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Abstract 34 

This paper elucidates a procedure for isolating homogeneous triploid and tetraploid progeny from mixoploids, 35 
which are the most desirable genetic resources to develop genetically stable seedless variety in pointed gourd 36 
(Trichosanthes dioica Roxb.) as seeds are unpalatable. All the colchicine concentrations (0.05, 0.1, 0.5%) 37 
effectively led to the production of mixoploid for 48 and 72 h exposure time whereas 24 h did not response to 38 
induce mixoploid. These mixoploids (female and male) exhibit cross compatability with diploid (female and 39 
male) parents for F1 seed generation. Interestingly, mixoploid parents (either female or male) produced a 40 
mixture of normal diploid size seeds and some abnormally large ones, almost twice normal size. Density plot 41 
and principal component analysis (PCA) of 603 seeds resulted in separation of diploid, mixoploid and tetraploid 42 
accessions involved in different ploidy crosses. To develop a method for the isolation of sexually derived 43 
triploid and tetraploid progeny from the induced mixoploids, we examined the ploidy level of F1 populations by 44 
flow cytometry where 18.7 % F1 seedlings were confirmed as triploid and tetraploid progeny when female 45 
mixoploid crossed with male mixoploid while 16.7% triploids were isolated crossed with male diploid. These 46 
findings suggest that mixoploid female parents were the best options for developing triploid and tetraploid 47 
progeny. Overall, the results of this study provide a framework to explore the genetic basis of polyploids 48 
isolated from colchicine induced mixoploids in in vivo conditions.  49 

 50 

Highlights 51 

• Mixoploid parents generated seed lot comprises of diploid and tetraploid type seeds. 52 
• Mixoploids are reported for the first time as potential for F1 seed generation led to the homogeneous 53 

triploid and tetraploid progeny development which confirmed by flow cytometry in pointed gourd. 54 
• Ploidy analysis of sexually derived seedlings proposed as an efficient in vivo method of isolation 55 

triploid and tetraploid progeny from colchicine induced pointed gourd mixoloids. 56 

 57 

Key words: Cucurbits, Colchicine, Flow cytometry, Mixoploid, Polyploidy breeding, Trichosanthes dioica. 58 
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1. Introduction 75 

Pointed gourd (Trichosanthes dioica Roxb.) is one of the most economically viable and nutrition rich summer 76 
vegetables belongs to the cucurbitaceae family. It is native to Indian subcontinent and potential to cultivate in 77 
the temperate regions (Singh and Whitehead 1999; Hassan and Miyajima 2019a). It is dioecious and 78 
vegetatively propagated fruit type vegetable with 11 basic chromosome number (2n=2x=22) (Kumar and Singh, 79 
2012). Although green fruit with soft seeds is the main edible part, matured seeds sometimes cause the 80 
unpalatability due to their hard seed coats (Hassan et al. 2020). Therefore, it becomes the most desirable for 81 
pointed gourd to be produced without seeds that can be possible by chemical application (Hassan and Miyajima, 82 
2019b) or by natural and artificial polyploidization process. Indeed, clinical evidence suggests that pointed 83 
gourd has multiple health benefits (Pandit and Hazra 2008; Rai et al. 2008) and a tremendous effort has been 84 
made in the field of phenotypic and genetic diversity, management approaches, clone selection and ecological 85 
adaptability (Hassan and Miyajima, 2019c; Verma et al. 2017; Adhikari et al. 2014 Khan et al. 2009). But other 86 
ways to increase variability and varietal improvement through polyploidization have not been sufficiently 87 
explored. Hazra (2001) took the first initiative to induce polyploidization in pointed gourd with colchicine but 88 
unsuccessful to produce tetraploids. Besides, a successful colchicine induced polyploidization in pointed gourd 89 
was reported for the first time by Hassan et al. (2020) that creates the opportunity of subsequent studies with 90 
these advanced genetic resources for further improvement.  91 

Naturally and artificially induced polyploids are recognized as one of the most frequent ways for introducing 92 
variability, generating new species with improved various agronomic and commercial traits of different 93 
horticultural crops such as fruit quality (Wu et al. 2013; Blasco et al. 2014), large fruit size (Rugini et al. 1996), 94 
seedless fruits (Kagan-Zur et al. 1991), disease resistance (Predieri 2001), high yield and wide adaptability (Liu 95 
et al. 2009). Within the polyploidy, triploidy and tetraploidy are the important features for pointed gourd those 96 
can lead to seedless or less seeded fruit production as observed in watermelon (Kihara 1951), citrus (Ollitrault et 97 
al. 2008), banana (Simmands and Sheperd 1955), loquat (Guo et al. 2007) and pointed gourd (Hassan et al. 98 
2020). In our previous study, colchicine treatment of pointed gourd seeds was employed for generating 99 
tetraploids and used in crossing with diploid counterparts to produce less-seeded fruits (Hassan et al. 2020). 100 
Although the success rate of tetraploid induction was low (0.33%), a considerable amount of mixoploids 101 
(2.11%) (chimeras consisting of diploid and tetraploid cells) were also generated at that study. Usually these 102 
mixoploids are of much less important compared to homogeneous polyploidy plants due to their genetic 103 
instability (Dhooghe et al. 2011; Rose et al. 2000). Therefore, it has been hypothesized that mixoploids would 104 
become another breeding method if we could isolate homogeneous (pure) triploid and tetraploid from the 105 
colchicine induced mixoploids of pointed gourd (Figure 1). 106 

