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Abstract

Yam (Dioscorea spp.) is a monocotyledonous herbaceous vine plant grown in the tropics and
subtropics. It is a multi-species plant with varied intra- and interspecific ploidy levels. Of the
600 species, 11 are cultivated staple supporting the livelihood of over 300 million people. The
paucity of information on ploidy and the genomic constitution is a significant challenge to the
crop’s genetic improvement through crossbreeding. The objective of this study was to
investigate the ploidy levels of 236 accessions across six cultivated and two wild species using
chromosome counting, flow cytometry and genotyping-based ploidy determination methods.
Results obtained from chromosome counting and genotyping-based ploidy determination were
in agreement. In majority of the accessions, chromosome counting and flow cytometry were
congruent, allowing future rapid screening of ploidy levels using flow cytometry. Among
cultivated accessions, 168 (71%) were diploid, 50 (21%) were triploid, and 12 (5%) were
tetraploid. Two wild species included in the study were diploids. Resolution of ploidy level in
yams offers opportunities for implementing successful breeding programmes through intra-

and inter-specific hybridization.
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1. Introduction

Yam (Dioscorea spp.) is a monocot herbaceous vine plant grown in the tropical and sub-
tropical regions of the globe. There are about 600 species of yams of which only eleven are
edible and economically significant viz. D. alata (water or greater yam), D. rotundata (white
Guinea yam), D. cayenensis (yellow guinea yam), D. dumetorum (trifoliate or bitter yam) , D.
bulbifera (aerial yam), D. esculenta (lesser yam), D. polystachya (Chinese yam), D. japonica
(East Asian mountain yam, yamaimo, or Japanese mountain), D. pentaphylla (five-leaf yam),
D. nummularia (Pacific yam) and D. trifida (Cush Cush, Indian, or sweet yam) [1,2,3]. Yam
produces starchy underground tubers and ariel bulbils that provide dietary nutrients such as
starch, protein, vitamins, and micro-nutrients for those who depend on it as a staple food [4].
In West Africa, yam is a highly priced tuber crop contributing about 15% of the daily per capita
calorie intake and about 32% farm income for over 300 million people [5]. West Africa
represents over 90% of global yam production [6]. Although yam production in Africa is 40%
that of cassava, its gross economic value exceeds that for all other African staple crops and is

equivalent to the summed value for maize, sorghum, and rice, the top three cereal crops [7].

Notwithstanding its high value, yam productivity in West Africa is low and has remained
stagnant over the last two decades [3]. The low productivity is attributed to a combination of
biotic (yam anthracnose, virus, and nematodes) and abiotic (poor soil fertility and drought)

factors, as well as underdeveloped agronomic practices and poor-quality seed [3,4,8,9].

Development and deployment of resilient varieties tolerant to biotic and abiotic stresses
which meet consumer preferences offer opportunities to ameliorate the challenges to yam
cultivation. However, varietal development in yam has been slow due to a combination of
biological constraints such as non or erratic flowering, non-synchronous flowering, dioecy,
polyploidy, high heterozygosity, long growth cycle, and vegetative propagation with a low
multiplication ratio [10,11,12]. The challenges to intra- and inter-specific hybridization in yam
are mostly related to ploidy level differences, which result in incompatibility, preventing the
successful transfer of genes [3,13,14]. Darkwa et al. [3] reported that the average percentages
of fruit and seed sets are 20.3% and 10.5% in D. rotundata, with corresponding values of 28%
and 9.3% in D. alata crossing blocks, respectively. The authors attributed the low success of
cross-pollination and hybrid progeny generation partly to differences in ploidy level between
the parents used in crosses. Several authors reported the occurrence of diploids (2n=2x=40);

triploids (2n=3x=60) and tetraploids (2n=4x=80) in yam [15,16,17]. The ploidy level
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differences limit the choice of parents to cross in producing desirable hybrids that are superior

to the currently grown cultivars.

Polyploidy have distinctly played a significant role in the speciation and evolution of both
cultivated and wild plants [18]. The existence of yams with different ploidy levels offers a
magnificent system to investigate the impact of ploidy levels on productivity traits to accelerate
yam breeding programs. Ploidy determination in yam accessions would facilitate the planning

and execution of successful breeding strategies through intra- and inter-specific hybridization.

