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Chickpea (Cicer arietinum L.) is one of the main sources of plant proteins in the
Indian subcontinent and West Asia, where two different morphotypes, desi and
kabuli, are grown. Despite the progress in genome mapping and sequencing, the
knowledge of the chickpea genome at the chromosomal level, including the long-
range molecular chromosome organization, is limited. Earlier cytogenetic studies in
chickpea suffered from a limited number of cytogenetic landmarks and did not
permit to identify individual chromosomes in the metaphase spreads or to anchor
pseudomolecules to chromosomes in situ. In this study, we developed a system for fast
molecular karyotyping for both morphotypes of cultivated chickpea. We demonstrate
that even draft genome sequences are adequate to develop oligo-fluorescence in situ
hybridization (FISH) barcodes for the identification of chromosomes and comparative
analysis among closely related chickpea genotypes. Our results show the potential
of oligo-FISH barcoding for the identification of structural changes in chromosomes,
which accompanied genome diversification among chickpea cultivars. Moreover, oligo-
FISH barcoding in chickpea pointed out some problematic, most probably wrongly
assembled regions of the pseudomolecules of both kabuli and desi reference genomes.
Thus, oligo-FISH appears as a powerful tool not only for comparative karyotyping but
also for the validation of genome assemblies.

Keywords: Cicer arietinum L., kabuli type, desi type, oligopainting FISH, chromosome identification, chromosome
translocation

INTRODUCTION

Chickpea (Cicer arietinum L.) is an important legume crop and one of the main sources of
dietary proteins in South Asia and sub-Saharan Africa, where two different morphotypes, desi
and kabuli, are grown. Chickpea originated in southeastern Turkey and was domesticated in the
Middle East about 10,000 years ago, approximately during the same time as wheat, barley, pea,
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and lentil (Redden and Berger, 2007). The domestication
bottleneck and human selection resulted in a narrow genetic
basis of cultivated chickpeas, which hampers breeding climate-
resilient high-yielding varieties (Abbo et al., 2003; Varshney
et al,, 2019). The low level of genetic diversity in chickpea
was demonstrated using a variety of molecular methods (Thudi
et al., 2011; Hiremath et al., 2012; Roorkiwal et al., 2014; Gupta
et al., 2017). In contrast, a large genetic diversity in wild Cicer
species was revealed using classical molecular markers such as
RAPD, ISSR, and SSR (Sudupak et al., 2002; Rajesh et al., 2003;
Upadhyaya et al., 2008).

Draft genome assemblies of both morphotypes were
produced recently (Varshney et al, 2013; Ruperao et al,
2014; Parween et al, 2015), establishing a solid foundation
for the development of molecular tools to speed-up chickpea
breeding. Draft genome sequence of desi type was created
from a combination of 454/Roche and Illumina sequence reads
(Jain et al., 2013), improved by mate-pair Illumina sequence
data (Parween et al, 2015) and scaffolded using bacterial
artificial chromosome (BAC)-end sequences. Scaffolds were
ordered into pseudomolecules by use of marker sequences
from interspecific genetic linkage maps (Gaur et al, 2015).
The desi assembly represented 519 Mb, corresponding to
59.8% of its genome (considering 1C ~ 868 Mb, Ruperao
et al., 2014). Draft genome sequence of kabuli type of chickpea
was constructed from Illumina sequence data and BAC-
end sequences. The pseudomolecules were assembled using
DNA markers (Thudi et al, 2011; Hiremath et al., 2012)
that differed from those used in the desi genome sequence
project. Finally, the scaffolds were ordered based on the
synteny with the Medicago truncatula genome (Varshney
et al., 2013). The draft sequence of kabuli captured 532 Mb,
60.3% of the estimated genome size (Ruperao et al, 2014).
The use of a different strategy to order the scaffolds into
pseudomolecules resulted in their different orientation
between desi and kabuli types (Parween et al, 2015).
Moreover, neither desi nor kabuli pseudomolecules were
anchored to chromosomes.

Subsequent re-sequencing of multiple accessions led to the
identification of a large number of DNA markers, some of
which are associated with important traits, and the identification
of candidate genes related to important agronomic characters
(Thudi et al., 2016; Varshney et al, 2019). These efforts were
accompanied by the development of high-density genetic maps
(Roorkiwal et al., 2018; Deokar et al., 2019; Barmukh et al., 2021)
to complete the knowledge of the chickpea genome organization
and to deliver resources needed for the application of marker-
assisted selection in chickpea improvement.