Various in vitro isolation techniques have been developed in recent years, such as callus re-differentiation (Chen 107 
and Gao 2007; Roy et al. 2001), multiple subculture (Rugini et al 1996), and re-differentiation of shoot 108 
primordia in the shoot apex (Fujishige et al. 1996). However, all of these methods are inefficient due to time-109 
consuming and difficult to apply because of high-throughput procedures (Liu et al. 2020). In contrast, Beatson et 110 
al. (2003) described an easier method for the identification of sexually derived triploids and tetraploids progeny 111 
of hop from seedling population by flow cytometry (FCM) compared to in vitro cultured derived tetraploid 112 
parents. They identified the highest number of triploids than tetraploids from the progeny analysis and screening 113 
by FCM is now considered an essential part of the New Zealand hop breeding program to develop genetically 114 
stable triploid genotypes. Another subsequent study, Koutoulis et al. (2005) reported that triploid and tetraploid 115 
progeny have been produced from the crosses of mixoploids Galena-4n (hop) with a male diploid. This may 116 
have been due to the presence of some or maximum tetraploid cells in the reproductive tissues of mixoploid 117 
Galena-4n. In the past, cytological approach of chromosome counting and stomatal conductance were classically 118 
applied to screen the ploidy level that is time consuming as well and possibility of environment factors 119 
involvement lead to confusion in results. Conversely, FCM application is revealed as the best alternative for 120 
rapid and high accuracy maintaining throughput ploidy screening visualized with clear histograms (Dhooghe et 121 
al. 2011). Most importantly, no studies have yet identified potential strategy to utilize mixoploids (chimeras) in 122 
species evolution of cucurbitaceae family as widely evident in Solanaceae and Cruciferae (Burge et al. 2002). 123 
Therefore, extensive research is required for isolation in chimera or mixed-ploidy populations to make a 124 
standard polyploidy breeding approach to produce pure triploid and tetraploid from mixoploids.   125 
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In this study, we profiled seed traits (individual seed weight and diameter) in 603 seeds across the intra and 126 
inter-ploidy crosses among mixoploids, tetraploid (as standard) and their diploid counterparts to prove the 127 
hypothesis that mixoploid comprises diploid and tetraploid cells. The main objectives of this study were to: (1) 128 
investigate the effect of colchicine treatment on pointed gourd seeds for mixoploid induction, (2) assess the 129 
cross compatibility of colchicine induced mixoploids with diploid parents for F1 seed production, (3) establish 130 
an in vivo polyploidy breeding strategy with the isolation of homogeneous triploid and tetraploid progeny from 131 
the ploidy level assessment of the sexually derived F1 progenies.    132 

 133 

 134 

2. Materials and Methods 135 

2.1. Plant materials 136 

This study was conducted for two consecutive years (2018 and 2019) in the non-heated glasshouse at Hakozaki 137 
campus (lat. 33° 37′ N; long. 130° 25′ E), Kyushu University, Japan with the plant materials of pointed gourd 138 
(Trichosanthes dioica), originated in India and Bangladesh (Hassan and Miyajima, 2019a). Mature vines of 139 
female and male T. dioica parent were collected from different locations of Bangladesh. The vines were planted 140 
in the akadama soil: peat (2:1) mix filled plastic containers and grown in glasshouse (32/20 oC day/night, 50-141 
70% relative humidity) at Kyushu University to enforce flowering during the cultivation period from February 142 
2017 to September 2017. Due to its dioecism, cross-pollination is inevitable for fruit setting and seed production. 143 
Crossing was conducted when stigmas of female T. dioica attained optimal receptivity during night (9~10 pm) 144 
at anthesis with fresh pollen. When the seeds were matured in the ripen fruits (60 days after pollination), fruits 145 
were harvested and seeds were prepared according to the procedure of Hassan and Miyajima (2019a). The seeds 146 
were extracted from the fruits, dried and used to conduct chromosome doubling experiment with colchicine 147 
treatment in November 2017. Since amount of seeds per fruit was not same for all harvested fruits and in some 148 
cases not sufficient to perform chromosome doubling study with more treatments, prior to conduct, the seeds 149 
were pooled and then separated into four technical replicates for each treatment. The technical replicates could 150 
minimize errors associated with data processing of seed chromosome doubling study traits.  151 

 152 

2.2. Colchicine treatment of seeds 153 

Seeds were soaked in the aqueous colchicine at concentrations of 0.05, 0.1, or 0.5% (w/v) for 24, 48, or 72 h and 154 
kept in dark condition. Experiments were replicated four times with 25 seeds per treatment. The similar amount 155 
of seeds was also soaked in tap water (without colchicine) for 24, 48, or 72 h as control. Following the 156 
colchicine treatment, the seeds were thoroughly rinsed three times with sterile distilled water and air dried at 157 
room temperature. The seeds were transferred for germination to the vermiculite filled plastic tray. The 158 
seedlings were cultured in the glasshouse until February 2018 and regular observation was done to assess the 159 
seed germination and seedling survival rate for each treatment. The seedlings were shifted to the small plastic 160 
pot filled with akadama soil: peat mix (2:1) and maintained in the same glasshouse for flow cytometry study. 161 

