.38 sm 2.81+0.39 sm

Each chromosomal arm was measured in 10 metaphase cells of maize and its wild relatives, except for Z. mays ssp. parviglumis with only 7

metaphase cells

m metacentric, sm submetacentric, a acrocentric

Kato et al. 2004; Lengerova et al. 2004; Li et al. 2014;
Mukai et al. 1993; Xiong and Pires 2011). Repeat-based
systems reveal polymorphisms for the constituent se-
quences but are not genotype independent. By contrast,
single-gene karyotyping probes are genotype indepen-
dent (Danilova and Birchler 2008; Danilova et al. 2014;
Lamb et al. 2007a). Similarly, the FISH signal patterns
derived from barcode probes are not polymorphic
among different varieties in the same species. A modi-
fied pattern would indicate a potential chromosomal
rearrangement associated with a cultivar. In addition,
barcode probes can also be used for chromosome iden-
tification in genetically related species (Braz et al. 2018;
Liu et al. 2020) (Fig. 2). Most importantly, barcode
FISH probes can be developed readily in any plant
species with a sequenced genome.

We have recently demonstrated that barcode FISH
probes developed based on potato sequences were use-
ful to identify individual homoeologous chromosomes
from distantly related species, including tomato (Sola-
num lycopersicum), which diverged from potato for 5-8
MYs (Sarkinen et al. 2013; Wang et al. 2008). The
potato barcode probes also generated punctuate signals
but with a visible background on chromosomes from
eggplant (Solanum melongena), which diverged from
potato for 15.5 MY's (Wu and Tanksley 2010). A total of
54,672 oligos were used in the two potato barcode
probes, including 16,489 oligos (30%) designed from
coding sequences of potato genes. In contrast, among
the 50,082 maize oligos, only 5525 oligos (11%) are
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associated with coding sequences. This may explain the
fact that the maize barcode probes generate strong back-
ground signals on chromosomes of 7. dactyloides,
which diverged from maize for only 4.5 MYs (Hilton
and Gaut 1998). Therefore, the percentage of oligos
designed from highly conserved DNA sequences is
critical to extend the value of barcode FISH probes for
chromosome identification in distantly related species.

One of the key factors for developing successful
barcode probes is to restrict the oligos within a chromo-
somal region as narrow as possible. A bright FISH
signal can be generated from 1000 to 2000 oligos.
However, these oligos need to be distributed within a
few Mb. Each of the 24 regions of our maize barcode
spans 1.3-3.3 Mb of DNA sequences (Table S1). It can
be challenging to identify 1000-2000 unique oligos
within repetitive chromosomal regions, especially in
plant species with very large and complex genomes.
Thus, it may become necessary to develop as many
oligos as possible within the small islands of genic or
single copy sequences in largely repetitive regions. For
example, oligos, or overlapping oligos, can be designed
from both strands of the DNA sequences within the
single copy sequences.

It is not surprising that all Zea species and subspecies
share a highly conserved karyotype (Tables 1 and 2)
since these species have diverged for only ~
150,000 years (Ross-Ibarra et al. 2009). Phylogenetic
studies based on microsatellite markers indicated that
Z. nicaraguensis and Z. luxurians are closely related
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Fig.5 FISH mapping ofthe two oligo-FISH probes on metaphase chromosomes prepared from a Tripsacum dactyloides (2n = 2x = 36); and

b Sorghum bicolor (2n =2x=20). Bars=10 pm

species and Z. nicaraguensis could be treated as a sub-
species of Z. Iuxurians (Fukunaga et al. 2005). This
conclusion was supported by our barcode FISH and
karyotyping data. Terminal knobs, which are distal to
the terminal FISH signals, were identified on several
chromosome arms, including the long arms of chromo-
somes 2, 5, 6, 7,9, and 10 in both Z. nicaraguensis and
Z. luxurians (see also Albert et al. 2010). Interestingly,
these terminal knobs were not observed at the same
chromosomal positions in other species/subspecies
(Fig. 3). In contrast, subterminal knobs, which are prox-
imal to the terminal FISH signals, were observed on the
long arms of chromosomes 2, 5, 6, 7, and 9 (Fig. 3) in
several species/subspecies, but not in Z. nicaraguensis
and Z. luxurians. Thus, Z. nicaraguensis and
Z. luxurians share a highly similar knob distribution
pattern.