Several methods have been used to estimate ploidy levels in crops [19], the most common
among which are chromosome counting and flow cytometry. The flow cytometry technique
has been used for determining the ploidy levels of various plant species, including yams. The
method offers numerous advantages such as non-destructive, analyses of interphase nuclei, and
sample preparation from a small amount of tissues (mg). Furthermore, the analysis of large
populations of interphase nuclei makes it possible to identify sub-populations differing in DNA
amounts and hence recognize mixoploids. In addition, the simplicity, speed, and convenience
allow the analysis of many samples in a single day [20,21,22,23]. Flow cytometry, however,
analyses nuclear DNA content and not the number of chromosomes, making reliable ploidy
screening possible only within a species. Flow cytometry also requires a reference plant with a

known ploidy level as a standard for calibration.

Chromosome counting technique gives accurate ploidy status of an organism and has
therefore been used to confirm the ploidy levels obtained from flow cytometry. It is, however,
laborious, with limitations on the number of cells that can be analyzed within a given time and
may be prone to errors when chromosomes are small, as in the case of yams. Therefore, use of
molecular genotyping data is another option for analyzing ploidy levels, which has not been

widely explored in yam [24,25].

The objective of this study was to (i) evaluate the ploidy levels of commonly cultivated
species of yam and few of their wild relatives; (ii) compare results from chromosome counting
and flow cytometry methods with single nucleotide polymorphism (SNP)-genotyping data; and

(ii1) identify reference standards for routine ploidy analysis using flow cytometry.

2. Materials and Methods
2.1. Plant Materials
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A total of 236 accessions representing eight Dioscorea spp. was used in this study. These
included six cultivated species viz. D. rotundata (119 accessions), D. alata (82 accessions), D.
cayenensis (4 accessions), D. dumetorum (6 accessions), D. esculenta (3 accessions) and D.
bulbifera (16 accessions), and two wild species namely D. praehensilis (1 accession) and D.
abyssinica (5 accessions). All accessions were obtained as tubers from the Genetic Resources
Center (GRC) of the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria.
The tubers were shipped to the Centre of Plant Structural and Functional Genomics, Institute
of Experimental Botany (IEB), Olomouc, Czech Republic, where they were planted in the

greenhouse to generate samples for ploidy analysis by chromosome counting and flow

cytometry.

2.2. Chromosome counting

Mitotic metaphase spreads were prepared using the dropping technique according to Dolezel
etal. [26]. Actively growing yam roots were collected into 50 mM phosphate buffer with 0.2%
mercaptoethanol. The collected roots were pre-treated in 0.05% 8-hydroxyquinoline for three
hours at room temperature and fixed in 3:1 ethanol: acetic acid at 4 °C overnight. Fixed roots
were washed using 75 mM KCl and 7.5 mM EDTA solution (pH 4). Meristem tips were cut
off and digested for 90 minutes at 37 °C using a mixture of 2% pectinase and 2% cellulase in
75 mM KCl and 7.5 mM EDTA solution (pH 4). The protoplast suspension was filtered through
a 150 um nylon mesh and pelleted. The pellets were then re-suspended in 75mM KCI and
7.5mM EDTA solution (pH 4), and thereafter incubated for 5 minutes at room temperature.
After pelleting, the protoplasts were washed three times with 70% ethanol and stored in 70%
alcohol at -20 °C until use.

Five pl of suspension was dropped onto a slide. Shortly before drying out, seven pl of 3:1
fixative was added to the drop to induce protoplast bursting. Finally, the slide was rinsed in
100% ethanol and air-dried. The preparations were stained with DAPI (4',6-diamidino-2-
phenylindole) and mounted in Vectashield (Vector Laboratories). These were examined with
an Axio Imager Z2 microscope (Carl Zeiss, Oberkochen, Germany) equipped with a Cool Cube
1 (Metasystems, Altlussheim, Germany) camera, and images were prepared with ISIS 5.4.7

(Metasystems).