 162 

2.3. Ploidy level confirmation by flow cytometry 163 

The ploidy levels of colchicine treated seedlings and F1 progenies generated from inter and intra-ploidy crosses 164 
were determined by flow cytometry. Young leaves (third leaves from the stem tip) from each treated seedling 165 
and F1 progeny were collected and about 1 cm2 of the middle epidermis were chopped in a petri dish with 400 µl 166 
nuclei extraction buffer HR-A (CyStain UV Precise P, Sysmex-Partec High Resolution Staining Kit, Sysmex-167 
Partec GmbH, Germany) using a sharp razor blade. The nuclear suspension was then filtered through a 42 µm 168 
nylon mesh (Partec CellTrics filter) to remove debris. Nuclei were stained with 1.6 ml of DAPI (4,6-diamidino-169 
2-phenylindole) (CyStain UV precise P, Partec High Resolution Staining Buffer Kit, HR-B) for 3 min and then 170 
analyzed using a Partec CyFlow Ploidy Analyzer. More than 7,000 nuclei were assessed in each sample. 171 
Nuclear DNA histograms were constructed with the help of default CyView software in Sysmex-Partec, GmbH, 172 
Germany. 173 
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At first 2-3 leaves from the parental species (without colchicine treatment) were used to determine the standard 174 
peak of diploid mother cells and considered as diploid (2x) ploidy level criteria of pointed gourd. Putative 175 
tetraploid (4x) seedlings were confirmed according to the peak positions compared to diploid parental species 176 
(Hassan et al., 2020). Meanwhile, mixoploids [hereafter denoted as (2x+4x)] were recognized with the 177 
cumulative peaks of tetraploid and diploid.  178 

All colchicine treated seeds germinated seedlings those survived were subjected to flow cytometry to confirm 179 
their ploidy. Individual seedlings were classified as diploid, mixoploid or tetraploid according to the peaks 180 
(fluorescence profile of nuclei) obtained by flow cytometry are shown in Figure 2. The diploid parents (female 181 
or male) were used as diploid selection criteria with which colchicine treated seedlings were compared to 182 
categorize into diploid, tetraploid or mixoploid. Histograms generated by flow cytometry analysis demonstrated 183 
that diploids depicted two standard peaks at about channel 50 and 100 of relative fluorescent intensity (Figure 184 
2A), while the peaks responsible for representing tetraploid were observed at around 100 and 200 (Figure 2B). 185 
Besides, the presence of three peaks at 50, 100 and 200 of relative fluorescent intensity (Figure 2C) confirmed 186 
the induction of mixoploid consisting of diploid as well as tetraploid cells.  187 

 188 

2.4. Intra and inter-ploidy crosses for F1 seed production 189 

Intra and inter-ploidy crosses among diploids and colchicine induced mixoploids of pointed gourd were 190 
conducted from 25 April to 28 July 2019. A total of 9 from each of female and male pointed gourd plants (3 191 
plants of each sexes belongs to the diploid and mixoploid lines were used per treatment in three replicates) were 192 
used as parents in the full-diallel crossing design for F1 seed generation. In this case, each diploid was paired 193 
with mixoploid and crossed reciprocally where all the diploids and mixoploids were served as maternal and 194 
paternal parents. Five diploid and mixoploid female flowers were pollinated with fresh pollen of mixoploid and 195 
diploid males during night (9-10 pm) at anthesis as an interploidy cross [2x × (2x+4x); (2x+4x) × 2x]. 196 
Meanwhile, intraploidy cross was done with each ploidy member of the crossing pair pollinated with the same 197 
ploidy [2x × 2x; (2x+4x) × (2x+4x)]. Controlled pollination was ensured by covering flowers with paper bags 198 
prior to anthesis and all the pollinated flowers were re-covered to prevent them from undesirable cross 199 
pollination. Ripen fruits were harvested 60 days after pollination, and fruit setting rate, number of seeds per fruit 200 
and seed germination rate were scored. 201 

 202 

2.5. Seed traits evaluation revealed mixoploid comprise diploid and tetraploid cytotypes 203 

Individual seed weight and seed diameter of total 603 F1 seeds obtained from the ripen fruits of different ploidy 204 
cross combinations was analyzed to evident the hypothesis that mixoploid comprise diploid and tetraploid 205 
cytotypes of pointed gourd. Of the 603 F1 seeds, 162 generated from 2x × 2x; 185 from 2x × (2x+4x); 199 from 206 
(2x+4x) × 2x; 48 from (2x+4x) × (2x+4x) and 9 seeds of 4x × 4x which were used as standard of tetraploid 207 
traits. Thus, density scatter plots for seed weight and seed diameter variables were created using R where 208 
density plot determines the normal distribution of seed traits data. In addition to density plot, we performed 209 
PCA (principal component analysis) to evaluate these seeds traits that will help to distinguish different ploidy 210 
level involved in ploidy crosses according to the seed traits.   211 

 212 

2.6. Ploidy detection of progeny 213 

Seeds generated through different ploidy crosses were sown to establish F1 progenies in August 2019. 214 
Experiments were replicated three times with 30 seeds per cross combination (treatment). The ploidy levels of 215 
all the survived F1 progenies were determined by flow cytometry procedure described previously. It was done to 216 
know about the genetic stability and heredity of the ploidy level of the parents involved in inter and intra-ploidy 217 
crosses to their successive progeny.  218 