A putative paracentric inversion was detected in the
long arm of chromosome 4 in both Z. nicaraguensis and
Z. luxurians. Poggio et al. (2005) developed hybrids
between Z. luxurians and three subspecies of Z. mays
(Z. mays ssp. parviglumis, Z. mays ssp. mexicana,
Z. mays ssp. mays) and analyzed meiotic chromosome
pairing in the hybrids. Interestingly, the most frequent
chromosome pairing configuration at metaphase I of
meiosis in those hybrids was eight bivalents and four
univalents (Poggio et al. 2005), suggesting that major
structural changes could be associated potentially with
two Z. luxurians chromosomes relative to their
homoeologous maize chromosomes. In addition, bridges
and broken chromosome fragments were observed at
anaphase I and II (Poggio et al. 2005), which are typical
products associated with heterozygous paracentric

inversions (Sybenga 1972). Genetic linkage mapping
data showed that chromosome 4 from Z. nicaraguensis
and Z. luxurians share the synteny, but they contain a
large inversion relative to maize chromosome 4 (Mano
and Omori 2013). These results support a paracentric
inversion associated with the long arm of chromosome
4. 1t is likely that additional Z. nicaraguensis/Z. luxurians
chromosomes are involved in major structural changes
compared with others in the Zea lineage. An inversion
was found on the long arm of chromosome 3 based on
pachytene chromosome analysis (Fang et al. 2012; Ting
1965), although chromosome 3 shares an identical
barcode FISH pattern across all Zea species and subspe-
cies (Fig. 3). Indeed, because the barcode uses only a few
well-spaced landmarks per chromosome, chromosomal
aberrations, especially those restricted in regions proxi-
mal to the landmarks, will go undetected. Barcodes with
more dense landmarks and in combination with whole
chromosome paints (Albert et al. 2019) will be powerful
tools to identify and characterize chromosomal rearrange-
ments occurred during the evolution of Zea species.
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Abstract

Efficient and consistent chromosome identification is the foundation for successful cytogenetic studies.
Fluorescent in situ hybridization (FISH) has been the most popular technique for chromosome identifica-
tion in plants. Large insert genomic DNA clones, such as bacterial artificial chromosome (BAC) clones, and
repetitive DNA sequences have been the most commonly used DNA probes for FISH. However, most of
such traditional probes can only be used to identify a single chromosome or are too polymorphic to
consistently identity the same chromosome in the target species. In contrast, FISH using oligonucleotide
(oligo)-based probes is highly versatile. In this procedure, a large number of oligos specific to a chromo-
somal region, to an entire chromosome, or to multiple chromosomes are computationally identified,
synthesized in parallel, and labeled as probes. In addition, each oligo probe can be used for thousands of
FISH experiments and represents an infinite resource. In this chapter we describe a detailed protocol for
amplification and labeling of oligo-based probes, relevant chromosome preparation, and FISH procedures.

Key words Chromosome identification, Chromosome painting, FISH, Oligo-FISH, Oligonucleo-
tide probes

1 Introduction

Chromosome identification is the fundamental attribute for the
success of cytogenetics studies [1]. Barbara McClintock used a
combination of chromosomal features such as centromeric posi-
tion, secondary constriction, and heterochromatic knobs to iden-
tify individual maize chromosomes [2]. For many years plant
cytogeneticists used a similar approach for chromosome identifica-
tion. Although a number of new techniques, such as chromosome
banding, were developed over the years, most of these techniques
were used only in few plant species. The advent of fluorescent in situ
hybridization (FISH) has made chromosome identification possible
in most plant species [1]. Different types of DNA sequences,
including BAC clones [3, 4], repetitive DNA elements [5, 6], and
single-copy genes [7, 8], have been used as FISH probes.

Boye Schnack Nielsen and Julia Jones (eds.), In Situ Hybridization Protocols, Methods in Molecular Biology, vol. 2148,
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Unfortunately, development of these probes is often labor intensive
and time consuming. FISH-based chromosome identification sys-
tems have not been developed in most plant species, especially in
non-model species with limited genomic resources.