2.3. Flow Cytometry
Flow cytometry was performed following the protocol described by Dolezel et al. [26].

About 30 mg of young leaf tissue was chopped with a razor blade in a glass Petri dish
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containing 500 pl Otto I solution (0.1 M citric acid, 0.5% v/v Tween 20) [27]. The crude
homogenate was filtered through a 50 pm nylon mesh. Chicken red blood cell nuclei (CRBC),
prepared according to the methodology described by Galbraith et al. [28], were added to the
suspension of yam nuclei as an internal reference standard. After 30 min incubation on ice, 1
ml Otto II solution (0.4 M Na;HPO4) [27] supplemented with 5 pM DAPI was added. The
samples were analyzed using Partec PAS (Partec GmbH, Miinster, Germany) or Sysmex-Partec
CyFlow (Sysmex Partec GmbH, Goérlitz, Germany) flow cytometers equipped with UV
excitation and detectors for DAPI fluorescence. The gain of the instrument was adjusted so that
the peak of the CRBC nuclei was positioned approximately at channel 100 on a 512 channel
scale. Relative nuclear DNA content of yam accessions was then determined by comparing
peak positions of CRBC nuclei and nuclei of the sample. Ploidy level was determined based

on the ratio of G1 peak position obtained for a yam accession and CRBC nuclei.

2.4. DNA extraction and quantification

The tubers of 230 accessions of cultivated Dioscorea spp. were planted at IITA, Ibadan,
Nigeria (07°29.299"N, 003°53.186"E and 224 m altitude) during the 2018 cropping season.
Fresh yam leaf samples from all accessions were collected in perforated paper pouches and
placed on ice. Thereafter, the samples were lyophilized using the LABCONCO freeze dryer
(Labconco Corporation, Kansas City, USA). Genomic DNA was extracted from the lyophilized
samples using a modified cetyl trimethyl ammonium bromide (CTAB) DNA extraction
protocol described by Porebski et al. [29] with some modifications. The quantity of DNA
extracted was estimated by comparison with Lambda (L) DNA marker standard using 0.8%
agarose gel electrophoresis and Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific

Inc., DE, USA).

2.5. Analysis of molecular data using DArTseq SNP markers
Genotyping was carried out at Diversity Array Technology (DArT) Pty Ltd, Canberra,

Australia, using DArTseq™ technology (https://www.diversityarrays.com/technology-and-

resources/dartseq/). Next-generation sequencing method was used by running the sequencing

in the Illumina HiSeq-2500 instrument (Illumina Inc., USA). FASTQ raw sequenced data of
each sample were processed using a proprietary DArT P/L analytical pipeline (Diversity Array
Technology, Australia) to filter out poor quality sequences [30]. The processed sequence data
were used in another secondary pipeline (DArTsoftl4) to generate SNP calling and its

alignment on the reference genome of D. rotundata (Yam_drotundata chr v01). The SNP
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calling CSV file of a total of 82,587 SNPs, provided by DArTseq Pvt Ltd

(https://www.diversityarrays.com/products-and-services/information-technology/lims-at-dart-

dartdb/), was used to further filter for call rate (> 70%) and average reproducibility of marker
(the proportion of technical replicate assay pairs for which the marker score is consistent; >
95%), MAF (> 0.01) and missing data (= 50%) using R-program and TASSEL v.5.2.37
software [31].

Genotyping based on the analysis of SNPs was used as previously described by Gompert
and Mock [32] to differentiate diploid, triploid, and tetraploid genotypes based on allelic ratios
and heterozygosity deduced from DArTseq data. The methodology assumes that genotypes
with higher ploidy levels should be heterozygous and represent high allelic ratios. For
heterozygous bi-allelic SNPs, the diploid genotypes must harbor one copy of each allele (allelic
ratio =1:1); likewise, triploids must harbor a copy of one allele and two copies of the other or
vice versa (allelic ratios = 1:2 or 2:1), and tetraploids should harbor different allelic ratio such

as one, two or three copies of each allele (allelic ratio of 2:2, 1:3 or 3:1) [25].