 219 

2.7. Data processing and statistical analyses 220 
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Statistical analyses were performed using R software (version 4.0.2). Before performing analysis of variance 221 
(ANOVA), the model fitness of data was evaluated using model accuracy and a log2 transformation was applied 222 
to normalize the data as per necessary. To assess the magnitude of variation within and between the treatments 223 
of colchicine concentrations, exposure durations, interaction effect, ploidy crosses; we computed a minimum, 224 
maximum, average and range of variation for all the studied parameters. Differences in individual seed weight 225 
and seed diameter features between ploidy level counterparts in cross combinations were evaluated by paired t-226 
tests. These variations were visualized by boxplot using R-package “ggplot2”. Differences were determined to 227 
be statistically significant at P<0.05, and highly significant at P<0.01. When treatments differed significantly, 228 
an honestly significant difference (HSD) as multiple comparisons test was used for pairwise comparison. PCA 229 
(principal component analysis) was performed using the R package “FactoMiner” (Le et al., 2008) to classify 230 
the key seed traits according to ploidy groups and to evaluate the effect of ploidy profiles on seed traits among 231 
different crosses. Density plot shows the classification of ploidy groups/species according to the features of 232 
seeds generated from inter and intra-ploidy crosses.    233 

 234 

3. Results 235 

3.1. Colchicine treatment of pointed gourd seeds for ploidy induction 236 

Polyploids induction was confirmed by flow cytometry of six-week old seedling survived after colchicine 237 
treatment of pointed gourd seeds for different durations. The survival rate of germinated seedling after 238 
colchicine treatment ranged from 5.0 to 34.2%, and was differed significantly by the interaction effect of the 239 
colchicine concentration and the exposure duration (Table 1). The survival frequency reached to the maximum 240 
(34.2%) following treatment with 0.05% colchicine for 72 h; however, mixoploids were induced at lower and no 241 
tetraploids induced under this condition. The mixoploid induction efficiency (%) was significantly affected by 242 
the colchicine concentrations and the treatment durations (Figure 3). The optimum condition for mixoploid 243 
induction was treatment the seeds with 0.5% colchicine for 72 h, and the highest induction frequency was 7.95%. 244 
Tetraploid induction efficiency was not significantly varied due to the colchicine concentration and soaking 245 
duration, though, maximum tetraploid was induced (3.7%) with the highest concentration of colchicine for 246 
maximum soaking duration of 72 h. Meanwhile, the highest seedlings were survived with untreated seeds and 247 
ploidy level determination showed that they were all diploids. 248 

 249 

3.2. Inter and intra-ploidy crosses for F1 seed generation 250 

In order to determine which cross combinations produced fertile seeds and assess seed traits in further studies, 251 
inter and intra-ploidy crossing among colchicine induced mixoploids and diploid parental counterparts was 252 
carried out (Table 2). Reproductive success (fruit set and seed production) differed significantly among the 253 
parents involved in different cross combinations. In intra-ploidy crosses with diploid parents (female and male), 254 
2x × 2x crosses produced higher fruit set (100%) than [(2x+4x) × (2x+4x)] crosses (33.3%) with mixoploid 255 
parents. Fruiting success was statistically identical between interploidy crosses where mixoploid female 256 
pollinated with diploid male [(2x+4x) × 2x] produced 86.6% while it’s reciprocal cross of diploid female 257 
pollinated with mixoploid male [2x × (2x+4x)] produced 60.0% fruit set (Table 2). Similarly, the maximum 258 
number of seeds per fruit (26.4) was obtained from the intra-ploidy crosses with diploid parents of 2x × 2x cross 259 
than those from mixoploid parents of [(2x+4x) × (2x+4x)] cross (20.3). Meanwhile, statistically similar amount 260 
of seeds per fruit was gained from the interploidy crosses of [2x × (2x+4x)] (19.7) and [(2x+4x) × 2x] (18.5). 261 
Differences in the seed germination ability were significant according to the different types of intra and inter-262 
ploidy crosses. Perfect seeds with 100% germination were found in 2x × 2x cross followed by [2x × (2x+4x)] 263 
cross (96.6%). Besides, relatively lower seed germination rate was observed in the seeds produced in the crosses 264 
of [(2x+4x) × 2x] (60.0%) and [(2x+4x) × (2x+4x)] (53.3%). 265 

 266 

3.3. Phenotypic variability of seed traits 267 

Phenotypic data for seed traits including individual seed diameter and seed weight summarized by ploidy levels 268 
involved in different inter and intra-ploidy cross combinations. The accessions evaluated here showed a 269 
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considerable variation for seed weight and diameter within and between ploidy-groups (Figure 4). These 270 
variations were compared with the seed traits derived from the intraploidy cross of tetraploid parents (4x × 4x). 271 
Individual seed weight and diameter exhibited remarkable variation within and between the accession developed 272 
from the intra and interploidy crosses of diploid, mixoploid and tetraploid genotypes and these variations were 273 
visualized in different boxplots with significance level (Figure 4). Overall, tetraploid accessions exhibited the 274 
highest value for seed traits compared to diploid. While the highest level of significance was observed in the 275 
mixod (mixoploid female crossed with mixoploid male generated seeds) for seed weight that was similar with 276 
tetraploid and diploid. For seed diameter, the variation was highly significant in all the crosses generated seeds. 277 
However, moderate variability was observed in the crosses with mixoploid as either seed parent or pollen parent. 278 
Moreover, combined analysis of variance showed significant effects of different ploidy accessions involved in 279 
the crosses on individual seed traits (weight and diameter). These findings suggesting that these seed traits may 280 
play a major role as the genetic improvement component for the phenotypic selection in further breeding 281 
program.  282 