Recently, bulked synthetic oligonucleotides (oligos) were used
as probes for FISH [9, 10]. Oligos specific to a chromosomal
region or to an entire chromosome are computationally identified,
synthesized as a pool, and then labeled for FISH [11]. Oligo probe
design is highly versatile. Oligos from multiple chromosomes or
from multiple regions of the same chromosome can be included in
the same probe [12]. These probes have been developed in an
increased number of plant species [10, 12-17]. Oligo-FISH is
expected to become a cornerstone methodology in chromosome
identification and cytogenetics studies in plants [11].

The oligo-based FISH technique can be divided into three
main steps: (1) probe design and synthesis, (2) probe amplification
and labeling, and (3) FISH. Oligo probes can be designed using
Chorus2 software (https://github.com/zhangtaolab/Chorus2).
Briefly, the pseudomolecule of a target chromosome or the entire
reference genome of a target species is computationally divided into
45 nt oligos. Single-copy oligos with dTm > 10 °C are selected for
probe design. All selected oligos are synthesized as a pool [10],
typically in 300 ng of DNA, which can be amplified and labeled for
a million FISH experiments [10]. Two steps are used for amplifica-
tion: (1) MYcroarray Debubbling PCR and (2) in vitro transcrip-
tion. A reverse transcription reaction is then used for probe
labeling.

In this chapter we provide a detailed protocol for amplification
and labeling process of oligo-based FISH probes adapted from
Murgha et al. [18] and Han et al. [10]. We also describe a chromo-
some preparation and FISH procedures adapted for oligo-FISH.

2 Materials

2.1 MYtags Immortal
Oligonucleotide
Library

Prepare all solutions using ultrapure water.

1. MYtags immortal oligonucleotide library (approximately
300 ng of library, lyophilizate) is synthesized and shipped by
Arbor Biosciences™ company, formerly MYcroarray®™. As soon
as it is received, resuspend the oligo library in nuclease-free
water or 10 mM Tris-HCI pH 7.5 at 1 ng/pL as a stock
solution and store at —80 °C.

2. Prepare the MYtags immortal oligonucleotide library working
solution by adding 2 pL of stock solution in 26 pL of nuclease-
free water and store at —20 °C.



2.2 MYcroarray
Debubbling PCR

2.3 In Vitro
Transcription

2.4 Reverse
Transcription

2.5 Removal of RNA

2.6 Chromosome
Spread Preparation
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. Arbor Biosciences also provides the MYtags PCR Primer mix

used in the MYcroarray Debubbling PCR reaction, which must
be stored at —20 °C.

1. KAPA HiFi HotStart ReadyMix (KAPA Biosystems).

[\

. Qiagen Qiaquick PCR purification Kit (Qiagen).
. Sodium acetate solution (3 M), pH 5.2: Dissolve 246.1 g of

sodium acetate in 500 mL of deionized water and adjust the
pH to 5.2 with glacial acetic acid. Adjust the final volume to 1 L
with ddH,O and filter-sterilize.

. MEGAshortscript™ T7 Kit (Invitrogen).
. RNeasy Mini Kit (Qiagen).
. 100% Ethanol.

. Order the universal dye-labeled primer as the provided

sequence: 5'dye-CGTGGTCGCGTCTCA3' (see Note 1).
Resuspend at 1 mM.

2. 10 mM dNTP solution mix.

. SUPERasee In™ RNase Inhibitor (20 U/pL) (Invitrogen).

4. SuperScript™ IV Reverse Transcriptase (200 U/pL)

(Invitrogen).

. Exonuclease I enzyme (20 U/pL) (New England Biolabs).
. 0.5 M EDTA pH 8.0.

. Quick-RNA MiniPrep Kit (Zymo Research).

. 100% Ethanol.

. RNase H (5 U/puL) (New England Biolabs).

. RNase A (10 mg/mL) (Thermo Fisher Scientific).
. Quick-RNA MiniPrep Kit (Zymo Research).

. 100% Ethanol.

. Gas-pressure chamber [16], regulated at 160 psi (~10.9 atm).
. Nitrous oxide (N,O) gas.

. Fine forceps and razor blade.

. Microscope slides and cover slides.

. Fixative solution: 3 volumes of 100% ethanol and 1 volume of

glacial acetic acid.

. Enzyme mix: 2% Pectolyase (Sigma Chemical), 4% cellulase

(Yakult Pharmaceutical), and 2% pectinase (Plant Media).
Store at —20 °C.