The progress in genome mapping and sequencing contrasts
with limited knowledge of the chickpea genome at the
chromosomal level, including the long-range molecular
chromosome organization. This knowledge gap prevents the
anchoring of individual pseudomolecules of genome assembly
to particular chromosomes, precludes comparative karyotype
analysis between the chickpea morphotypes and related species,
impedes the analysis of the behavior of individual chromosomes
during meiosis, and the identification of chromosome structural

changes. The relatively small nuclear genome of chickpea (~748-
882 Mb) (Arumuganathan and Earle, 1991; Ruperao et al., 2014)
is divided into eight submetacentric or metacentric chromosomes
(Ohri and Pal, 1991). Out of the eight chromosomes, only two
largest chromosomes, one bearing nucleolus organizer region,
and the smallest chromosome could be identified based on
morphology and presence of heterochromatin (Karafidtova
et al., 2017). Large heterochromatin blocks comprise two main
chickpea satellite DNA sequences, CaSatl and CaSat2. While
CaSatl localizes to subtelomeric regions of the two largest
chromosomes, CaSat2 is located in centromeric regions of
all eight chromosomes (Staginnus et al., 1999). The attempts
to identify the remaining chromosomes, which included
fluorescence in situ hybridization (FISH) with probes for some
microsatellites and retrotransposons, were largely unsuccessful
(Sharma et al., 1995; Gortner et al., 1998; Staginnus et al., 1999,
2010).

Conventional microscopic identification of all chromosomes
of chickpea using a variety of banding techniques and
fluorescence staining with chromomycin A3 and 4,6-diamidino-
2-phenylidole (DAPI) enable unambiguous identification of the
two largest chromosomes and also the smallest chromosome.
The remaining chickpea chromosomes are similar in size
and metacentric, which hampers discrimination of individual
arms (Ohri and Pal, 1991; Begum and Alam, 2016a,b). The
application of FISH with a set of traditionally used probes,
which included genes for 5S and 45S rRNA, two satellite DNA
sequences CaSatl and CaSat2, and probes developed from
transposable element sequences (e.g., CaRep repeats) enabled
unambiguous identification of the two largest chromosomes
(with hybridization signals of rDNA and CaSatl) and an
intermediate-sized chromosome with another hybridization
signal of 55 rDNA (Galasso et al, 1996; Staginnus et al,
1999, 2001, 2010). Fluorescence in situ hybridization probes
for satellite repeat CaSat2 localized to centromeric regions
of all chromosomes (Staginnus et al., 1999), and the probes
developed from transposable elements were dispersed across all
chromosome arms (Staginnus et al., 2001, 2010).

The identification of all eight chromosomes of chickpea was
achieved only after they were classified according to relative DNA
content and sorted using flow cytometry. Initially, Vlacilové et al.
(2002) discriminated five peaks on a flow karyotype of kabuli type
of chickpea and anchored one of the chromosomes—the smallest
in the set—to genetic linkage group 8 using polymerase chain
reaction (PCR) with primers for sequence-tagged microsatellite
site markers. Using FISH, the authors revealed the presence of
large interstitial blocks of telomeric repeats (localized on the
same arm as 455 rDNA) on chromosomes labeled A and B, and
confirmed the location of 5S rDNA on the large chromosome
B and on the intermediate-sized chromosome G. In a follow-
up study, Zatloukalovd et al. (2011) created the first complete
molecular karyotype of desi-type chickpea after combining
chromosome flow sorting and developing new probes for FISH.
These comprised five unique BAC clones (10113, 14M02, 17N07,
11K07, and 15M06), which hybridized to single genomic loci.
Using the single-copy BAC clones and the previously used probes
for FISH on flow-sorted chromosomes, the authors succeeded
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in identifying all eight chromosomes. However, three out of
the eight chromosomes were identified only after flow sorting
(Zatloukalova et al., 2011; Karafidtovd et al., 2017). The persistent
bottleneck was the shortage of probes for FISH to obtain
chromosome-specific labeling patterns.