 283 

3.4. Density scattered plot (DSP) analysis revealed mixoploid comprises diploid and tetraploid seed traits 284 

We found a hypothesis after seed traits phenology (Figure 4) that F1 seeds generated from the crosses with 285 
mixoploid (female or male) parent are a mixture of diploid and tetraploid categorized seeds. To make this 286 
hypothesis statistically reliable, density scattered plot (DSP) analysis was performed (Figure 5). DSP visualize 287 
the shape information with the trends in variance distribution and central tendency of multivariate dataset of 288 
different ploidy crosses seed traits. As observed, accessions separated into five quadrants each representing the 289 
following features: (I) Diploid (F1 seeds of 2x × 2x ) showed distinct normal distribution for both seed diameter 290 
and seed weight, (II) Dmixo (F1 seeds of [2x × (2x+4x)]) widely distributed covering with diploid and tetraploid 291 
generated seed traits, (III) Mixod (F1 seeds of [(2x+4x) × 2x]) also represent the distribution of seed traits data 292 
values with wide spreading including diploid and tetraploid features, (IV) Mixo (F1 seeds of [(2x+4x) × 293 
(2x+4x)]) moderate level density of seed trait distribution compared to other ploidy level accessions, (V) Tetra 294 
(F1 seeds of 4x × 4x) shows clear discrimination from diploid while overlapping with dmixo, mixod and tetra 295 
ploidy accession for both seed diameter and seed weight distribution density. As expected, a large number of 296 
seeds were in Mixod accession those comprises both diploid and tetraploid seed features followed by Dmixo 297 
and Mixo ploidy level produced seeds. 298 

 299 

3.5. Principal component analysis (PCA) of ploidy crosses generated seed traits 300 

Following DSP analysis, we examined the seed traits data using PCA to justify whether seed diameter and seed 301 
weight could differentiate accessions based on ploidy levels (Figure 6). PCA analysis revealed that diploid and 302 
tetraploid accessions clustered in a distinct group from each other. In contrast, no definitive separation was 303 
observed among dmixo, mixod and mixo accessions for the seed traits. Moreover, the seeds generated by the 304 
dmixo, mixod and mixo accessions showed a tendency to form cluster together with diploid and tetraploid 305 
formed clusters. PCA examination suggests that the variables individual seed diameter and seed weight 306 
significantly contributed to separate the accessions based on ploidy level and made evident as mixoploid parents 307 
produced seeds were comprising both diploid and tetraploid types seeds.   308 

 309 

3.6. In vivo separation of triploid and tetraploid progenies confirmed by flow cytometry (FCM) 310 

Attempt was made to isolate pure triploid and tetraploid advanced lines from F1 progenies derived from ploidy 311 
crosses among colchicine induced mixoploids and diploid counterparts. Thus, F1 progenies (germinating seeds) 312 
were analyzed by flow cytometry to determine their ploidy status (Figure 7, Table 3). Triploid plants were 313 
obtained from the seeds of the crosses where mixoploids females were crossed with either mixoploid or diploid 314 
parent. Therefore, no triploid progeny was identified among the tested F1 seedlings derived from the [2x × 315 
(2x+4x)] cross while the highest percentage (18.7%) of F1 progenies of the [(2x+4x) × (2x+4x)] cross 316 
confirmed as triploid followed by [(2x+4x) × 2x] cross (16.7%) (Table 3.). Interestingly, both triploid and 317 
tetraploid progenies were identified from the germinating seeds of [(2x+4x) × (2x+4x)] cross at the rate of 318 
18.7%. Besides, the rest of the analyzed seedlings of all the crosses were recognized as diploid, while no 319 
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mixoploid (consisting of diploid and tetraploid cells) seedling was recorded. These observations indicate that in 320 
vivo progeny separation of mixoploids into pure triploid and tetraploid advanced lines will be an effective and 321 
efficient alternative of in vitro ploidy isolation technique.  322 

 323 

4. Discussion 324 

Pointed gourd (T. dioica Roxb.) is recognized as one of the most important economic summer cucurbit 325 
vegetables in Asian countries that have contributed to meet vegetable requirement for long duration (February to 326 
October) of a year (Kumar and Singh, 2012; Hassan and Miyajima, 2019c). Multiple studies have been 327 
conducted over the last four decades for the systematic management improvement and breeding strategies of 328 
pointed gourd (Hassan and Miyajima, 2020). Despite its importance, limited research has been conducted in 329 
parthenocarpy or seedless breeding approaches of pointed gourd which is the most desirable to increase 330 
consumer acceptance. Recently, successful polyploidization by colchicine treatment of pointed gourd seed has 331 
been reported and advanced genetic lines have been developed as the prerequisite of genetically stable seedless 332 
triploid variety (Hassan et al., 2020). As a number of mixoploids (consisting of 2x and 4x cells) had been 333 
identified in our previous study, we made a hypothesis that it is possible to obtain pure triploid and tetraploids 334 
from these mixoploids after crossing with the diploid counterparts. Results of the present experiments confirmed 335 
our hypothesis.  336 

