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Abstract

We present the first annotated genome assembly of the allopolyploid okra (Abelmoschus
esculentus). Analysis of telomeric repeats and gene rich regions suggested we obtained whole
chromosome and chromosomal arm scaffolds. Besides long distal blocks we also detected short
interstitial TTTAGGG telomeric repeats, possibly representing hallmarks of chromosomal speciation upon
polyploidization of okra. Ribosomal RNA genes are organized in 5S clusters separated from the 185-5.8S-
28S units, clearly indicating an S-type rRNA gene arrangement. The assembly is consistent with
cytogenetic and cytometry observations, identifying 65 chromosomes and 1.45Gb of expected genome
size in a haploid sibling. Approximately 57% of the genome consists of repetitive sequence. BUSCO
scores and A50 plot statistics indicated a nearly complete genome. Kmer distribution analysis suggests
that approximately 75% has a diploid nature, and at least 15% of the genome is heterozygous. We did
not observe aberrant meiotic configurations, suggesting there is no recombination among the sub-
genomes. BUSCO configurations pointed to the presence of at least 3 sub-genomes. These observations
are indicative for an allopolyploid nature of the okra genome. Structural annotation using gene models
derived from mapped transcriptome data, generated over 130,000 putative genes. The discovered genes
appeared to be located predominantly at the distal ends of scaffolds, gradually decreasing in abundance
toward more centrally positioned scaffold domains. In contrast, LTR retrotransposons were more
abundant in centrally located scaffold domains, while less frequently represented in the distal ends. This
gene and LTR-retrotransposon distribution is consistent with the observed heterochromatin organization
of pericentromeric heterochromatin and distal euchromatin. The derived amino acid queries of putative
genes were subsequently used for phenol biosynthesis pathway annotation in okra. Comparison against
manually curated reference KEGG pathways from related Malvaceae species revealed the genetic basis
for putative enzyme coding genes that likely enable metabolic reactions involved in the biosynthesis of

dietary and therapeutic compounds in okra.
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Introduction

The well-known okra (Abelmoschus esculentus) vegetable belongs to the family Malvaceae,
comprising more than 244 genera and over 4,200 species. The Malvaceae are divided into 9 subfamilies
of which okra belongs to the subfamily Malvoideae. Abelmoschus is closely related to Hibiscus species
like Hibiscus rosa-chinenesis or Chinese rose and Hibiscus cannabinus or Kenaf, which is exemplified by
the beautiful characteristic Hibiscus-like flowers that both genera display. Based on genetic differences,
Abelmoschus has now been placed in a separate genus from Hibiscus though. Okra is flowering
continuously and is self-compatible, however cross-pollination up to 20% has been reported. Its
characteristic hermaphroditic flowers usually have white or yellow perianths, consisting of five petals and
five sepals, whereas calyx, corolla and stamens are fused at the base. Other well-known species in the
Malvaceae are cocoa (Theobroma cacao), cotton (Gossypium hirsutum), and Tilia species like lime tree,
the mangrove Heritiera species and durian (Durio zibethinus). The genus Abelmoschus contains 11
species, four subspecies and five varieties (Li et al., 2020) of which most members have economic value.
Okra or ‘lady’s finger’ is a low-calorie vegetable, mainly cultivated for its fruits that are harvested while
still unripe, containing a large variety of nutrients and elements essential for daily human consumption,
such as vitamins, flavonoids, minerals, and other health components such as folate and fibers (Muimba-
Kankolonga, 2018; Wu et al., 2020). For example, total polyphenol extracts from okra fruits, containing
flavonoids such as myricitin and quercitin, have been demonstrated for their antidiabetic activity in obese
rats suffering from type 2 diabetes mellitus (Peter et al., 2021). These health compounds and additional
nutritional qualities make okra an appreciated vegetable in many parts of the tropics and subtropics of
Asia, Africa and America, gaining rapidly in popularity. Global production has increased yearly since

1994, reaching 10M tonnes in 2019 and covering some 2.5M ha (http://faostat.fac.org), with Asia having

the largest production share of almost 70%, of which India alone is currently annually producing more
than 4M tonnes. However, its production is challenged by a range of pathogens and insect pests, such as
powdery mildew and blackmold (Cerospora abelmoschii), bacterial blight disease (Xanthomonas
campestris p.v. malvacearum), mycoplasmas, nematodes, worms and insects such as whitefly (Bemisia
tabaci), thrips (Thrips palmi), cotton leafhopper (Amarasca biguttula) and aphids (Aphis gossypii).
Besides feeding damage, these vectors can transmit viruses such as Yellow Vein Mosaic Virus (YVMV), a
geminivirus, causing crop losses of up to 80-90% without pest control (Benchasri, 2012; Muimba-
Kankolonga, 2018; Dhankhar and Koundinya, 2020; Lata et al., 2021). Typical symptoms of YVYMV
infected okra plants are a stunted growth, with vein and veinlets turning yellow in colour, producing seed
pods that are small, distorted, and chlorotic. Crop loss may be reduced to 20-30%, by controlling insect

pests with rather harmful and toxic chemicals and insecticides (Ali et al., 2005), causing considerable
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collateral damage to the ecosystem. Moreover, increased insect tolerance to pesticides has led to over-
use and mis-use of chemicals, leaving unhealthy high levels of pesticide residues (Benchasri, 2012).
Although there are some YVMV tolerant Okra genotypes, such as Nun1144 and Nun1145
(Venkataravanappa et al., 2013), the genetic basis for this tolerance has not been identified. Besides a
need for disease resistance, other breeding challenges and demands include maximizing production,
unravelling the genetic basis for abiotic stress tolerance, and the need to develop double haploid lines

enabling the study of recessive gene traits (Dhankhar and Koundinya, 2020).