Recently, Han et al. (2015) developed oligopainting FISH,
which has been successfully applied in a variety of plant species
to create molecular karyotypes, identify individual chromosomes,
and reveal large-scale chromosomal translocations (e.g., Braz
et al., 2018; Xin et al, 2018; Simonikova et al., 2019, 2020).
The approach is based on in silico identification of thousands of
unique short oligomers (~ 50-nt long) in a genome sequence
(typically a chromosome-scale reference genome) and their
synthesis and use as probes for FISH after direct or indirect
fluorescent labeling (reviewed in Jiang, 2019). The oligopainting
probes can be designed to cover entire chromosomes or
only chromosome arms to label multiple regions of multiple
chromosomes and obtain a chromosome-specific FISH pattern.
The latter approach was termed the oligo-FISH barcode system
(Braz et al,, 2018) and is based on the production of two different
oligomer libraries, which facilitate unambiguous identification of
all chromosomes of a species (e.g., Braz et al., 2020; Chen et al.,
2020; Liu et al., 2020).

This study aimed at the creation of a universal oligo-
FISH barcoding system in chickpea to (1) establish molecular
karyotypes of desi and kabuli chickpea; (2) anchor draft
genome sequences (pseudomolecules) to chromosomes in situ;
(3) compare the structure of colinear chromosomes and identify
large chromosome structural changes between desi and kabuli
genotypes; and (4) identify misassembled regions in situ.

MATERIALS AND METHODS

Plant Material and Chromosome Spreads

Preparation

Seeds of two different accessions of chickpea (Cicer arientinum
L., 2n =2x = 16), ICC 1882 (desi type) and CDC Frontier (kabuli
type), were obtained from the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT, Patancheru, India).
Seed germination, cell cycle synchronization, and metaphase
accumulation in root meristem cells were performed according to
Vlacilova et al. (2002). Synchronized roots were fixed for 20 min
in 2% (v/v) formaldehyde in Tris buffer at 4°C. After three 5-min
washes in Tris buffer (V14cilova et al., 2002) the roots were used
to prepare protoplast suspension following Dolezel et al. (1998),
with minor modifications. Segments of root meristems were
excised and digested in a mixture of 2% (w/v) cellulase, 2% (w/v)
pectinase, and 1% (w/v) cytohelicase in 75 mM KCl and 7.5 mM
ethylenediaminetetraacetic acid (EDTA) (pH 4), for 90 min at
30°C. The crude suspension was filtered through 150-pm nylon
mesh, pelleted by centrifugation (1,000 rpm, 5 min, 4°C), and
washed in 75 mM KCI and 7.5 mM EDTA buffer. Pelleted
protoplasts were diluted in 50 pl of 70% ethanol, and stored at
—20°C for further use. Mitotic metaphase chromosome spreads
were prepared using the dropping technique of Dolezel et al.
(1998). Air-dried slides were postfixed in 4% (v/v) formaldehyde

made in 2 x saline-sodium citrate (SSC) (10 min at room
temperature), washed in 2 x SSC for 2 x 5 min, and dehydrated
using ethanol series and used for FISH. Mitotic metaphase
spreads of both morphotypes were counterstained with DAPI
and mounted in Vectashield antifade mounting medium (Vector
Laboratories, Burlingame, California, United States), and used
to determine chromosome and chromosome-arm length to
create schematic karyotypes (idiograms). The measurements
were conducted using ISIS software (Metasystems, Altlussheim,
Germany) in ten complete metaphase plates of each chickpea
genotype (Supplementary Table 1).

Oligo-Fluorescence in situ Hybridization
Probe Design and in silico Mapping

Oligonucleotides suitable for probe design were identified using
the Chorus software.! To develop probes for chromosome
barcoding, we selected ~ 500-kb-long regions on chromosomes
of CDC Frontier (kabuli type; Varshney et al., 2013) which shared
high homology with the regions on collinear chromosomes of
desi accession ICC 4958 (Parween et al., 2015). The draft genome
sequence of CDC Frontier was used to design two sets of 20,000
oligomers (45-nt) covering specific regions on chromosomes
(Figure 1). The oligomers were synthesized as immortal libraries
by Arbor Biosciences (Ann Arbor, Michigan, United States) and
then labeled either by digoxigenin or biotin (Eurofins Genomics,
Ebersberg, Germany) according to Han et al. (2015).