3. Results
3.1. Ploidy estimation using chromosome counting

The chromosome counting results regarding the ploidy level were in good agreement with
those from DArTseq, except for accessions of two wild species for which DArTseq data was not
generated (Supplementary Table 1). Of the 230 accessions analysed using both chromosome
counting and DArTseq genotyping, 168 (71%) were diploid (2n=2x=40), 50 (21%) were triploid
(2n=3x=60, and 12 (5%) were tetraploid (2n=4x=80) (Figure 1; Supplementary Table 1). Figure
2 represents few examples of the results from chromosome counting wherein TDr2763 was found
to be a diploid with 2n =2x =40, TDal1030 and TDd3778 were triploids with 2n =3x =60, while
TDes3038 was a tetraploid with 2n = 4x = 80.
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Figure 1. Ploidy levels determined by chromosome counting and DArTseq analysis in six

cultivated Dioscorea spp., and chromosome counting in two wild species
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Figure 2. Mitotic metaphase chromosome spreads of A. D. rotundata (TDr-2763 =2n =2x =40),
B. D. alata (TDa-1030=2n =3x =60), C. D. dumetorum (TDd-3778 = 2n =3x = 60) and D. D.
esculenta (TDes-3038 =2n = 4x = 80). Scale bar: 5 pm.

3.2. Flow cytometry analysis of Dioscorea accessions

Based on the peak positions of yam and CRBC nuclei on histograms of nuclear DNA
amount, peak ratio was calculated for every accession (Supplementary Table 1). The peaks for
the estimation of nuclear DNA content for TDa-1124 (D. alata), TDb-3046 (D. bulbifera),
TDd-3806 (D. dumetorum) and TDes-2786 (D. esculenta) relative to the peak for CRBC by
flow cytometry are shown in Figure 3. The ratio of G1 peak position between yam and CRBC
for D. rotundata accessions ranged from 0.53 (TDr-1585) to 0.76 (TDr-1489) in diploid
accessions suggesting differences in genome sizes within these accessions. While in triploid
accessions, G1 peak ratio was 1.00. However, in TDr-1723 and TDr-3671, two diploid
accessions based on chromosome counting and DArTseq data, the peak ratio was 1.00
(Supplementary Table 1) indicating a disagreement between the results obtained from flow
cytometry and chromosome counting as well as genotyping data.

For D. alata, the ratio of yam/CRBC peak ratio in diploid accessions ranged from 0.48
(TDa-1471) to 0.61 (TDa-1196 and TDa-1287), while peak ratio in triploids ranged from 0.8
(TDa-1282) to 0.88 (TDa-1008) and for tetraploid accessions, the peak ratio ranged from 1.00
(TDa-1319) to 1.19 (TDa-1137) (Supplementary Table 1). However, accessions TDa-1177 and
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Figure 3. Histograms of relative nuclear DNA content obtained after simultaneous flow-
cytometric analysis of DAPI-stained nuclei isolated from fresh leaf tissues of Dioscorea accessions
and chicken red blood cell nuclei (CRBC). The gain of the instrument was adjusted so that the G1
peak of CRBC nuclei, which served as an internal reference standard, was positioned on channel
100. Peaks appearing on channels 200, 300, 400 and 500 correspond to doublets, triplets, etc. of
CRBC nuclei. A. Dioscorea alata (TDa-1124), peak ratio=0.85; B. D. bulbifera (TDb-3046), peak
ratio=1.27; C. D. dumetorum (TDb-3806), peak ratio=0.51; D. D. esculenta (TDes-2786), peak

ratio=1.

TDa-1189, which were diploid and tetraploid, respectively based on chromosome counting and
DArTseq data, had peak ratios of 0.88 and 0.51, respectively indicating a discrepancy in the
results obtained from flow cytometry and that of chromosome counting and genotyping data.
Similarly, accession TDa-1014, which was diploid based on DArTseq data, had a peak ratio of
1.00 (Supplementary Table 1). The results of TDa-1014 could not be confirmed through
chromosome counting as the tuber of this accession did not germinate at [EB, Olomouc, Czech
Republic. For D. cayenensis, two triploids and two tetraploids were observed based on
chromosome counting and DArTseq analysis. Flow-cytometric analysis showed peak ratios of
1.00 and 1.33 to 1.38, respectively, in those accessions (Supplementary Table 1).