To meet current demands and challenges, accelerated breeding is urgently needed. Presently,
several methods of breeding for improvement in okra are being used, such as pure line selection,
pedigree breeding, as well as mutation and heterosis breeding (Dhankhar and Koundinya, 2020). These
methods are very time consuming though, and often involve laborious analyses over multiple
generations. Despite wide genetic variation available among wild relatives of okra, significant crop
improvement by introgression breeding, has not been achieved due to hybridization barriers. Advanced
breeding is further hampered due to the lack of sufficient molecular markers, linkage maps and reference
genome, and this in turn has impeded genome and transcriptome studies. Molecular studies have further
been complicated due to the presence of large amounts of mucilaginous and polyphenolic compounds in
different tissues, interfering with the preparation of genetic materials (Takakura and Nishio, 2012; Lata
et al., 2021). Furthermore, correct de novo assembly is presumed to be complex because of the
expected large genome and transcriptome size and the highly polyploid nature of the genome. Salameh
(2014) reported flow-cytometric estimates of nuclear DNA size estimations with 2C values ranging from
3.98 to 17.67 pg, equaling to genome sizes between 3.8 to 17.3 Gbp. In addition, chromosome counts
demonstrated a huge variation, ranging from 2n=62 to 2n=144, with 2n=130 as the most frequently
observed chromosome number (Benchasri, 2012). These findings have led to further assumptions on the
geographical origin of cultivated A. esculentus, speculating that a 2n=58 specie A. tuberculatus native
from Northern India and a 2n=72 specie A. ficulneus from East Africa might have hybridized followed by
a chromosome doubling, giving rise to an alloploid Abelmoschus hybrid with 2n=130 (Joshi and Hardas,
1956; Siemonsma, 1982; Benchasri, 2012). However, genomic, genetic and cytological information is
scanty, limiting the possibilities to further understand the hereditary constituent of the crop. In this study
we benefitted from naturally occurring okra haploids, circumventing heterozygosity in the reconstruction
of composite genome sequences, supporting faithful genome reconstruction (Langley et al., 2011). Here
we present a detailed insight into the complex genome and transcriptome architecture of an okra cultivar
and its haploid descendent, using cytogenetic characterization of its mitotic cell complements and

meiosis, and advanced sequencing and assembly technologies of the haploid genome, providing basic
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scientific knowledge for further evolutionary studies and representing a necessary resource for future
molecular based okra breeding. Furthermore, we provide a structural and functional genome annotation
that is of paramount importance to understand plant metabolism (Weissenborn et al., 2017) and the
genetic basis for the enzyme coding genes that enable metabolic reactions involved in the biosynthesis of

dietary and therapeutic compounds in okra.
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Results and discussion

Cytogenetic characterization of the okra crop

As okra is known to contain large numbers of chromosomes that differ between cultivars, we
first established chromosome counts and morphology in the cultivar used in this study. Actively growing
root tips were fixed and prepared for cell spread preparations following a standard pectolytic enzyme
digestion and airdrying protocol, and DAPI fluorescence microscopy (Kantama et al., 2017). In this
diploid red petiole phenotype plants, we counted 130 chromosomes in late prophase and metaphase cell
complements (Figures 1a). Chromosomes measured 1-2 pm, often show telomere to telomere
interconnections (Figure 1b) and were clearly monocentric (Figure 1a, arrows). In addition, a few
chromosomes displayed a less condensed distal region at one of the chromosome arms and satellites
(Figure 1c,d), which we interpreted as the nucleolar organiser region (NOR) of the satellite chromosome.
Interphase nuclei showed well differentiated heterochromatic domains or chromocenters, most of them
with more than 130 spots, although a small humber of nuclei decondensed most of its heterochromatin,
leaving only a striking pattern of about 10 chromocenters (Figure 1e). We next applied flow cytometry on
DAPI stained nuclei, using young leaf material from five normally growing red petiole phenotype
plantlets. Since we expected a considerable DNA content for okra nuclei, we decided to use a reference
sample from Agave (Agave americana), which has a known DNA content of 15.90 picogram. Surprisingly,
in comparison to the Agave reference flow cytometric profile, the 2C DNA amount for the normal okra
plant was estimated at 2.99 pg £0.01 (Table S1). This amount is equivalent to a genome size of
approximately 2.92 Mbp. In contrast to 130 chromosomes for the diploid okra, we observed a
chromosome number of 65, which was considered a haploid (Figure 1f). The genome size for this haploid
okra was estimated at 1.45Mbp. This plant was feeble, lagging in growth and unfortunately died
precociously, but encouraged us to seek for haploid offspring in later samples of reared young okra
plants. Such natural haploids, of which a dwarf form of cotton (Gossypium) was discovered in 1920 as
the first haploid angiosperm with half the normal chromosome complement (Dunwell, 2010), are
assumed to result from asexual egg cell (gynogenetic) reproduction (Noumova, 2008). We took
advantage of the fact that the diploid hybrid cultivar has a green recessive petiole female parent and a
red dominant petiole male (Portemer et al., 2015). Offspring with the green petiole trait lacks the
dominant paternal allele and hence can be used as a diagnostic marker for identifying haploid offspring.
Accordingly, we selected additional haploid offspring of which one plant was used for sequencing (Figure

S1).
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For the analysis of homologous pairing, chiasma formation and chromosome segregation in
diploid okra plants we studied male meiosis in pollen mother cells from young anthers (Kantama et al.,
2017). Pollen mother cells at meiotic stages are filled with fluorescing granular particles in the
cytoplasm, which makes it notoriously difficult to see fine details in chromosome morphology. By long
enzymatic digestion and acetic acid maturation we still could make the following details visible:
pachytene was strikingly diploid-like with clear bivalents showing denser pericentromere regions and
weaker fluorescing euchromatin distal parts (Figure 1f). We did not observe clear inversion loops
indicative for inversion heterozygosity or pairing partner switches that demonstrate homoeologous
multivalents or heterozygous translocation complexes, however the occurrence for such chromosome
structure variants could not be excluded. Cell complements at diakinesis displayed that most (if not all)
chromosome configurations were bivalents, supporting a diploid like meiosis (Figure 1g). We did not see

univalents or laggards at later stages, and pollen were strikingly uniform and well stained (data not

shown).
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Figure 1: Mitotic cells in root tip meristems. (a) Example of a well spread metaphase complement of a
diploid okra plant with 2n=130. (b) Magnification of two chromosomes that are joined by telomere
connectives. (c) Chromosome pair with a less fluorescing region, likely representing a decondensed
Nucleolar Organizer Region (NOR). (d) chromosomes with small satellites. (e) Two interphase nuclei
displaying a striking difference in number of highly condensed chromocenters, regions of the
pericentromere heterochromatin and NORs. The top nucleus has about 10 chromocenters; some other
nuclei can have more than 100 of such condensed regions. (f) Metaphase complement of a haploid okra
plant (2n=65). (g,h) Meiotic chromosomes in pollen mother cells of a diploid okra plant. (g) Cell at
pachytene stage. Most of the chromosomes are fully and regularly paired without clear indications for
multiple synapsis, pairing loops or pairing partner switches. The brightly fluorescing regions are the
pericentromeres, see also the inset between the figures g and h. (h) Cell at diakinesis. A greater part of

the chromosomes clearly forms bivalents. Magnification bars in the figures equals 5 pm.