To compare the predicted locations of oligomers on
pseudomolecules of kabuli and desi types, sequences representing
bulked oligoprobes were mapped to their genome assemblies by
BWA v0.7.17 (Li and Durbin, 2010) and visualized along the
pseudomolecules using BEDTools v2.27.1 (Quinlan and Hall,
2010). An additional painting probe was designed to confirm the
translocated region (0-10 Mb) on chromosome 7 of desi type of
C. arietinum (genotype ICC 1882), which was identified during
this work. The oligomers were synthesized as immortal libraries
by Arbor Biosciences (Ann Arbor, Michigan, United States)
and labeled by Cy5 (Eurofins Genomics, Ebersberg, Germany)
following Han et al. (2015).

lllumina Sequencing and Assembly of

Bacterial Artificial Chromosome Clones

Three BAC clones (10113, 11K07, and 14M02) which localized
to singe loci on chromosomes of desi accession WR315
(Zatloukalova et al., 2011) and one additional BAC 05E03, which
we identified later, were sequenced using Illumina. DNA of the
BACs was extracted using the Qiagen Plasmid Midi Kit (Qiagen),
sheared by Bioruptor Plus (Diagenode, Liege, Belgium) to achieve
an insert size of about 800 bp. Sequencing libraries were prepared
from 2 pg of fragmented DNA using TruSeq® DNA PCR-free kit
(Illumina) and sequenced on the MiSeq Illumina platform with
reads length 2 x 300 bp to achieve a minimal sequence depth of
100 x. Illumina sequences were processed using homemade perl
script combining the assembly processes using MaSuRCA (Zimin
et al., 2013) and identification of vector sequences flanking

'https://github.com/forrestzhang/Chorus
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FIGURE 1 | Location of oligopainting barcodes CAF-OP1 (green) and CAF-OP2 (red). (A) Oligopainting barcodes were identified and selected by Chorus software on
a reference genome assembly of Cicer arietinum CDC Frontier (kabuli type). (B) Schematic comparison of in silico predicted positions of oligopainting barcodes on a
reference genome of C. arietinum CDC Frontier (kabuli type) and C. arietinum ICC 1882 (desi type). A collinearity between kabuli and desi pseudomolecules is shown
based on the results of Parween et al. (2015). Chromosome nomenclature corresponds to the pseudomolecules of Varshney et al. (2013) and Parween et al. (2015).

Cak5 Caké CaK7 Caks
0 0 0 0
F 16.5
-— — Mb
a8 | | a8
Mb 56 Mb
Mb
kabuli desi kabuli desi
CDC Frontier ICC 4958 CDC Frontier ICC 4958
Cak3 Ca3
0

40 42
Mb Mb

CakK8 Ca8
0 0
16.5 17.6
Mb Mb
45
48
Mb Mb

the chickpea assembled contigs/scaffolds. Final scaffolds were
then used to map onto desi and kabuli pseudomolecules using
MegaBLAST (Altschul et al.,, 1990) to determine their relative
position concerning oligopainting probes.

Preparation of Other Probes for

Fluorescence in situ Hybridization

45S rDNA probe was prepared from a clone pTA71 (Gerlach
and Bedbrook, 1979) by nick translation (Roche Applied
Science, Penzberg, Germany) using aminoallyl-dUTP-Cy5 (Jena
Biosciences, Jena, Germany) according to the instructions
of the manufacturer. A probe for 55 rDNA was prepared
according to Zatloukalova et al. (2011) and labeled by aminoallyl-
dUTP-Cy5 (Jena Biosciences). A probe for telomere repeat
([CCCTAAA]) was synthesized as a 5'-end-labeled oligomer
by Cy5 fluorochrome (Integrated DNA Technologies, Inc.,
Coralville, TA, United States). DNA of BAC clones 14M02,
05E03, 11K07, and 10113 (Zatloukalovd et al., 2011) was
isolated by alkaline lysis and labeled by nick translation (Roche
Applied Science) using aminoallyl-dUTP-Cy5 (Jena Biosciences)
according to the instructions of the manufacturer.

Fluorescence in situ Hybridization

Hybridization mix containing 50% (v/v) formaldehyde, 10%
(w/v) dextran sulfate in 5 x SSC, and 200 ng of labeled probes
was applied onto the slides and denatured for 2 min 15 s at
80°C. Hybridization was carried out overnight at 37°C in a
humid chamber. After the hybridization, the stringent wash
was performed in 0.1 x SSC (2 mmol/l MgCl, and 0.1%
Triton X-100) (Schwarzacher and Heslop-Harrison, 2000) for
10 min at 42°C according to Vldcilova et al. (2002). Indirectly
labeled probes were detected using antidigoxigenin-FITC
(Roche Applied Science) and Streptavidin-Cy3 (ThermoFisher
Scientific/Invitrogen, Waltham, United States). The preparations
were counterstained with DAPI and mounted in Vectashield
antifade mounting medium (Vector Laboratories). Images of
metaphase plates were acquired with Axio Imager Z.2 Zeiss
microscope (Zeiss, Oberkochen, Germany) equipped with
Cool Cube 1 camera (Metasystems) and appropriate optical
filters. The captured images were processed with ISIS software
(Metasystems). Karyotypes were constructed after the analysis of
at least twenty complete metaphase plates and their images were
created using Adobe Photoshop CS5 (version 12.0).
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RESULTS