The last two decades have seen a remarkable advance in the field of polyploidization for crop improvement 337 
where in vitro somatic chromosome doubling using colchicine as antimitotic agent was frequently applied (Cai 338 
and Kang 2011; Shi et al. 2015; Liu et al.2018; Xu et al. 2018). In these reports, it was primarily focused on the 339 
time point of adventitious bud formation after antimitotic treatment that depends on the pre-culture duration, 340 
colchicine concentration and exposure duration for successful ploidy induction. Consequently, it was a time-341 
consuming and high throughput cost schedule. By contrast, in this study, multiple pure triploid and tetraploid 342 
advanced lines were produced more efficiently following in vivo separation of mixoploid. Mixoploids could be 343 
induced easily through seed chromosome doubling, and it was not necessary to consider the pre-culture 344 
condition like in vitro derived mixoploids. Meanwhile, mixoploidy being described as relatively common 345 
phenomena in colchicine induced polyploidization in other species (Sun et al. 2009; Zhang et al. 2010; Harbard 346 
et al. 2012) as classified in our present study. Mixoploid induction is evident due to the asynchrony of cell 347 
division in seed (Dhooghe et al. 2011). In this study, a total of 19 mixoploids were obtained by treating seeds of 348 
pointed gourd (T. dioica) with colchicine and these were used as inter and intra ploidy cross materials for 349 
isolation of homogenous triploid and tetraploid progenies.  350 

F1 seeds have been produced by hybridizing mixoploid plants in full diallel crossing with diploid parents. 351 
Interestingly, the resultant seeds in the crosses where mixoploids were used as either male or female plant were 352 
the mixture of thin and bold type seeds compared to diploid generated seeds. At that stage, we assumed 353 
mixoploid parent generated seeds might be comprised of diploid and tetraploid seeds (Figure 1). To justify this 354 
hypothesis, we did frequency distribution analysis, visualize by boxplot, density scatter plot and PCA based on 355 
seed trait variables (individual seed weight and seed diameter) of all the produced seeds and compared with the 356 
tetraploid and diploid parents originated seeds. As revealed, ploidy was the most distinctive descriptor to 357 
differentiate the accessions involved in different ploidy crosses (Figure 4, 5, 6). Indeed, PCA analysis clearly 358 
separated into five ploidy groups; where diploid and tetraploid are separated from each other while dmixo 359 
(diploid x mixoploid), mixod (mixoploid x diploid), mixo (mixoploid x mixoploid) generated clusters were inter 360 
connected with the diploid and tetraploid groups (Figure 6). This observation was concurrent with Shomotsuma 361 
and Matsumoto (1957) where they distinguished 3x (triploid) watermelon seeds from 4x (tetraploid) based on 362 
seed weight and thickness. They reported that 3x seeds were thinner and lighter than 4x seeds, but both were 363 
thicker and heavier than diploid seeds. According to their suggestions seed weight can be considered in order to 364 
distinguish self-pollinated and crossed seeds in an open seed block.  365 

Afterwards, F1 seed germinated seedlings tested by flow cytometry to highlight the contribution of mixoploid 366 
parents for producing triploid and tetraploid progeny in the successive generation. Both triploid and tetraploid 367 
progeny were produced when mixoploid females were crossed with a mixoploid male, while only triploids were 368 
produced when mixoploid female crossed with diploid male (Table 3). In that case, the question becomes how a 369 
triploid and tetraploid arise from mixoploid involved inter and intraploidy crosses with a male diploid or 370 
mixoploid. There are generally two paths to form triploid like hybridization between diploid and tetraploid or 371 
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parent having 2n gamete with 1n gamete parent. Besides, for tetraploid it would be 4x × 4x or hybridization 372 
between parents having both unreduced 2n gametes of male and female reproductive tissues. This has been 373 
proven in the previous reports for Populus tomentosa (Zhu et al. 1995; Han et al. 2018; Zhou et al. 2020) and 374 
Humulus lupulus (hops) (Koutoulis et al. 2005). In the present study, as all the FCM tested progenies were 375 
derived from the crosses among mixoploids and diploid counterparts, so there is no possibility for tetraploid 376 
accession to take part in the crossing process. Thus, it can be speculated that the mixoploids (both male and 377 
female) in the present study could produce a few of viable unreduced 2n female and male gametes that might 378 
contribute in tetraploid and triploid generation. In support of this, we admitted the previous findings in other 379 
crops, as mixoploid pointed gourd (T. dioica) plants have not been reported before. Koutoulis et al (2005) stated 380 
that tetraploid and triploid progeny could arise from the contribution of an unreduced diploid (2n) male gamete 381 
from a diploid male or a normally reduced diploid (2n) male gamete from a tetraploid male parent. Maletskii 382 
and Maletskaya (1996) postulated that induced mixoploidy underlies gametophytic agamospermy, i.e. the 383 
presence of tetraploid cell admixtures among the bulk of diploid cells. Reduction division of admixed tetraploid 384 
cells results in the formation of a diploid embryo sac with cells capable of embryogenesis and in the majority of 385 
the cases mixoploidy was confined mostly to somatic tissues, although there are some existence reports revealed 386 
of its occurrence in germinal cells (Ranjbar et al., 2011). In addition, polyploidised shoot of mixoploid could be 387 
involved in the production of triploids that could resulted of the zygote development from the endosperm, or 388 
more likely, should be from one gamete that fails to undergo meiotic reduction lead to the production of 389 
unreduced or aneuploidy gamete by improper segregation of chromosomes during anaphase/telophase stages 390 
(Ramsey and Schemske, 1998; Dzialuk et al., 2007). 391 