Okra haploid genome reconstruction

Based on public reports (Benchasri, 2012; Salameh, 2014) and cytological analysis presented
above, we applied several technologies for genome reconstruction of the okra haploid individual. 10X
Genomics linked read information was used to obtain sequence information in the 100kb to 150kb range.
This microfluidics-based technology combines barcoded short-read Illumina sequencing, allowing a set of
150 bp paired-end reads to be assigned to large insert molecules. We produced 800 Gbp of linked read
sequencing data from three libraries with an average GC-content of 34% (Table S2). Furthermore, we
applied PacBio Circular Consensus Sequencing (CCS), generating 1,400 Gbp of polymerase reads of up to
150kb from circularized insert molecules from three sequence libraries with fragment insert sizes of 10,
14 and 18 Kbp respectively. Polymerase reads were subsequently processed into consensus or so-called
HiFi reads with an average sub-read length of approximately 13.6 kb and a sequence error rate less than
1% (Table S2). Over 93% of 1,000 randomly sampled CCS reads had a best BlastN hit to species from
the Malvaceae family with Gossypium ranking first in number of hits, indicating the consistent taxonomic
origin, in contrast to the Abe/moschus species that are apparently less represented in the NCBI sequence
database (Table S3). Furthermore, the organellar DNA content was sufficiently low (Table S4),
illustrating the efficiency of our nuclear DNA sample preparations. Upon assembling the HiFi reads with
the Hifiasm assembler (Cheng et al., 2021), we obtained 3,051 high quality primary contigs with an N50
contig length of 18.9 Mb (Table S5). The incremental sequence assembly displayed in the A50 plot
(Figure S2) shows a plateau genome size of approximately 1.35 Gbp, which agrees with the nuclear 2C
DNA content. The assembly also resulted in 972 alternative contigs, although their total size of 31 Mbp

was small, indicating a highly consistent primary assembly. We nevertheless assessed the origin of
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alternative contigs, using a taxon annotated GC (TAGC) screen (Kumar et al., 2013), providing a means
to discriminate between on-target and off-target genomic sequence based on the combined GC content
and read coverage and corresponding best matching sequence in annotated databases. The distribution
and specific classes of Blast hits indicated that approximately 30% of the alternative contigs could be
mapped against annotated sequences (Figure S3), while two thirds were of unknown origin. Alternative
contigs had a GC content of 47.6%, which was proportionally higher compared to primary contigs.
Furthermore, BlastN hits pointed to a fungal and, to a lesser extent, a bacterial origin. Thus, the smaller

sized alternative contigs represented yet a minor contamination in the gDNA sample.

We next physically mapped the genome with BioNano Genomics technology to determine the
genome structural organization. We produced 4.88 Tb of unfiltered genome map data with an N50
molecule size of 90.18 kb (Table S2) and a label density of 15.9 per 100kb (Table S6) from nuclei
preparations of leaf samples. Size filtering for molecules larger than 100kb left approximately 1.2 Tb of
genome mapping data with an N50 molecule size of 206.8 kb (Table S6). Next, molecules, having
matching label position and distance, were de novo assembled into 216 genome maps with an N50
length of 12.98 Mbp and a total length of 1248.8 Mbp, representing an effective coverage of 375X (Table
S6). The genome map size was consistent with the genome sequence assembly size of 1.2 Gbp and thus
provided high quality ultra-long-range information for further scaffolding. For that, genome maps were
aligned with the in silico DLE restriction maps from primary sequence contigs and assembled into higher
order scaffolds. The alignment required the cutting of 1 optical map and 4 sequence assembly contigs to
resolve conflicts between Bionano maps and sequence contigs respectively, indicating a consistent
orientation and order between both. The resulting hybrid assembly was substantially less fragmented,
yielding 80 scaffolds with an N50 scaffold size of 18.93 Mb and a total length of 1.19 Gbp, of which the
largest scaffold sized more than 29 Mbp (Table 1). Additional scaffolding with 10X Genomics linked reads
finally yielded 78 scaffolds (Table 1). Approximately 57% of the individual molecules could be mapped

back to the hybrid assembly, suggesting a high confidence genome scaffold.

Assembly statistic Primary ctgs Alternative ctgs Hybrid scfds
Ctgs/scfds 3,051 972 80 (78)
Total length 1,223.6 Mb 31.0 Mb 1,194.5 Mb
Median length 32.4 kb 24.5 kb 16.320 Mb
Max length 25.1 Gb 652 kb 29.444 Mb
Min length 13.3 kb 10.3 kb 125 kb

N50 length 10.6 Gb 30.5 kb 18.929 Mb
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N50 index 43 126 27

N95 length 483 kb 15.5 kb 7.206 Mb
N95 index 168 465 64

GC content 34.36% 47.6% 33.76%

Table 1: NGS assembly and hybrid scaffolding statistics. Sequences were assembled using the Hifiasm
assembler and scaffold with Bionano Genomics genome maps. Number of scaffolds obtained with 10X

Genomics linked reads is indicated between brackets.

BUSCO analysis and topology of orthologs

To assess the completeness of the genome assembly we screened for BUSCO gene
presence/absence (Simad, 2015) with 2,326 reference orthologs from the eudicots_odb10 dataset.
Based on a best tBlastN hit, 2270 (98%) core genes in 78 scaffolds were detected as ‘Complete’
orthologs (Table 2). Of these, 284 (12.2%) genes were detected as a single copy ortholog. A very small
amount (0.3%) was classified as ‘Fragmented’, whereas 32 core genes (1.3%) could not be detected,
classifying them as *Missing’. These missing BUSCO genes were confirmed to be missing in the
alternative contigs as well. We further grouped 2004 (86.2%) multiplicated ortholog genes according to
their copy number. A majority of 1150 (49.4%) and 843 (36.2%) orthologs were detected as duplicated
and triplicated genes respectively. Interestingly, we found seven and three core genes that were
quadruplicated (0.7%) and quintuplicated (0.1%) respectively, and detected one septuplicated core
gene, pointing to a complex polyploid nature of the okra genome. To get more insight into the sub-
genome organization, the genomic position and topology of ortholog gene copies was assessed (Table
S7). This revealed duplicated BUSCO genes predominantly occurring on two contigs, whereas only a
single duplicated ortholog was detected on one contig. Both tandem copies were spaced within 1 kb, thus
likely representing paralogous genes. Out of 800 triplicate BUSCO's, 794 (99%) occurred on three
contigs, representing three alleles of the same core gene, whereas only six sets (1%) of triplicate core
genes were positioned on two contigs. Also, quadruplicate, quintuplicate and septuplicate BUSCO's
mainly occurred on three contigs. The ortholog copies of these groups manifested in a tandem
configuration, probably also representing paralogs. Tandemly arranged ortholog copies on the same
contigs always showed less sequence distance than between ortholog copies on different contigs.
Moreover, the ortholog copies of the septuplicate core gene were dispersed over three contigs. Of these,
one contig displayed a triplet, whereas the two other contigs each contained gene copies in a doublet

configuration. The triplet consisted of two closely related and one more distantly related paralog. The