Development of Barcoding Probes for

Chromosome Identification

We have developed two bulked oligopainting probes for
chromosome identification in C. arietinum. The probes comprise
18,677 and 19,917 oligonucleotides (45-nt), which were identified
in the reference genome sequence of kabuli-type CDC Frontier
(Varshney et al, 2013). The probe CAF-OP1 (green signals)
covers 11 different regions on seven chickpea pseudomolecules,
while the probe CAF-OP2 (red signals) covers the other 11
regions on eight chickpea pseudomolecules (Figure 1A and
Supplementary Table 2). The size of each of the 11 chromosome
regions was ~500 kb on the kabuli pseudomolecule and it was
covered by 1,202-2,108 oligonucleotides. Oligo-FISH barcode
libraries, hereafter called painting probes, were designed to
achieve a density of 2.00-4.20 oligos per 1 kb in the region of
interest (Supplementary Table 2), to ensure good visibility of
hybridization signals after FISH.

To confirm the suitability of the painting probes for
chromosome identification in desi chickpea, we mapped the
probe sequences in silico to the reference genome of the ICC 4958
accession (Parween et al., 2015). The results showed that most of
the kabuli-derived oligomers mapped to collinear chromosome
regions (Figure 1B). However, some exceptions were revealed
for the CAF-OP1 painting probe specific to kabuli chromosome
8 (1,656 oligonucleotides), which showed homology to two
different genome regions in the desi accession ICC 4958. The
first region of the CAF-OP1 painting probe specific to kabuli
chromosome 8 (~ 150 kb containing 557 oligomers) showed
homology to ~ 200-kb-long region on the collinear chromosome
8 in the desi accession ICC 4958. The second region of the
CAF-OP1 painting probe specific to kabuli chromosome 8 (~
200 kb containing 945 oligomers) was homologous to the ~
300-kb-long region on chromosome 1 in the desi accession
(Figure 1B). In silico mapping of oligomers designed for kabuli
type of C. arietinum genome to the desi genotype revealed other
short regions (up to 100 kb) in the desi genome covered by the
low number of kabuli-specific oligomers (Figure 1).

Chromosome ldentification and

Karyotype Development

To validate the suitability of the CAF-OP1 and CAF-OP2
painting probes for chromosome identification in situ, they
were used for FISH on mitotic metaphase spreads of kabuli-
type CDC Frontier, whose reference genome was used to
design the painting probes. The positions of the majority of
FISH signals were in accordance with in silico predictions,
the exception being chromosome 1 in kabuli type, where the
positions of two barcodes were rearranged. This, however,
led to the same labeling pattern on chromosomes 1 and 4
(Figure 2). Thus for unambiguous chromosome identification,
we colocalized CAF-OP1 and CAF-OP2 painting probes with
previously developed cytogenetic landmarks, namely, rDNA
sequences, telomeric sequences, and four selected BAC clones
(Supplementary Figure 2). As expected, 55 rRNA genes localized

to the long arms of chromosomes 1 and 3 in the kabuli
genome (Figure 2). FISH with the probe for 45S rDNA resulted
in hybridization signals in the nucleolus organizer region on
chromosome 5, with an additional signal in the subtelomeric
region of the long arm of chromosome 3 (Figure 3A and
Supplementary Figure 2E). Interstitial signals were also observed
after FISH with telomere DNA repeat and were visible on the long
arm of chromosomes 3 and 5 (Figure 3A and Supplementary
Figure 2C). As this has been the first study in which the
pseudomolecules of chickpea genome assembly were anchored
to chromosomes in situ, we wanted to create more complex
karyotypes. To achieve this, we colocalized the painting probes
with four chickpea BAC clones which hybridized into single loci
onto specific chromosomes.