. Moist box.
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2.7 Fluorescent In
Situ Hybridization
(FISH)

1.

2.

10.

11.
12.
13.
14.
15.

16.

17.
18.
19.

20.

21.

Pepsin stock solution (1 mg/mL): 0.001 g of pepsinin 1 mL of
ddH,O. Aliquot and store at —20 °C.

HCI10.01 N: 100 pL of HCI 1 Nin 9.9 mL of ddH,O. Store at
room temperature (RT).

. Pepsin working solution (10 pg/mL): 1 pL of pepsin stock

solution in 99 pL of HCI 0.01 N. Use freshly prepared
solution.

. 20x Saline sodium citrate (SSC) bufter, pH 7.0: 175.3 g of

NaCl, 88.2 g of sodium citrate in 1 L. of ddH,O. Store at RT.

. 4x SSC buffer: 100 mL of 20x SSC, 500 pL of Tween-20,

adjust to 500 mL of ddH,O.
2x SSC buffer: 100 mL of 20x SSC in 900 mL of ddH,O.
0.1x SSC buffer: 500 pL of 20x SSC in 100 mL of ddH,O.

. 10x Phosphate-buftered saline (PBS) buffer, pH 7.4: 80 g of

NaCl, 2 g of KCl, 14.4 g of Na,HPOy4, 2.4 gof KH,PO4in 1 L
of ddH,O. Store at RT.

1x PBS buffer: 100 mL of 10x PBS in 900 mL of ddH,O.

4% Paraformaldehyde: 4 g of paraformaldehyde, 100 mL of 1 x
PBS (60 °C), 1 mL of 1 N NaOH. Aliquot and store at 4 °C.

70% Ethanol.

90% Ethanol.

100% Ethanol.

100% Deionized formamide.

70% Formamide: 2 mL of ddH,0, 7 mL of 100% deionized
formamide, and 1 mL of 20 x SSC. Keep wrapped in aluminum
foil and store at 4 °C.

50% Dextran sulfate: 2.5 g of dextran sulfate in 5 mL of
ddH,0. Aliquot and store at —20 °C. One aliquot may be
stored at 4 °C for use. Cut the end of the pipet tip and pipette
slowly as this solution is quite viscous.

Rubber cement.
Iron sheet.

5x TNB bufter: 5 mL of 1 M Tris (pH 7.5), 2.5 mL of 3 M
NaCl, 0.25 g of blocking reagent. Adjust to 10 mL. Heating
the solution to 50 °C will significantly decrease the time to
dissolve the blocking reagent. Store at —20 °C.

1x TNB buffer: 1 mL of 5x TNB buffer in 4 mL of ddH,O. S-
tore at 4 °C. Vortex before use.

Anti-biotin antibody, conjugated to fluorescein (1 pg/mL).
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Anti-digoxigenin  antibody, conjugated to rhodamine
(200 pg/mL).

Antifade mounting media with 4’,6-diamidino-2-phenylindole
(DAPI).

3 Methods

3.1 MYcroarray 1.

Debubbling PCR: First
Step of Amplification

Prepare the template master mix (on ice): Mix 24.75 pL of
nuclease-free water, 0.25 pL of MYtags PCR primer mix, and
25 pL of KAPA HiFi HotStart ReadyMix. Vortex for 5 s and
spin down for 5 s.

. Transfer 5 pL of the template master mix to a separate 0.2 mL

tube as a negative control.

. Add 2.5 pLL of MYtags immortal oligonucleotide library work-

ing solution to the template master mix. Vortex for 5 s and spin
down for 5 s.

. Incubate the PCR mix and the negative control in a thermo-

cycler under the following cycling conditions: 95 °C/
3 min + 4 cycles (98 °C/20 s, 54 °C/15 s, and 72 °C/
30 s) + 14 cycles (98 °C/20 s, 56 °C/15 s + 72 °C/30 s),
keep at 24 °C until the next step.

. In a separate tube, prepare the Debubbling mix (on ice): Mix

8.8 pL of nuclease-free water, 1.2 pLL of MYtags PCR primer
mix, and 10 pL of KAPA HiFi HotStart ReadyMix. Vortex for
5 s and spin down for 5 s.

. Add the Debubbling mix to the PCR mix.