There are multiple cytological mechanisms of unreduced gamete formation have been reported in different inter 392 
and intraploidy crosses of several species of populus (Wang et al., 2017; Tian et al., 2015; Zhang and Kang, 393 
2010; Kang, 2002; Wang and Kang, 2009). The formation of 2n-gamete can be attributed due to 394 
parthenogenesis, different abnormal meiotic aberrations including pre-meiotic doubling, anomaly chromosome 395 
pairing, misorientation of spindles and failure of cytokinesis, FDR (first division restitution), SDR (second 396 
division restitution, IMR (indeterminate meiotic restitution) and PMR (post meiotic restitution) (Zhang and 397 
Kang, 2010; Kang, 2002; Wang and Kang, 2009; Ramanna and Jacobsen, 2003). 398 

Moreover, inter and intra-ploidy cross was found as an effective way to induce variation in the progenies with 399 
extensive ploidy level segregation, including triploids, tetraploids, pentaploids, heptaploids, octaploids, and 400 
aneuploids (Johnsson, 1940; Ozaki et al., 2004; Rao et al., 2012). In this study, interploidy hybridization 401 
between the mixoploid (2x+4x) female with the diploid and mixoploid male resulted in segregation of ploidy 402 
levels among progeny, with diploids, triploids, and tetraploids. However, the progeny ploidy level was detected 403 
by flow cytometry using leaf sample where triploid showed three peaks similar to mixoploid parent (Fig 7 B) 404 
that prompt us to further assume the evolution of such ploidy progeny. As this progeny was developed from the 405 
inter and intra-ploidy crosses so there is rare scope of mixoploid segregation. Therefore, this progeny could be 406 
considered as the putative triploid with mixed cells of diploids, tetraploids and octaploids and derived due to the 407 
compensated aneuploids. Such compensated aneuploids play important roles in polyploidy breeding with 408 
maintaining genome balance, overcome sterility and chromosome stability (Birchler et al., 2005; Birchler and 409 
Veitia, 2012) that extensively studied in wheat (Law et al., 1987). Wang et al. (2017) inferred 18 compensated 410 
triploid progenies of poplar those were unlikely to contain three integrated chromosome sets owing to 411 
unbalanced segregation of meiotic chromosomes in triploids. Similar result was also reported by Beatson et al. 412 
(2003) in hop and Varela-Alvarez et al. (2018) in the genus Porphyra where triploid produce gametes of 413 
different ploidy levels act as bridge among cytotypes. Interestingly, similar features of our present finding on 414 
triploid flow cytometry (FCM) profile (Fig. 7B) was also concomitant the tetraploid hop (Galena-4n) which is 415 
widely used as tetraploid parent in Australian hop breeding program. Even though this genotype showed a 416 
mixoploid FCM profile when using leaf material and a tetraploid FCM profile when using root materials and 417 
reproductive tissues. Koutoulis et al. (2005) claimed the possibilities of such differences include 418 
parthenogenesis or unreduced gamete with aneuploidy.   419 

In the present study, no triploid progeny was generated in Diploid × Mixoploid [2x × (2x+4x)] cross as observed 420 
in the two other mixoploid parents mediated crosses (Table 6), indicating that 2n pollen of mixoploid male 421 
might be weakly competed with haploid (n) gamete of diploid seed parent during fertilization. It might happen 422 
due to the slower growth rate and maturity of 2n pollen than normal haploid gamete. These results support the 423 
observations of Kang and Zhu (1997) about low rate of acquired triploid from a crossing using monoploidy 424 
pollen (1n) and 2n pollen in White populars. They reported that the germinating process of 2n pollens was 425 
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delayed than that of 1n pollens, and 2n pollens had weaker competition in mixed pollination than 1n ones, 426 
responsible for developing very low rate of triploid in White populars. Accordingly, the similar trend of pollen 427 
viability reduction in tetraploid genotypes than that of the corresponding diploid genotypes were demonstrated 428 
by Aleza et al. (2012) in Citrus. As the pollen mother cells degenerate before the reduction division during 429 
meiosis in tetraploids much more frequently than those of corresponding diploids (Frost and Soost, 1968). 430 
Meanwhile, Van Breukelen (1982) claimed the existence of interploidy certation in Solanum tuberosum showed 431 
2x pollen grew faster than x pollen, both in 4x and 2x styles that enhances the high number of 4x (tetraploid) 432 
hybrids production from S. tuberosum × S. phureja crosses. This factor might be responsible in the present study 433 
of tetraploid production when mixoploid females were crossed with a mixoploid male. 434 

 Although this study does not identify whether colchicine treatment correlated with pollen morphology, cytology 435 
of reproductive organs, exact mechanism resulting in the unreduced (2n) gametes and aneuploids involvement in 436 
mixoploid pointed gourd. However, the present findings provide a solid framework for follow up genetic and 437 
advanced functional analysis of 2n gamete formation in colchicine induced mixoploid in our future work. 438 

 439 

5. Conclusion 440 

Overall, the results of our study highlighted the first report of the in vivo separation technique of colchicine 441 
induced mixoploid into triploid and tetraploid progenies of pointed gourd (T. dioica). It can provide a better 442 
substitute for the sophisticated in vitro mixoploid isolation methods used in different breeding programs. The 443 
isolated triploid and tetraploid advanced genetic resources are the most desirable approaches for genetically 444 
stable triploid breeding program in pointed gourd (T. dioica) to facilitate the production of seedless fruits. This 445 
output would improve the overall quality of produce and fetches a premium price in the market. Finally, the 446 
vegetative propagation option in T. dioica will assist to make these advanced triploid and tetraploid resources 447 
available for the breeders and scientists for future genetic studies and improvement of pointed gourd polyploidy 448 
breeding. 449 
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 644 