Bacterial artificial chromosome (BAC) clones 05E03 and
11KO07 were localized to the long arm of chromosomes 2 and 4 in
kabuli and the hybridization signal positions were in accordance
with in silico predictions (Figure 3 and Supplementary Figure 2).
BAC 10113, which localized to the short arm of chromosome
5, provided a hybridization signal behind the red signals
of the CAF-OP2 painting probe, which did not correspond
to the in silico prediction. Thus, this region on the kabuli
pseudomolecule seems to be wrongly assembled—inverted as
compared to the physical localization on the chromosome
(Figure 3 and Supplementary Figure 2). Finally, BAC 14M02
localized to the long arm of chromosome 3 in the kabuli genome
(Supplementary Figure 2). However, the position of the BAC
14MO02 sequence on the pseudomolecules of kabuli could not be
established, most probably due to the absence of this region in the
genome assembly.

After establishing the karyotype of kabuli-type CDC Frontier,
we conducted FISH with the same set of probes on chromosomes
of desi accession ICC 1882. The same hybridization pattern
of CAF-OP1 (green) and CAF-OP2 (red) painting probes was
observed on chromosomes 1, 2, 4, 5, 6, and 8 (Figure 3 and
Supplementary Figure 1). However, different barcode labeling
patterns were observed on chromosomes 3 and 7 as compared
to the kabuli type. This pattern also differed from that predicted
in silico in the desi genome (Figure 1). When compared to the
kabuli type, chromosome 3 of the desi accession contained two
additional green bands in the subtelomeric region of its long
arm, while chromosome 7 missed two green bands on its long
arm (Figure 3 and Supplementary Figure 3). One additional
green painting signal was also observed on the short arm of desi
chromosome 3 (Figure 3 and Supplementary Figure 3). This
observation indicated the presence of chromosome translocation
in the desi accession ICC 1882.

Integrated karyotyping of desi type of chickpea using a
combination of painting probes and other cytogenetic landmarks
showed additional rearranged regions on desi chromosomes
compared to kabuli. The probes for 45S rDNA, interstitial
telomere repeats, and the three BAC clones (05E03, 11K07, and
14M02) localized to similar positions on the same chromosomes
in desi as on chromosomes of kabuli CDC Frontier (Figure 3 and
Supplementary Figure 3). However, the difference was observed
for BAC 10113 that localized between red signals of the CAF-
OP2 painting probe on the short arm of chromosome 5 (Figure 3
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FIGURE 2 | FISH on mitotic metaphase plate of Cicer arietinum CDC Frontier (kabuli type) using (A) painting probes CAF-OP1 (green) and CAF-OP2 (red); (B)
combination of painting probes and 5S rDNA probe (yellow), which was used to unambiguously distinguish chromosomes 1 and 3. (C) Molecular karyotype of CDC
Frontier genotype (kabuli type). Chromosomes were counterstained with DAPI (blue). Bar = 3 pm.

and Supplementary Figure 3D), indicating intrachromosomal
inversion in desi.

Validation of Chromosome Translocation
in Desi Accession ICC 1882

To confirm a translocation of the distal region of the long arm
of chromosome 7 to the long arm of chromosome 3 in desi, we
designed an additional oligonucleotide painting probe specific
to the putative translocated region on chromosome 7. It was
designed to cover the translocated region and corresponded
to the 10-Mb-long region on pseudomolecule Ca7 of the desi
reference genome (Parween et al.,, 2015). Fluorescence in situ
hybridization with this probe confirmed the in silico prediction
as the hybridization signal was observed in the subtelomeric
region of the long arm of desi chromosome 3 (Figure 4).
A difference in structure and organization of chromosome 3
between desi and kabuli genotypes was also observed for the
short arm of chromosome 3, which in desi type contained one

additional green oligopainting signal. This observation agreed
with in silico prediction on desi reference genome sequence
(Parween et al., 2015).

Another putative chromosome rearrangement in desi
chickpea concerning kabuli was identified in silico by mapping
CAF-OP1 oligomers specific to kabuli chromosome 8. These
oligomers mapped in silico to two chromosomes (1 and 8)
in desi reference genome sequence. However, the absence of
additional green bands on desi chromosome 1 (Figure 3 and
Supplementary Figure 3) after FISH with the painting CAF-OP1
and CAF-OP2 probes did not confirm this putative chromosome
rearrangement in desi accession ICC 1882.