. Incubate the reaction in a thermocycler under the following

cycling conditions: 95 °C/3 min + 1 cycle (98 °C/20s,56 °C/
15 s, and 72 °C/30 s), keep at 24 °C until the PCR
purification step.

3.1.1  PCR Purification We use the Qiagen QIAquick PCR purification Kit, following the
manufacturer’s instructions.

1.

2.
3.

Add 32.5 pL of nuclease-free water to bring the PCR product
to 100 pL.

Add 5 pL of 3 M sodium acetate solution.

Add 500 pL of Qiagen Buffer PB to the PCR product and
vortex for 5 s.

. Apply the entire sample to the QIAquick column in a 2 mL

collection tube (supplied). Centrifuge for 1 min at 16,000 x g4
(RCF). Discard flow-through and place the QIAquick column
back into the same collection tube.
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5.

Add 700 pL of Qiagen Buffer PE to the QIAquick column.
Centrifuge for 1 min at 16,000 x g4 (RCF). Discard flow-
through and place the QIAquick column back into the same
collection tube.

. Centrifuge the QIAquick column for an additional 2 min at

16,000 x 4 (RCF).

. Place the QIAquick column in a clean 1.5 mL tube.
. For DNA elution, add 30 pL of Qiagen Buffer EB to the center

of the QIAquick column membrane. Let the column stand for
4 min. Centrifuge for 1 min at 16,000 x 4 (RCF).

. Quantify the DNA product (ng/pl) with spectrophotometer

or 2.5% agarose gel (see Note 2). Store the DNA at —20 °C.

3.2 InVitro We use the MEGAshortscript™ T7 Kit, following the manufac-
Transcription: Second turer’s instructions.

Step of Amplification 1

Prepare the in vitro transcription mix (on ice): Mix X pL of
DNA (480 ng), 4 pL of 10x T7 reaction buffer, 16 pL of the
rNTP pool (includes ATP, CTP, GTP, and UTP solution), and
4 pL of T7 enzyme mix, and complete up to 40 pL of nuclease-
free water. Vortex for 10 s and spin down for 10 s.

. Incubate the reaction in a thermocycler for 4 h at 37 °C (hot

lid: 42 °C).

3.2.1 RNA Purification We use the Qiagen RNeasy Mini Kit, following the manufacturer’s
instructions.

1.

Put the in vitro transcription reaction product directly on ice,
transfer to a 1.5 mL tube, add 260 pL of RNase-free water, and
mix by pipetting. Proceed with RNeasy purification.

. Add 350 pL of Qiagen Buffer RLT and vortex for 5 s.
. Add 250 pL of 100% ethanol and vortex for 5 s.
. Apply 650 pL of the sample to the RNeasy mini spin column in

a 2 mL collection tube (supplied). Centrifuge for 1 min at
13,500 x g4 (RCF). Discard the flow-through and place the
RNeasy mini spin column back into the same collection tube.
Repeat this step once such that the entire sample has been
loaded into the column.

. Add 500 pL of Qiagen Buffer RPE to the RNeasy mini spin

column. Centrifuge for 1 min at 13,500 x g4 (RCF). Discard
the flow-through and place the RNeasy mini spin column back
into the same collection tube.

. Repeat the previous step once.

. Centrifuge the RNeasy mini spin column for an additional

3 min at 13,500 x g (RCF).

. Place the RNeasy mini spin column in a clean 1.5 mL tube.



3.3 Reverse
Transcription:
Labeling Step

3.3.1 RNA:DNA Hybrid

Purification

10.

10.
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. For RNA elution, add 50 pL of RNase-free water to the center

of the RNeasy mini spin column membrane. Let the column
stand for 4 min and centrifuge for 1 min at 13,500 x g4 (RCF).

Quantify the RNA product (ng/pL) with spectrophotometer
(see Note 3). Store the RNA at —80 °C.

. Prepare the reverse transcription mix (on ice): Mix X pL of

RNA (42 pg), 2.4 pL of 1 mM (1 nmol/pL) dye-labeled RT
primer, 15 pL of 10 mM dNTP, and 1 pL of 20 U/pL
SUPERase-In, and complete up to 60 pL of nuclease-free
water. Vortex for 5 s and spin down for 5 s.

. Incubate the reaction in a thermocycler for 5 min at 65 °C (hot

lid: 75 °C). Leave on ice for 5 min.