10
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observed distribution of BUSCO orthologs thus pointed at least three sub-genomes. However, at this
point we could not rule out a higher number of sub-genomes, which might not be discriminated because
of a low allelic diversity. Considering a sub-genomic organization for okra, we presume that 284 ‘single
copy’ BUSCO genes are either truly unique, or they are maintained as gene copies with indistinguishable

alleles.

Several examples of BUSCO duplication levels in homozygous and heterozygous diploids as well
as in auto and alloploids have previously been presented for other species. For example in allotetraploid
(2n=4x=38) Brassica napus 90% of BUSCOQO'’s are duplicated, whereas only 14.7% in its diploid relative
Brassica campestris (2n=2x=18) or Chinese cabbage is duplicated. The allotetraploid white clover
(2n=4x-32) (Trifolium repens), that has suggested to be evolved from 2 related diploid species T.
occidentale (2n=2x=16) and T. pallescens (2n=2x=16), has 57% of duplicated BUSCO's, compared to
10% and 11% of BUSCO duplicates in its diploid ancestral relatives respectively (Griffiths et al., 2019).
Duplicated BUSCO'’s in hexaploid bamboo B. amplixicaulis (2n=6x=72) has increased to 57% compared
to 35% in its diploid bamboo relative O. /latifolia (2n=2x=22) (Guo et al., 2019). Significant differences
were also observed in BUSCO scores between heterozygous and homozygous diploid Solanaceae. For
example the heterozygous S. tuberosum RH potato (2n=2x=24) showed 74.1% of its BUSCO'’s
duplicated, which was significantly more than 4.3% of duplicated BUSCOQO'’s detected in diploid inbred S.
chacoense M6 potato (2n=2x=24), and 9.5% detected in autotetraploid inbred S. tuberosum potato
(Kyriakidou et al., 2020). Considering these trends, the BUSCO copy numbers in the okra genome likely
point to an allopolyploid nature. Our results confirm the allopolyploid nature of okra as reported by Joshi

and Hardas (1956).

Class BUSCO statistics
Assembly version |1 2 3 4 4

Coverage 20X 84X 95X 95X 95X
Ctgs/scfds all all all primary alternative
Complete 2,288 (98.3%) (2,271 (97.7%) | 2,269 (97.6%) | 2,288 (98.4%) |66 (2.8%)
Single copy 266 (11.4%) (311 (13.4%) (313 (13.5%) [284 (12.2%) |66 (2.8%)
Multiplicated 2,022 (86.9%) {1,960 (84.3%) [ 1,956 (84.1%) | 2,004 (86.2%) |0 (0%)
Duplicated n.d n.d n.d 1,150 (49.4%) |0 (0%)
Triplicated n.d n.d n.d 843 (36.2%) |0 (0%)
Quadruplicated n.d n.d n.d 7 (0.3%) |0 (0%)
Quintuplicated n.d n.d n.d 3 (0.1%) |0 (0%)

11
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Sextuplicated n.d n.d n.d 0 (0%) |0 (0%)
Septuplicated n.d n.d n.d 1 (0.04%) |0 (0%)
Fragmented 5 (0.2%) |5 (0.2%) |6 (0.3%) |6 (0.3%) |9 (0.4%)
Missing 33 (1.5%) |50 (2.1%) |51 (2.1%) |32 (1.3%) |2,251 (96.8%)
Total 2,326 2,326 2,326 2,326 2,326

Table 2: Detection of ortholog core genes. Genome assemblies at different coverage levels were
analysed to assess the assembly completeness. BUSCO classes are shown as single copy or multiplicated
ortholog. Multiplicated orthologs are subdivided into additional copy classes as indicated. For each
assembly coverage level BUSCO counts in primary, alternative, and all contigs are shown in absolute

numbers and percentages of total expected orthologs (between brackets), or n.d (not determined).

K-mer counts and smudgeplot analysis

To estimate heterozygosity level, repetitiveness, genome size and ploidy levels, we determined
kmer counts from raw Illumina and HiFi reads. We compared the 21-mers counts for okra to two related
allotetraploid cotton species (G. barbadese and G. hirsutum), each having a genome of approximately
2.3Gb, and subsequently visualized the readout with SMUDGEPLOT (Ranallo-Benavidez et al., 2020)
(Figure S4). The k-mer based genome size estimation for the haploid okra amounted to 1.2 Gbp,
approximating the NGS assembly size. Approximately 75% of the okra kmers was assigned to an ‘AB’
type. Thus, a major part of the okra genome apparently behaved as a diploid, which is consistent with
our cytological observations of a diploid like meiosis, and also coincides with the high number of
duplicated BUSCO scores. Approximately 15% of all kmer pairs showed a triploid behaviour (‘AAB-type’).
Furthermore, the ‘AAAB’-kmer type seemed more prominent than the ‘AABB’-kmer type. Previously,
published kmer readouts for G. barbadense and G. hirsutum showed that at least 50% of the cotton
genomes behaved like a diploid, almost a quarter displayed a triploid behaviour and 14% of the kmers
showed tetraploid characteristics. Furthermore, cotton kmer distributions showed the ‘AAAB’ type more
frequently occurring than the ‘AABB’ kmer type, which was suggested to be a characteristic for alloploids
(Ranallo-Benavidez et al., 2020). Thus GENOMESCOPE and SMUDGEPLOT readouts for okra point to an

allopolyploid nature of the genome, though less complex and smaller sized than anticipated.