Based on chromosome counting and DArTseq data, the D. dumetorum accessions
comprised of one diploid and five triploid accessions. Flow-cytometric analysis of nuclear
DNA content gave peak ratio of 0.33 in diploid accession TDd-3909, while it ranged from 0.49
(TDd-4118) to 0.51 (TDd-3778 and TDd-3806) in the triploid accessions. All three D.
esculenta accessions were tetraploids with 80 chromosomes which was in agreement with the
yam/CRBC peak ratio that ranged from 1.00 to 1.17. Similarly, all 16 D. bulbifera accessions
were triploids based on chromosome counting and DArTseq data. Based on flow cytometry,
the yam/CRBC peak ratio of one of these accessions was 0.73 while that of the remaining 15
accessions ranged from 1.2 (TDb-3693) to 1.33 (TDb-3084). The results of majority of D.
bulbifera accessions were in agreement between flow cytometry and chromosome counting as
well as genotyping data.

For the two wild species, D. abyssinica and D. praehensilis, all six accessions were
diploids based on chromosome counting (Supplementary Table 1). The flow cytometric
analysis resulted in peak ratios ranging from 0.67 (TDab-3884) to 0.73 (TDab-3847 and TDab-

3881) in D. abyssinica, and 0.79 in the D. prachensilis accession.
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Based on the results from chromosome counting, flow cytometry and DArTseq
genotyping, internal reference standards were identified for each Dioscorea spp. for future use
in ploidy determination using flow cytometry. These accessions are: D. rotundata (TDr-1585
and TDr-1922), 14 of D. alata (TDa-1079, TDa-1083, TDa-1145, TDa-1187, TDa-1217, TDa-
1240, TDa-1277, TDa-1319, TDa-1439, TDa-1471, TDa-2861, TDa-3271, TDa-4335, and
TDa-4346) and one each of D. bulbifera (TDb-3692) and D. esculenta (TDes-3038)
(Supplementary Table 1). These internal standards are currently maintained at the Genetic

Resources Center (GRC), IITA, Ibadan, Nigeria as field and in vitro collections.

3.3 Ploidy status and phylogenetic relationship of Dioscorea spp. based on DArTseq SNP
markers

All the accessions of cultivated Dioscorea spp. were genotyped using DArTseq for
further analysis and assessment of genetic relationship among the accessions. The accessions
were grouped into three main clusters (Figure 4). The first group comprised 82 accessions of
D. alata, the second group had 6 accessions of D. dumetorum, 6 accessions of D. bulbifera, 4
accessions of D. cayenensis and 3 accessions of D. esculenta while the third and the largest
group comprised 119 D. rotundata accessions (Figure 4). The third cluster with 119 D.
rotundata accessions had two sub-groups, one consisting of 103 (87%) accessions which are
diploids and the other with 16 (13%) accessions that are triploids (Figure 4; Supplementary

Table 1). However, some accessions did not cluster as expected based on their ploidy levels.
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Figure 4. The phylogenetic tree constructed using DArTseq genotyping data on 230 cultivated
Dioscorea spp. accessions and Neighbor-joining method to assess the genetic relationship among
the accessions and different species and their ploidy levels. Green color = diploid (2x), red color=

triploid (3x) and blue color = tetraploid (4x).

4. Discussion

Information on ploidy, in addition to providing insight into evolutionary history and
relationships among cultivated crops and their wild relatives, is useful in designing strategies for
genetic improvement. In the present study, we determined ploidy level by chromosome counting
and flow cytometry —the two most widely used techniques, and compared values obtained with
estimates from genotyping-based DArTseq data. Of the 236 accessions used in this study,
discrepancies between the results obtained by chromosome counting and from cytometry was
observed in only seven accessions (0.029%). In other accessions (>97%), the results of
chromosome counting, and flow cytometry were in agreement, indicating that either of the two
methods could be used for ploidy estimation. However, it may be advisable to confirm the results