. In a separate 0.2 mL tube, mix (on ice) 4 pL of nuclease-free

water, 20 pL. of 5x RT buffer, 10 pL of 0.1 M DTT, and 1 pL
of 20 U/pL SUPERase-In. Add the mixture to the reverse
transcription mix. Vortex for 5 s and spin down for 5 s.

. Incubate the reaction for 5 min at 55 °C (hot lid: 55 °C). Do

not place the reaction on ice.

. Add 2.5 pL of 200 U/pL SuperScript IV Reverse Transcrip-

tase. Vortex for 5 s and spin down for 5 s.

. Incubate the reaction for 1 h at 55 °C (hot lid: 55 °C). Do not

place the reaction on ice.

. To remove unincorporated primers add 11 pL of exonuclease I

buffer and 2 pL of exonuclease I enzyme. Vortex for 5 s and
spin down for 5 s.

. Incubate the reaction for 15 min at 37 °C (hot lid: 105 °C). Do

not place the reaction on ice.

. Add 12 pL of 0.5 M EDTA pH 8.0. Vortex for 5 s and spin

down for 5 s.

Incubate the reaction directly in the thermocycler for 20 min at
80 °C (hot lid: 105 °C) (no temperature ramp-up). Transfer
the tube directly on ice.

We use the Zymo Quick-RNA MiniPrep Kit, following the manu-
facturer’s instructions.
1.
2.
3.

Add 500 pL of Zymo RNA lysis buffer. Vortex for 5 s.
Add 625 pL of 100% ethanol. Vortex for 5 s.

Apply 500 pL of the sample to the Zymo-Spin column in a
2 mL collection tube (supplied). Centrifuge for 30 s at 16,000
x g4 (RCF). Discard the flow-through and place the Zymo-Spin
column back into the same collection tube. Repeat this step
once such that the entire sample has been loaded into the
column.
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3.4 Removal of RNA

3.4.1 Single-Strand DNA
Probe Purification

4.

Add 400 pL of Zymo RNA Prep Buffer to the Zymo-Spin
column. Centrifuge for 30 s at 16,000 x g (RCEF). Discard
the flow-through and place the Zymo-Spin column back into
the same collection tube.

. Add 700 pL of Zymo RNA wash buffer to the Zymo-Spin

column. Centrifuge for 30 s at 16,000 x g (RCEF). Discard
the flow-through and place the Zymo-Spin column back into
the same collection tube.

. Add 400 pL of Zymo RNA wash buffer to the Zymo-Spin

column. Centrifuge for 30 s at 16,000 x g (RCEF). Discard
the flow-through and place the Zymo-Spin column back into
the same collection tube.

. Centrifuge the Zymo-Spin column for an additional 3 min at

16,000 x 4 (RCF).

. Place the Zymo-Spin column in a clean 1.5 mL tube.

. For reverse transcription product elution, add 42 pL of

nuclease-free water to the center of the Zymo-Spin column
membrane. Let the column stand for 4 min. Centrifuge for
1 min at 16,000 x g (RCF). Repeat the previous step by adding
42 pL of nuclease-free water to the center of the same Zymo-
Spin column membrane. Let the column stand for 4 min.
Centrifuge for 1 min at 16,000 x g (RCF) (se¢ Note 4).
Store the reverse transcription product at —80 °C until the
next step.

. Prepare the enzymatic RNA removal mix (on ice): Mix 6 pL of

nuclease-free water, 10 pL of 10x RNase H buffer, and 4 pL of
RNase H (5 U/uL).

. Add the RNA removal mix to the purified reverse transcription

product. Vortex gently for 5 s and spin down for 5 s.

. Incubate the reaction in a thermocycler for 2 h at 37 °C (hot

lid: 105 °C). Do not place the reaction on ice.

. Add 4 pL of RNase A (10 mg/mL). Vortex gently for 5 s and

spin down for 5 s.

. Incubate the reaction in a thermocycler under the following

cycling conditions: 60 min at 37 °C, 20 min at 70 °C, 60 min at
50 °C, 5 min at 95 °C (ramp down 95 °C to 50 °C-0.1 °C/s),
and 60 min at 50 °C, and keep at 4 °C until the
purification step.

We use the Zymo Quick-RNA MiniPrep Kit, following the manu-
facturer’s instructions.
1.
2.