Transcriptome profiling and structural annotation

In addition to sequencing the nuclear genome, we generated approximately 1.2 Tbp of IsoSeq

data from multiple tissues including leaf, flower buds and immature fruits to profile the okra
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transcriptome. The polymerase mean read lengths of up to 86kb benefitted the processing into high
quality CCS reads with a mean length of 4.7 kb (0=378 bp), indicating the efficient full length transcript
sequencing (Table S8). The CCS reads were used as transcript evidence for okra gene modelling with the
AUGUSTUS and GENEMARK algorithms from BRAKER2. We subsequently annotated the 78 largest okra
scaffolds with 130,324 genes. Predicted genes had an average length of 2537 nts, whereas the average
per gene intron and coding sequence lengths amounted to 307 nts and 2497 nts respectively (Table 3).
Coding regions showed low sequence diversity, as only 1109 and 8127 SNPs could be called from full-
length transcripts of the okra haploid and an unrelated diploid individual respectively (Table S9).
Strikingly, the discovered genes appeared to be predominantly located at the distal ends of scaffolds,
gradually decreasing in abundance toward more centrally positioned scaffold domains. In contrast, LTR
retrotransposons were more abundant in centrally located scaffold domains, while less frequently
represented in the distal ends (Figure 2). A comparable distribution of gene and LTR-retrotransposon
regions has been observed for other species such as tomato. The gene and LTR-retrotransposon predicts
a heterochromatin organization of pericentromere heterochromatin and distal euchromatin as shown in
Figure 1g and inset. This pattern is common in species with small or moderate chromosome size like
Arabidopsis, rice and tomato. Apparently, okra also has relatively small sized chromosomes as is
substantiated by our cytological observations. The gene-rich regions predominantly occur in euchromatin
rich distal chromosome ends and gradually decrease towards the repeat rich more condensed
pericentromeric heterochromatin, whereas LTR-retrotransposons were more frequently distributed in
pericentromeric heterochromatin (Peters et al., 2009; Tomato Sequencing Consortium, 2012; Aflitos et
al., 2014). Our observations thus suggest a similar chromatin architecture for okra chromosomes.
Approximately 51% of the assembled genome was found in the repetitive fraction with 20.26% of
repeats unclassified (Table 3). A substantial part (28.69%) consisted of retroelements, of which 24.8%
and 1.17% was identified as retrotransposon and DNA transposon respectively. Gypsy and Ty1/Copia
retroelements, spanning 15.26% and 9.02% of the assembled genome respectively, appeared to be

most abundant (Table 3).
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Figure 2: Structural annotation. Annotation feature classes for a 25 Mbp okra scaffold and coordinate

positions are indicated at the left and top side of the plot respectively. Bar heights in each row
corresponds to the relative frequency of genic, non-genic, and repeat class per scaffold segment of

approximately 115 kb.

The repeat screening also revealed stretches of the Arabidopsis telomere TTTAGGG motif,
flanking gene rich regions at distal scaffold ends (Figure 3). In plants such repeats usually occur in high
copy numbers at the distal ends of chromosomes, constituting telomeres that protect the terminal
chromosomal DNA regions from progressive degradation and preventing the cellular DNA repair
mechanism from mistaking the ends of chromosomes for a double stranded break. Indeed, we found
blocks of TTTAGGG units in high copy numbers positioned at both ends for 49 scaffolds, whereas 25
scaffolds had a telomere repeat block at one end, in total 123 telomeres at the end of 130 chromosome
arms. This repeat distribution suggested full length chromosome scaffolds and capturing the majority of
65 chromosome ends of the haploid okra genome and again confirms the relatively small sized okra
chromosomes. Besides long distal blocks we also detected short interstitial TTTAGGG blocks. These
interspersed non-telomeric short TTTAGGG repeats possibly reflect footprints of internalized telomeres
that may have arisen from end-to-end fusion of chromosomes (Baird, 2017), possibly representing
hallmarks of chromosomal speciation upon allopolyploidization of okra. Another substantial fraction of
repeats originated from ribosomal genes. BlastN analysis, using Gossypium hirsutum ribosomal gene
query sequences, clearly showed an 18S, 5.8S and 28S rRNA gene block arrangement in okra. Two
clusters are located at scaffolds ends, though not coinciding with, or flanking telomere blocks. Another
two clusters are positioned toward the scaffold centre, and three scaffolds almost entirely consist of 18S-
5.85-28S gene clusters. These scaffolds do not contain 5S rRNA clusters. Instead, 5S rRNA genes are
organized in clusters separated from the 18S-5.8S-28S units, clearly indicating an S-type rRNA gene

arrangement (Goffova and Fajkus, 2021). In total we found four 5S rRNA clusters on four different
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scaffolds of which the largest cluster consisted of almost 8,700 copies tandemly arranged on a single
scaffold (Table S10). Signatures of underlying chromosome evolution involving telomere fusion at
ribosomal gene clusters were not apparent though, as we did not encounter interstitial telomere repeats

in rRNA clusters.

Class Count Av. size Total length
Total Scfds 4,023 328,851 1,322,968,356 (100%)
Large Scfds 78 14,932,447 1,194,595,770 (90.30%)
Gene 130,324 2,537 330,639,435 (24.99%)
CDS 150,032 2,497 374,629,904 (28.32%)
mMRNA 150,032 2,497 374,629,904 (28.32%)
Start 150,004 3 -
Stop 150.009 3 -
Intron 676,681 307 207,741,067 (15.70%)
SRNA 2308 797 1,839,960 (0.139%)
Total repeats 1,351,943 - 677,354,628 (51.20%)
unclassified 834,282 321 268,086,453 (20.26%)
[TTTAGGG]n 123 1,810 222,579 (0.017%)
Retroelements 442,480 858 379,556,626 (28.69%)
LTRs 389,339 924 359,876,901 (27.20%)
Gypsy 146,673 1,376 201,862,257 (15,26%)
Ty1l/Copia 122,317 975 119,289,622 (9.02%)
LINES 26,571 650 17,281,993 (1,31%)
SINES 312 507 158,078 (0,01%)
DNA transposon 46,849 478 15,456,661 (1.17%)
Hobo-Ac 16,781 354 5,941,881 (0.45%)
Tc1-Pogo 645 212 136,523 (0.01%)
5S rDNA 9644 90 871,856 (0.066%)
5S rDNA partial 129 31 4,035 (<0.001%)
5.8S rDNA 201 622 125,073 (0.009%)
5.8S rDNA partial 23 231 5,311 (<0.001%)
18S rDNA 183 1,750 320,241 (0.024%)
18S rDNA partial 170 372 63,169 (0.005%)

15


https://doi.org/10.1101/2021.11.18.469076

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.18.469076; this version posted November 18, 2021. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

28S rDNA 167 3,368 562,376 (0.043%)

28S rDNA partial | 266 628 167,176 (0.013%)

Table 3: Structural annotation for the 78 largest okra scaffolds. Features are classified into genic and

repeat elements as indicated. Statistics are in nucleotide length and in fractions of total scaffold length.