Comparison of Predicted in silico and
Physical Position of Cytogenetic

Landmarks
At the cytogenetic level, the general structure and long-range
organization of a majority of chickpea chromosomes shared a
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FIGURE 3 | Scheme of pseudomolecules with corresponding chromosome idiograms of the two types of chickpea with the positions of all cytogenetic landmarks
and painting probes used in this study. (A) Cicer arietinum CDC Frontier, kabuli type; and (B) C. arietinum 1CC 1882, desi type. Chromosome nomenclature
corresponds to the pseudomolecules of Varshney et al. (2013) and Parween et al. (2015).

high level of collinearity. The position of signals of painting
probes and other cytogenetic landmarks was similar on kabuli
and desi chromosomes. The only exception was chromosomes
7 and 3, which differed by a telomeric translocation in the
desi genome (Figure 3). The short arm of chromosome 3 in
desi contained also an additional green painting signal. As the
painting probes represented a group of barcodes designed to
label different regions in the genome, we cannot exclude a
possibility that this addition signal indicated a duplication. The
additional short inverted region was detected on the short arm of
chromosome 5 in desi, where the position of red painting signals
and BAC 10113 was rearranged compared to kabuli (Figure 3).

In contrast to the highly conserved physical organization
of the landmarks along the chromosomes between kabuli and
desi types of chickpea at cytogenetic level, in silico mapping
of the nucleotide sequences onto pseudomolecules showed a
remarkable difference, especially in desi. However, it should be
noted that it was not possible to map all sequences used as
cytogenetic landmarks to the pseudomolecules. The assemblies
do not contain regions with 455 rDNA sequences, telomeric
sequences—even those which are intercalated as large clusters on
the long arms of chromosomes 3 and 5, and BAC 14M02.

In kabuli, the order of in silico mapped landmarks on the
pseudomolecules mostly agreed with their physical location and
the order as determined by FISH. The only exception was the

location of 55 rRNA genes on pseudomolecule CaK3, which did
not correspond with its physical location on chromosome 3 of
kabuli (Figure 3).

The situation was different in desi chickpea. As already
mentioned, discrepancies were found between the predicted
positions of oligo-FISH barcodes on pseudomolecules (as
compared to kabuli) and their physical location on chromosomes
(Figures 1, 3). Different in silico positions were observed
also for BAC clones 05E03 and 11K07. Although they were
identified on the expected pseudomolecules, their position was
not congruent with their location on chromosomes (Figure 3).
The discrepancies between in silico and physical location were
also observed for 5S rDNA sequences, which localized by FISH to
the long arm of chromosome 1 and the long arm of chromosome
3. However, pseudomolecule Cal did not contain any 55 rDNA
sequence and the position of 5S rDNA on pseudomolecule Ca3
was different as compared to its physical location (Figure 3).
On the other hand, pseudomolecule 5 contains a region with
5S rDNA sequences.

DISCUSSION

Similar to many other plant species, namely, some important
crops, the identification of chickpea chromosomes in situ,
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FIGURE 4 | Validation of translocation of a telomeric part of long arm of chromosome 7 to the long arm of chromosome 3 in desi type of Cicer arietinum ICC 1882.
In situ localization of the two painting probes CAF-OP1 (green) in CAF-OP2 (red) on metaphase plates of (A) C. arietinum CDC Frontier (kabuli) and (B) C. arietinum
ICC 1882 (desi). Localization of a probe specific to the translocated part of chromosome 7 (yellow) in the (C) kabuli and (D) desi genotypes. Colocalization of
CAF-OP1 (green), CAF-OP2 (red), and a probe specific to the translocated part of chromosome 7 (yellow) on mitotic metaphase plates of the (E) kabuli and (F) desi
types. Chromosomes were counterstained with DAPI (blue). Chromosomes 3 and 7 are marked by arrows. Bar = 3 um.

comparative karyotyping, and the analysis of the behavior
of individual chromosomes during meiosis remain a major
challenge (Vlacilovd et al, 2002; Zatloukalova et al., 2011;
Karafidtovd et al., 2017). This is a consequence of a shortage of
probes suitable for FISH that would give chromosome-specific
labeling patterns.

The recent development of oligopainting FISH provided an
opportunity to establish cytogenetic barcoding systems for rapid
characterization of plant karyotypes (Braz et al., 2018, 2020; Chen
etal., 2020; Liu et al., 2020). In this study, we developed an oligo-
FISH barcode system for kabuli-type chickpea, CDC Frontier
(Varshney et al., 2013). Each probe was designed to loci highly
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homologous to the reference genome sequence of a desi type
(ICC 4958) to enable their use in comparative karyotype analysis
of both cultivated types of chickpea. The reference genome
sequences of the chickpea kabuli and desi types represent about
25%-58% of the estimated chromosome length (Karafidtova et al.,
2017), and the positions of centromeric regions remain unknown.
This is probably due to the presence of DNA repeats, including
the large blocks of satellite DNA (CaSat2) (Staginnus et al.,
1999; Zatloukalova et al., 2011), which hampered the creation of
chromosome-scale assemblies.