Add 400 pL of Zymo RNA lysis buffer. Vortex for 5 s.
Add 500 pL of 100% ethanol. Vortex for 5 s.



3.5 Chromosome
Spread Preparation

10.
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. Apply 650 pL of the sample to the Zymo-Spin column in a

2 mL collection tube (supplied). Centrifuge for 30 s at
16,000 x g4 (RCF). Discard the flow-through and place the
Zymo-Spin column back into the same collection tube. Repeat
this step once such that the entire sample has been loaded into
the column.

. Add 400 pL of Zymo RNA prep buffer to the column. Centri-

fuge for 30 s at 16,000 x g (RCEF). Discard the flow-through
and place the Zymo-Spin column back into the same
collection tube.

. Add 700 pL of Zymo RNA wash buffer to the column. Centri-

fuge for 30 s at 16,000 x g (RCEF). Discard the flow-through
and place the Zymo-Spin column back into the same
collection tube.

. Add 400 pL of Zymo RNA wash buffer to the column. Centri-

fuge for 30 s at 16,000 x g (RCEF). Discard the flow-through
and place the Zymo-Spin column back into the same
collection tube.

. Centrifuge the Zymo-Spin column for an additional 3 min at

16,000 x 4 (RCF).

. Place the Zymo-Spin column in a clean 1.5 mL tube.
. For ssDNA probe eclution, add 50 pL of warm (65 °C)

nuclease-free water to the center of the Zymo-Spin column
membrane. Let the column stand for 4 min. Centrifuge for
1 min at 16,000 x 4 (RCEF). Repeat the previous step by adding
50 pL of warm (65 °C) to the center of the same Zymo-Spin
column membrane. Let the column stand for 4 min. Centri-
fuge for 1 min at 16,000 x g (RCF).

Quantify the ssDNA probe (ng/pL) with spectrophotometer
(see Note 5). Store the ssDNA probe at —20 °C.

. Harvest young root tips from healthy plants or directly from

seeds germinated in a Petri dish and keep them in distilled
water.

. Transfer the root tips to a new 1.5 mL tube keeping them

moist.

. Place the root tips in the gas-pressure chamber and treat with

N,O at 160 psi (~10.9 atm) (see Note 6).

. After treatment, place the root tips in fixative solution for 24 h

at RT. Keep at —20 °C until next step.

. Wash the roots 3 x with distilled water, 5 min each time.
. With razor blade or fine forceps, select the meristematic region.

. Drain the excess of water.
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11.

12.

3.6 FISH 1.

3.6.1 Slide Pretreatment

3.6.2 Chromosome 1.

Denaturation

3.6.3 Probe Hybridization 1.

. Cover the meristematic tissue with the enzyme mix. Incubate

for 1-3 h at 37 °C in a moist box (see Note 7).

. Remove the enzymatic solution.
10.

Wash the meristematic tissue 2x with distilled water, 5 min
cach time.

The slides can be prepared using different methodologies. We
use air-dry [19], stirring [20, 21], and dropping [6] methods
for mitotic and/or meiosis preparation, with minor
modifications.

Select the best slides for FISH using the phase contrast. The
slides can be stored at —20 °C until the next step.

Add 100 pL of pepsin working solution (10 pg/mL)/slide and
cover with a cover slide.

. Place the slide in a moist box for 30 min at 37 °C.
. Wash the slide 3x with 2x SSC buffer, 5 min each time.
. Add 100 pL of 4% paraformaldehyde /slide, cover with a cover

slide, and leave for 10 min at RT (in the fume hood).

. Wash the slide 3x with 2x SSC butffer, 5 min each time.
. Immerse the slide in 70%, 90%, and 100% ethanol, 3 min

each time.

. Dry the slide at RT (for at least 1 h).

Add 100 pL of 70% formamide/slide and cover with a cover
slide.

. Place the slide directly in contact with the hot plate surface for

2 min and 30 s at 70 °C.

. Remove the cover slide by shaking the slide vertically and

immerse the slide immediately in 70% ethanol (pre-cooled at
—20 °C) for 5 min.

. Immerse the slide in 90% ethanol (pre-cooled at —20 °C) for

5 min.

. Immerse the slide in 100% ethanol (pre-cooled at —20 °C) for

5 min.