Candidate genes assigned to phenylpropanoid, flavonoid, and flavone and flavonol biosynthesis pathways

Polyphenols represent one of the most ubiquitous class of secondary metabolites in okra fruits.
An important subclass of polyphenols are flavonoids, of which myricetin, quercitin, isoquercitrin and
quercetin-3-0O-gentiobioside derivatives have been implicated in antidiabetic activity (Liu et al., 2005; Lei
et al., 2017; Wu et al., 2020; Peter et al., 2021). Myricitin was previously detected in Abelmoschus
moschatus (Liu et al., 2005). Recently, the bioactive phytochemicals isoquercitrin and quercetin-3-0-
gentiobioside, and to a lesser extent also rutin and catechin, were detected as the major phenolic
compounds in okra fruits (Wu et al., 2020). Their biosynthesis in the flavonoid and, flavone and flavonol
biosynthesis pathways (KEGG reference pathways 00941 and 00944) is thought to start with p-
coumaroyl-CoA and cinnamoyl-CoA precursors that are synthesized in the phenylpropanoid pathway
(KEGG reference pathway 00940). To find putative enzyme coding okra genes that may function in
phenylpropanoid, flavonoid, flavone and flavonol biosynthesis, 142,571 extracted amino acid query
sequences from predicted okra genes and putative splice variants were mapped against the manually
curated KEGG GENES database, using the KEGG Automatic Annotation Server (KAAS) (KAAS - KEGG

Automatic Annotation Server (genome.jp) (Moriya et al., 2007). We identified 33,641 amino acid

sequences that could be assigned to 395 KEGG metabolic pathway maps based on a best bi-directional
hit (BBH). Currently, in total there are N=1302 manually annotated from Malvaceae species Theobroma
cacao (cacao), Gossypium arboretum, Gossypium hirsutum (cotton), Gossypium raimondii, and Durio
zebithinus (durian) of which K=99 enzyme coding reference genes are known for the phenylpropanoid
(K1=36), flavonoid (Ky;=30) , or flavone and flavonol (K3=33) biosynthesis pathway in KEGG. Of the
33,641 okra amino acid queries, n=47 putative okra orthologs were assigned to the KEGG
phenylpropanoid biosynthesis (n;=16), flavonoid biosynthesis (n,=17) and flavone and flavonol
biosynthesis (n;=14) pathways respectively, adding up to n=41 distinct putative okra enzyme orthologs.
We subsequently assessed the mapping probability of okra orthologs to the reference pathways based on
the known Malvaceae enzymes and the okra BBH. Mapping confidence values p1=1.43e?, p2=1.15e?,
and p3=0.0 pointed to a confident assignment of okra orthologs to phenylpropanoid biosynthesis,

flavonoid biosynthesis, and flavone and flavonol biosynthesis pathways respectively. Copy numbers for
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putative genes possibly involved in the conversion p-coumaroyl-CoA and cinnamoyl-CoA precursors
varied extensively. Only a single putative gene orthologous to a 5-O-(4-coumaroyl)-D-quinate_3'-
monooxygenase (EC:1.14.14.96) from Durio zebithinus (XP_022742205) with an amino acid identity of
93.9% was found, whereas 14 putative orthologs to shikimate O-hydroxycinnamoyltransferase
(EC2.3.1.133) were detected, with a highest amino acid identity (94.9%) to the ortholog from
Gossypium arboreum (XP_017607223). The coverage of okra orthologs mapped to these biosynthesis
pathways is shown in figures 3 and S5. The alternative metabolic routes, leading to the biosynthesis of
quercitin, myricitin, isoquercitrin, and quercetin-3-0O-gentiobioside derivatives in these pathways, involve
three critical flavonol synthases CYP74A (flavonoid 3',5'-hydroxylase, EC:1.14.14.81), CYP75B1 flavonoid
3'-monooxygenase (EC:1.14.14.82) and (FLS) dihydroflavonol,2-oxoglutarate:oxygen oxidoreductase
(EC:1.14.20.6). Apparently, putative orthologs for CYP74A and CYP75B1 are encoded by a single copy
gene in okra, whereas the FLS oxidoreductase catalytic activity, that is thought to catalyse the
conversion of several dihydroflavonol intermediates into quercitin and myricitin, appears represented by
5 putative okra homologs, suggesting that the conversion into quercitin, isoquercitrin, rutin and catechin

mainly runs via a dihydrokaempferol intermediate.

FLAVONOID BIOSYNTHESIS
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1 Figure 3: The flavonoid KEGG bio-synthesis pathway in Abelmoschus esculentus. Putative okra enzyme

2 coding genes for which a bi-directional best hit was found to reference pathway enzymes are shown with
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Materials and Methods

Chromosome analysis

Plants of the Green Star F1 hybrid of okra (Abelmoschus esculentus) were grown in small for
collecting actively growing rootlets that appeared at the outside of the pot soil. The root tips were
pretreated with 8-hydroxyquinolin and then fixed in freshly prepared glacial acetic acid : ethanol 96%
(1:3) and one day later transferred to ethanol 70% for longer storage at 4 °C. Young flower buds were
collected from nurse fields in Kamphaeng Saen, Thailand, and directly fixed in acetic acid ethanol without
pretreatment. Microscopic preparations of root tip mitoses and pollen mother cells at meiotic stages were
prepared following pectolytic enzyme digestion of cell walls and acetic acid maceration and cell spreading
following the protocol of Kantama et al. (2017). Air-dried slides were stained in 300 nM 4’,6-diamidino-2-
phenylindole (DAPI) in Vectashield (Vector Laboratories) and studied under a Zeiss fluorescence
microscope equipped with 1.4 N.A. objectives and appropriate epifluorescence filters for DAPI. The
captured images were optimized for best contrast and brightness in Adobe Photoshop, and slightly

sharpened with the Focus Magic (www.focusmagic.com) 2D deconvolution sharpening to remove

excessive blurring of the DAPI fluorescence (Kantama et al., 2017).