We performed oligo-FISH in kabuli type of chickpea using
the same genotype from which reference genome assembly
was produced (Varshney et al, 2013). This made it possible
to validate the method and compare in silico location of the
painting probes with their physical chromosomal positions. The
positions of the majority of painting barcodes agreed with i silico
predictions except for chromosome 1, where the positions of
two barcodes were rearranged. This observation pointed to some
incorrectly assembled regions of the pseudomolecule of kabuli
chickpea. A combination of painting probes with probes for
5S rDNA and BAC 10113 revealed other incorrectly assembled,
most probably inverted regions on kabuli chromosomes 3 and
5 (Figure 3). More striking differences between the predicted
in silico organization of painting probes and cytogenetic
landmarks were observed for a majority of chromosomes of desi
(Figure 3) which may reflect different strategies employed to
create pseudomolecules of kabuli and desi genomes (Ruperao
et al., 2014; Parween et al., 2015).

In contrast to the in silico comparison of the kabuli and
desi genome sequences (Parween et al., 2015), which indicated
differences in long-range chromosome organization of all
chickpea chromosomes, our results suggest that this apparent
structural variability, at least in some cases, could be due to
incorrect scaffolding. If so, this could be improved by long-read
sequencing technologies in combination with the Hi-C method
and/or Bionano optical mapping, as done in other plant species
with complex genomes (Belser et al., 2018; Deschamps et al., 2018;
Wang et al., 2020; Bredeson et al., 2021).

Our comparative cytogenetic analysis of a chickpea desi-
type accession (ICC 1882) and kabuli-type accession (CDC
Frontier) indicated general chromosome collinearity between
both types. These results imply a high level of genome similarity
between kabuli and desi cultivars and confirm their close
phylogenetic relationships (Thudi et al., 2011; Roorkiwal et al.,
2014; Gupta et al., 2017). However, a difference was observed
for the signals of the barcode CAF-OP2 (red signals) and
BAC clone 10113 on the short arm of chromosome 5 of
desi type as compared to kabuli, indicating intrachromosomal
inversion. Similarly, the short arm of chromosome 3 in desi
type contained one additional green signal as compared to
kabuli. If the in silico prediction of the oligobarcoding pattern
on the desi genome sequence is correct, this observation
points to insertion in the desi genome region relative to
the kabuli genome. The most striking chromosome structural
variability identified in this work involved long arms of
chromosomes 7 and 3, indicating the presence of a translocation
event between the two chromosomes in the desi type of

chickpea. This translocation was confirmed by FISH with
a specific oligopainting probe, which covered the putative
translocated region.

Oligopainting FISH was found useful to identify large
chromosome translocations in a range of closely related species
(Braz et al., 2018; Hou et al., 2018; Albert et al., 2019; Simonikova
et al.,, 2020; do Vale Martins et al., 2021). However, we were
not able to ascertain if the translocation between the long
arm of chromosomes 3 and 7 was reciprocal. A comparison
of the current genome assemblies of CDC Frontier and ICC
4958 accessions did not reveal this translocation event (Parween
et al., 2015). To clarify this issue and to locate the translocation
breakpoint, an improved chromosome-scale genome assembly
will be needed. It should be pointed out that we used a
different genotype of desi (ICC 1882) for cytogenetic mapping
than the one used for genome assembly. Thus, although the
translocation could be the result of incorrectly assembled
regions on pseudomolecules of desi-type chickpea, it may also
be genotype-specific. To clarify this, more kabuli and desi
types accessions should be analyzed by oligo-FISH barcoding.
In any case, our data indicate that kabuli and desi genome
assemblies may contain incorrectly assembled regions and that
the oligopainting FISH is one of the possible approaches
to identify them.
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Supplementary Figure 1 | ISH on mitotic metaphase plate of C. arietinum ICC
1882 (desi type) using (A) painting probes CAF-OP1 (green) and CAF-OP2 (red);
(B) combination of the painting probes and 5S rDNA probe (yellow); and (C)
molecular karyotype of ICC 1882 genotype (desi type). Chromosomes were
counterstained with DAPI (blue). Bar = 3 p m.
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