of flow cytometry through genotyping using DNA markers.
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Dioscorea is one of the most difficult genera for cytogenetic and cytotaxonomic studies
[33]. The chromosomes of Dioscorea spp. are small and dot-like, with their length ranging
from 0.5 to 2.7 um at mitotic C-metaphase stage [10, 16, 34]. Consequently, chromosome
counting is difficult and time-consuming. In addition, the chromosomes often tend to clump
together, thus making the counting process challenging [35]. Flow-cytometric estimation of
nuclear DNA amounts has some important advantages over conventional chromosome
counting [36]. The method is rapid, allowing screening of a large number of individuals in one
day and does not require dividing cells [21,37]. For ploidy level determination using flow
cytometry, it is, however, imperative to have a reference genotype/accession of the same
species with already known ploidy [40]. An ideal standard should have a similar genome size
as the sample species [38] and similar chromatin structure because the latter also affects DNA
staining [39]. Since no internal standard/reference was available at the time this study was
conducted, chicken erythrocyte nuclei from CRBC was used for this purpose. The yam/CRBC
peak ratio obtained for different species in this study can be used in future rapid ploidy
assessment studies in yams using flow cytometry. This approach has been successfully applied
in banana [40,41] for large scale ploidy assessment. In addition, our study has identified, for
the first time, based on agreement in ploidy number among the three methods used in the study
viz. yam/CRBC peaks of flow-cytometry method, chromosome number estimation through
chromosome counting and genotyping through DArTseq based technique, internal reference
standards that can be used in future studies to determine the ploidy status in Dioscorea spp
using flow cytometry alone.

In the flow cytometry procedure carried out in the present study, both the standard and
sample nuclei were processed together before staining with DAPI. This fluorochrome
preferentially binds to AT-rich DNA regions, a characteristic that accounts for its suitability
for ploidy level estimations. Although flow cytometry is suitable for the determination of
nuclear DNA content, we observed variation in relative fluorescence intensity, reflected in the
range of yam/CRBC peak ratios within one ploidy level of a species (e.g., D. rotundata or D.
alata accessions), an indication of variation in the nuclear DNA content. Such variation has
been reported in many plant species, e.g., soybean [42] or banana [43,44]. Future studies on
diversity and evolution of yams are required to address the issue of differences in nuclear DNA
content among yam accessions of the same species and similar ploidy level. The internal
standards identified for each Dioscorea spp. in this study will facilitate this considerably.

Majority of the D. rotundata accessions in the present study were diploids (89.1%), results

that are in agreement with the findings of an earlier study [45] that reported the segregation
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patterns of isozymes and SSRs in which most accessions of D. rotundata were found to have
basic chromosome number of 20 (2n = 40). The preponderance of diploids (78%) among the
D. alata accessions in this study is also in agreement with the results of another study involving
110 D. alata accessions in which 76% had 2n = 40 chromosomes [46]. In the latter study, 7%
and 17% of the accessions were triploids and tetraploids, respectively, compared to 13% and
9% that were obtained in our study. Our results and those of these authors, together with the
results of Bousalem et al. [47] on microsatellite segregation in four D. alata genotypes are in
agreement in respect of the basic chromosome number of water yam of n = x = 20. There are
very few reports on ploidy assessment in wild Dioscorea species. In the present study, the six
accessions belonging to two wild species, D. abyssinica and D. praehensilis, assessed based
on chromosome counting and flow cytometry, were diploids (2n = 2x = 40), confirming the
results of Gamiette et al. [16].

The DArTseq platform guarantees wide genomic coverage and is not affected by the
limitations of meiotic chromosome pairing of hybrids in distant crosses [48]. Genotyping of
the accessions of different yam species using the DArTseq platform would elucidate the
genomic relationship between wild and cultivated species in yams. Such ploidy information
from DArTseq based genotyping has been used to analyze the genomic relationships among
diploid and polyploid species Triticeae [49]. Among studies on ploidy levels in yams to date,
the present study used the highest number of accessions (236), which involved eight species
that consisted of cultivated and wild types. In effect, the large number of accessions and
multiple techniques used in our study offer the most up-to-date insight on ploidy in the

Dioscorea and the reliability of the techniques for ploidy determination in the genus.

5. Conclusions

Identifying the ploidy level of a given genotype is important for successful crossing. The
findings in this study on ploidy assessment in yams are of significant value and will minimize
failures in intra- and inter-specific hybridization. Ploidy levels results based on flow cytometry,
chromosome counting, and DArTseq analyses were in agreement for two accessions of D.
rotundata, 14 accessions of D. alata, one accession each of D. bulbifera and D. esculenta.
These accessions are therefore useful as internal standards for future ploidy evaluation in yam.
This is the first study that identified several accessions in Dioscorea spp. that can be used as

internal standards for ploidy determination in yams.
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Supplementary Materials: Table S1: Relative nuclear DNA content, chromosome counts,
and ploidy level determined based on DArTseq genotyping data on 236 accessions representing

eight Dioscorea spp.
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