Bionano optical maps

Sequence-specific labelling of approximately 700 ng genomic DNA from Okra cv. Green
Star and subsequent backbone staining and DNA quantification for BioNano mapping was done using a
Direct Label Enzyme (DLE-1, CTTAAG) according to the manufacturer protocol 30206F BioNano Prep

Direct Label and Stain Protocol (https://bionanogenomics.com/wp-content/uploads/2018/04/30206-

Bionano-Prep-Direct-Label-and-Stain-DLS-Protocol.pdf). Chip loading and real-time analysis was carried

out on a BioNano Genomics Saphyr® analyser, using the green color channel on 3 flow cells, according

to the manufacturer system guide protocol 30143C (https://bionanogenomics.com/wp-

content/uploads/2017/10/30143-Saphyr-System-User-Guide.pdf). Using the DLE-1 enzyme, 1.18 Tbp of

filtered DNA molecules with an average length of 215kb was produced, with a label density of
15.9/100kb and a molecule N50 of 207 kb. Subsequently, a de novo assembly was constructed using
Bionano Access™ (v.3.2.1) and the non-haplotype aware assembly program without extend and split but
with cutting of the complex multi-path regions (CMPR). Per the default settings, molecules < 150 Kbp
were removed before assembly. Next, a hybrid scaffolding of assembled sequence contigs was performed
with Bionano Genomics Solve (v.3.2.1) with a 375X-fold coverage for the DLE-1 molecules. Molecule
quality hybrid scaffold report were carried out using the BioNano Solve™ analysis pipeline

(https://bionanogenomics.com/support-page/data-analysis-documentation/).
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Pacbio HiFi and linked-read sequencing

We produced 3 Pacbio HiFi libraries using gDNA isolated from okra leaf tissue according

to the manufacturers protocol (https://www.pacb.com). HiFi reads of 15-20 kb were generated by

Circular Consensus Sequencing, using 6SMRT cells, in total yielding 1,400 Gbp of sequence data.
Subsequent consensus calling was done using the pbccs v5.0.0 command line utility. HiFi reads were
defined as CCS reads having a minimum number of 3 passes and a mean read quality score of Q20.
Reads from different libraries were then combined into a single dataset for further analyses. Assembly of
HiFi Reads was done using hifiasm v0.12-r304 for coverages of ~20X, ~84X and ~95X (Cheng et al.,
2020). Primary contigs of the ~95X coverage assembly were scaffolded using Bionano genomics Solve
v3.6_09252020 and an optical de novo assembly. Solve scaffolded output was further scaffolded, in

contrast to the unscaffolded output, using Arcs v1.2.2 (https://github.com/bcgsc/arcs) and Links v1.8.7

(https://github.com/bcgsc/LINKS) based on the 10X genomics data that was mapped using LONGRANGER

v2.2.2. Scaffolds resulting from the final step were renamed to fit the naming scheme from the Bionano

scaffolding.

The 10X Genomics libraries were constructed with the Chromium™ Genome Reagent Kits v2
(10X Genomics®) according to the Chromium™ Genome v2 Protocol (CG00043) as described by the

manufacturer (https://www.10xgenomics.com). 10X Genomics libraries were sequenced on 2 separate

runs using the Illumina Novaseq6000 platform and S2 flow cells. Base calling and initial quality filtering
of raw sequencing data was done using bcl2fastq v2.20.0.422 using default settings. The Long Ranger
pipeline from 10X Genomics was used to process the 800 Gbp sequencing output and align the reads to
the tomato reference genome. After detecting the conflict region with the Bionano Genomics Access Suite
(v.1.3.0), we manually inspected the conflict regions using 10X linked-reads mapped to the
superscaffolds. Mapping and visualization of scaffolds was done with Longranger WGA (v.2.2.2) and

Loupe (v.2.1.1) respectively.

Iso-Seq sequencing and data analysis

Total RNA was isolated from leaf (10 pg), flower buds (21 ug) and young fruits (31ug). RNA quality

was checked on Bioanalyzer platform (https://www.agilent.com) by comparing to standard samples of 25S

and 18S ribosomal RNA. Transcript samples were subsequently used for construction of 3 sequence

libraries and sequenced with PacBio SMRT technology (https://www.pacb.com/smrt-science/smrt-

seguencing). High quality full-length transcripts obtained from the SMRT analysis pipeline were mapped to

the hybrid assembly using GMAP (Wu and Watanabe, 2005).

Statistical analysis of metabolic pathway assignment for okra orthologs
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The mapping probability for okra orthologs to KEGG reference pathways was based on a
hypergeometric test (one-sided Fisher’s exact test) to measure the statistical significance for pathway
assignment of a putative okra ortholog set. Pathway p-values were calculated according to equation 1
(Eq. 1), where K equals the unique enzymes known for a pathway p, k for the number of searched
enzymes uniquely mapping on pathway p, N as the number of unique enzymes of all reference species

known for all pathways, and n the number of searched enzymes uniquely mapping on all pathways.

(Eq. 1) P(X = K) = f(k N, K, n) = (o)

()

22


https://doi.org/10.1101/2021.11.18.469076

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.18.469076; this version posted November 18, 2021. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Literature

Aflitos, S., Schijlen, E., de Jong, H. et al. (2014) Exploring genetic variation in the tomato (Solanum

section Lycopersicon) clade by whole-genome sequencing. Plant J. 80, 136-148.

Ali, S., Khan, M.A., Rasheed, H.S. and Iftikhar, Y. (2005) Management of Yellow Vein Mosaic disease

of Okra through pesticide/bio-pesticide and suitable cultivars. Int. J. Agric. Biol. 7, 145-147.

Baird, D.M. (2017) Telomeres and genomic evolution. Phil. Trans. R. Soc. B 373, 20160473.

Benchasri, S. (2012) Okra (Abelmoschus esculentus (L.) Moench) as a valuable vegetable of the world.

Ratar. Povrt. 49, 105-112.

Cheng, H., Concepcion, G.T., Feng, X., Zhang, H. and Li, H. (2021) Haplotype-resolved de novo

assembly using phased assembly graphs with hifiasm. Nature Methods 18, 170-175.

Dankhar, S.K., and Koundinya, A.V.V. (2020) Accelerated breeding in Okra. In Accelerated plant
breeding, volume 2. Vegetable crops (Gosal, S.S., and Shabir Hussain Wani, S.H., eds). Springer Nature

Switzerland AG, Switzerland, pp 337-354.