. Dry the slide at RT until the ethanol completely evaporates.

Prepare the hybridization mix: Mix 10 pL of 100% deionized
formamide, 2 pL of 20x SSC, and 4 pL of 50% dextran sulfate.
Vortex for 10 s and spin down for 10 s.

. Prepare the probe master mix: Add 400 ng of digoxigenin-

labeled ssDNA probe and 400 ng of biotin-labeled DNA probe
to the hybridization mix (se¢ Note 8).

. Add the probe master mix in the slide. Cover with a cover slide

and seal with a rubber cement.



3.6.4 Stringency Washes

3.6.5 Optional Higher
Stringency Washes

3.6.6 Probe Detection

3.6.7 Slide Cleaning for
Re-probing

4.
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. Place the slide in the hot plate on the top of an iron sheet for

3 min at 70 °C (see Note 9).

. Place the slide in a moist box for 24-48 h at 37 °C.

. Peel the rubber cement of the slide away, without moving the

cover slide.

. Place the slide in 2x SSC buffer and gently shake until the

cover slide falls off.

. Wash the slide 1x with 2x SSC buffer for 5 min at RT

(shaking).

. Wash the slide 1x with 2x SSC buffer for 10 min at 42 °C

(shaking).

. Wash the slide 1x with 1x PBS buffer for 5 min at RT

(shaking).

. Wash the slide 2x with 2x SSC buffer at 42 °C, 5 min

each time.

. Wash the slide 2x with 0.1x SSC buffer at 42 °C, 5 min

each time.

. Wash the slide 2x with 2x SSC buffer at 42 °C, 5 min

each time.
Wash the slide 1x with 2x SSC buffer for 10 min at RT.

Always protect fluorophores from light.

1.
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Prepare the antibody mix: Mix 1.5 pL of anti-digoxigenin-
rhodamine (200 pg/mL) and 1.5 pL of anti-biotin-fluorescein
(1 pg/mL) in 97 pL of 1 x TNB bufter.

. Drain (never dry) the slide on a paper towel. Add 100 pL of the

antibody mix and cover with a cover slide.

. Place the slide in a moist box for 1 h at 37 °C.

. Remove the cover slide by shaking the slide vertically.

. Wash the slide 3x with 1x PBS buffer, 5 min each time.
. Dry the slide at RT.

. Mount the slide in VectaShield medium with DAPI.

. Store the slide at 4 °C until fluorescence microscopy analysis.

. Wash the slide 3 x with 4 x SSC buffer at RT, 10 min each time.
. Wash the slide 2 x with 2x SSC butffer at RT, 5 min each time.
. Wash the slide 1x with 70% ethanol for 5 min.

. Wash the slide 1x with 100% ethanol for 5 min.

. Return to “Chromosome Denaturation” step.
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4 Notes

. Each labeled universal primer will be used in one reverse tran-

scription reaction for the oligo library labeling procedure.
These primers can be synthesized from commercial oligo com-
panies such as IDT-DNA, Operon, and TriLink Biotechnolo-
gies. The companies offer a large variety of oligo modifications,
such as a fluorophore conjugate nucleotide, as Cy, Alexa Fluor,
and ATTO dyes (for direct labeling). We use biotin and digox-
igenin nucleotide-conjugated haptens (for indirect labeling).

. The expected yield of the MYcroarray Debubbling PCR reac-

tion is 2—4 pg. We use 480 ng in the in vitro transcription step.

. The expected amount of RNA product is >80 pg. At least

42 pg of RNA is necessary for the reverse transcription proce-
dure. If the reverse transcription will be performed within
1-2 h, leave the RNA on ice.

. The final volume of the reverse transcription product is 82 pL.

The quantification is not required in this step.

. The expected final concentration of the ssDNA probe is

>150 ng/pL.

. The treatment of the root tips with nitrous oxide is essential to

provide a desired chromosome condensation. The time of this
treatment varies according to the species. For example, in
potato it takes about 20 min and for maize it takes about 2 h.

. The time for meristem digestion depends on the diameter and

age of the tissue and it is species related. But generally, for
example, we digest the potato and maize root tips for 1 h and
2-3 h, respectively.

. The final volume of the probe master mix is 20 pL.

. At this time, the slide is placed on the top of iron sheet and do

not directly touch the hot plate surface.
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