Dunwell, J.M. (2010) Haploids in flowering plants: origins and exploitation. Plant Biotech. J. 8, 377-

424,

Goffova, I. and Fajkus, J. (2021) The rDNA loci-Intersections of replication, transcription, and repair

pathways. MDPI 22, 1302.

Griffiths, A.G., Moraga, R., Tausen, M., Gupta, V., Bilton, T.P. et al. (2019). Breaking free: The

genomics of alloploidy-facilitated niche expansion in white clover. Plant Cell 31, 1466-1487.

Guo, Z-H., Ma, P-F., Yang, G-Q., Hu, J-Y., Liu, Y-L. et al. (2019) Genome sequence provides insights

into the reticulate origin and unique traits of woody bamboos. Mol. Plant 12, 1353-1365.

Joshi A. B. and Hardas M. W. (1956) Alloploid nature of okra, Abelmoschus esculentus (L.) Moench.

Nature 178, 1190.

Kantama, L., Wijnker, E. and de Jong, H. (2017) Optimization of Cell Spreading and Image Quality
for the Study of Chromosomes in Plant Tissues. In: Plant Germline Development (Schmidt, A. ed).

Methods in Molecular Biology, vol 1669. Humana Press, New York, NY., pp 141-158.

23


https://doi.org/10.1101/2021.11.18.469076

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.18.469076; this version posted November 18, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1 Kumar, S., Jones, M., Koutsovoulos, G., Clarke, M. and Blaxter, M. (2013) Blobology: exploring
2 raw genome data for contaminants, symbionts and parasites using taxon-annotated GC-coverage plots.

3 Front. Genet. 4, 237.

4 Kyriakidou, M., Anglin, N.L., Ellis, D., Tai, H.H. and Stromvik, M.V. (2020). Genome assembly of

5 six polyploid potato genomes. Sci. Data, 7, 88.

6 Langley, C.H., Crepeau, M., Cardeno, M., Corbett-Detig, R. and Stevens, K. (2011) Circumventing
7 heterozygosity: sequencing the amplified genome of a single haploid Drosophila melanogaster embryo.

8 Genetics 188, 239-246.

9 Lata, S., Yadav, R.K. and B.S. Tomar, B.S. (2021). Genomic tools to accelerate improvement in okra
10 (Abelmoschus esculentus), Landraces - Traditional Variety and Natural Breed, Amr Elkelish, IntechOpen,

11 DOI: 10.5772/intechopen.97005.

12 Li, J., Ye, G-y., Liu, H-l. and Wang, Z-h. (2020) Complete chloroplast genomes of three
13 important species, Abelmoschus moschatus, A. manihot and A. sagittifolius: Genome structures,

14 mutational hotspots, comparative and phylogenetic analysis in Malvaceae. PLoS One 15, e0242591.

15 Liu, I.M,, Liou, S.S., Lan, T.W., Hsu, F.L., Cheng, J.T. (2005) Myricetin as the active principle of
16 Abelmoschus moschatus to lower plasma glucose in streptozotocin-induced diabetic rats. Planta Med. 71,

17 617-21.

18 Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A.C. and Kanehisa, M. (2007) KAAS: an automatic

19 genome annotation and pathway reconstruction server. Nucleic Acids Research 35, 182-185.

20 Muimba-Kankolonga, A. (2018) Vegetable production. In Food crop production by smallholder farmers

21 in Southern Africa (Demetre, C., ed). Academic Press, London, pp. 205-273.

22 Naumova, T.N. (2008) Apomixis and amphimixis in flowering plants. Cyt. Genet. 42, 53-65.

23 Peter, E.L., Nagendrappa, P.B., Ajayi, C.0., Sesaazi, C.D. (2021) Total polyphenols and
24 antihyperglycemic activity of aqueous fruits extract of Abelmoschus esculentus: Modeling and

25 optimization of extraction conditions. PLoS ONE 16, e0250405.

26 Peters, S.A., Datema E., Szinay, D. et al. (2009) Solanum lycopersicum cv. Heinz 1706 chromosome

27 6: distribution and abundance of genes and retrotransposable elements. Plant J., 58, 867-869.

24


https://doi.org/10.1101/2021.11.18.469076

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.18.469076; this version posted November 18, 2021. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Portemer, V., Renne, C., Guillebaux, A. and Mercier, R. (2015) Large genetic screens for
gynogenesis and androgenesis haploid inducers in Arabidopsis thaliana failed to identify mutants. Front.

Plant Sci. 6, 581-6.

Ranallo-Benavidez, T.R., Jaron, K.S. and Schatz, M.C. (2020). Genomescope 2.0 and smudgeplot for

reference free profiling of polyploid genomes. Nature Comm. 11, 1432.

Salameh, N. (2014) Flow cytometric analysis of nuclear DNA of Okra Landraces (Abelmoschus

esculentus L.). Am. J. Agric. Biol. Sci. 9, 245-250.

Siemonsma, 1.S. (1982) West African Okra - Morphological and cytogenetical indications for the
existence of a natural amphidiploid of Abelmoschus esculentus (L.) Moench and A. Manihot (L.) Medikus.

Euphytica 31, 241-252.

Simaé , F.A., Waterhouse, R.M., Ioannidis, P., Evgenia V. Kriventseva, E.V. and Zdobnov, E.M.
(2015) BUSCO: assessing genome assembly and annotation completeness with single copy-orthologs.

Bioinformatics 31, 3210-3212.

Takakura, K-I, and Nishio, T. (2012) Safer DNA extraction from plant tissues using sucrose buffer and

glass fiber filter. J. Plant Res. 125, 805-807.

The Tomato Genome Consortium (2012) The tomato genome sequence provides insights into fleshy

fruit tomato. Nature 485, 635-641.

Venkataravanappa, V., Lakshminarayana Reddy, C.N. and Krishna Reddy, M. (2013)
Begomovirus characterization, and development of phenotypic and DNA-based diagnostics for screening

of okra genotype resistance against Bhendi yellow vein mosaic virus. 3 Biotech 3, 461-470.

Wu, D-T., Nie, X-R., Li, H-Y., et al. (2020) Phenolic compounds, antioxidant activities, and inhibitory

effects on digestive enzymes of different cultivars of okra (Abelmoschus esculentus). MDPI 25, 1276.

Wu, T.D. and Watanabe, C.K. (2005) GMAP: a genomic mapping and alignment program for mRNA

and EST sequences. Bioinformatics, 21, 1859-1875.

25


http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
http://paperpile.com/b/y82QJy/4WJE
https://doi.org/10.1101/2021.11.18.469076