 645 

Figure caption 646 

Fig. 1 Hypothetical diagram of generating homogeneous triploid and tetraploid progeny from the colchicine 647 
induced mixoploid of pointed gourd (Trichosanthes dioica Roxb.). (A) Mature diploid seeds (2n=2x=22), (B) 648 
Colchicine treatment of seeds, (C) Flow cytometry (FCM) confirmed polyploidization representing mixoploid 649 
and tetraploid induction, (D) Tetraploid females pointed gourd evident to produce less-seeded fruit production 650 
crossed with diploid male (Hassan et al., 2020), (E) Mixoploids (female and male) used in inter and intra-ploidy 651 
crosses with diploid counterparts, (F) Mixoploid female pollinated with diploid and mixoploid male produced 652 
F1 seeds, those indicated mix of diploid and tetraploid seeds (almost twice in diploid size), (G) F1 progeny 653 
establishment after germination of different ploidy crosses seeds, (H) Homogeneous triploid (3x) and tetraploid 654 
(4x) progeny isolation confirmation after ploidy level analysis of the sexually derived seedlings by FCM.  655 

 656 

Fig. 2 Histograms of the relative nuclear DNA content obtained from the flow cytometry (FCM) analysis of the 657 
colchicine treated pointed gourd (Trichosanthes dioica Roxb.) seeds generated seedlings. (A) Diploid plant 658 
(control); (B) Tetraploid plant; (C) Mixoploid plant. 659 

 660 

Fig. 3 Mixoploid induction efficiency percentage (MEP) influenced by colchicine treatments of pointed gourd 661 
seeds at different exposure times. (A) MEP at different colchicine concentrations indicated as C1=0.0% 662 
(Control); C2=0.05%; C3=0.1%; C4=0.5%. (B) MEP at different exposure times of colchicine treatment 663 
indicated as ET1=24h; ET2=48h; ET3=72h. (C) Interaction effect of colchicine concentrations and exposure 664 
times on MEP. Each box plot visualizes the distribution of MEP data influenced by colchicine concentration and 665 
exposure duration explaining median (middle line), first and third quartile (lower and upper edge of box), 666 
minimum and maximum value (the bottom and top of the box). Boxplot itself represents the middle 50% of the 667 
data and significant variability observed comparing the boxplots. 668 

 669 

Fig. 4 Seed characteristics of inter and intra-ploidy cross combinations. Accession   indicated as Diploid= 670 
Diploid×Diploid; Dmixo= Diploid×Mixoploid; Mixod= Mixoploid×Diploid; Mixo= Mixoploid×Mixoploid; z 671 
Tetra= Tetraploid×Tetraploid, z Tetraploid cross generated seed traits was used as standard to compare with the 672 
other inter and intraploidy crosses produced seed traits. (A) Individual seed diameter (SD); (B) Individual seed 673 
weight (SW). 674 

 675 

Fig. 5 Density plot of individual seed diameter (SD) and seed weight (SW) of inter and intra-ploidy cross 676 
combinations. Accession   indicated as Diploid= Diploid×Diploid; Dmixo= Diploid×Mixoploid; Mixod= 677 
Mixoploid×Diploid; Mixo= Mixoploid×Mixoploid; zTetra= Tetraploid×Tetraploid, z Tetraploid cross generated 678 
seed traits was used as standard to compare with the other inter and intraploidy crosses produced seed traits. 679 

 680 

Fig. 6 Principal component analysis (PCA) of seed traits of inter and intra-ploidy cross combinations. Groups 681 
indicated as Diploid= Diploid×Diploid; Dmixo= Diploid×Mixoploid; Mixod= Mixoploid×Diploid; Mixo= 682 
Mixoploid×Mixoploid; z Tetra= Tetraploid×Tetraploid, z Tetraploid cross generated seed traits was used as 683 
standard to compare with the other inter and intraploidy crosses produced seed traits. The data obtained from 684 
individual seed diameter (Dim1) and seed weight (Dim2) of 603 seeds generated from different crosses across 685 
three ploidy levels (diploid, mixoploid and tetraploid). 686 
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 687 

Fig. 7 Histograms of the flow cytometry (FCM) confirmed the homogeneous triploid and tetraploid progeny 688 
development after ploidy level analysis of the sexually derived F1 seedlings of mixoploid involved ploidy 689 
crosses seeds of pointed gourd (Trichosanthes dioica Roxb.). (A) Diploid progeny; (B) Triploid progeny; (C) 690 
Tetraploid progeny. 691 

 692 
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Fig. 4 
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Fig. 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 6 
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Table 1 Effect of colchicine concentrations and exposure durations on the seedling survival rate and tetraploid induction of pointed gourd (Trichosanthes dioica 
Roxb.). 

 

Colchicine 
concentration 

(%) 

Survival rate (%) z Mixoploid number Tetraploid number Tetraploid induction 
efficiency (%) y 

Exposure duration (h) Exposure duration (h) Exposure duration (h) Exposure duration (h) 

24 48 72 24 48 72 24 48 72 24 48 72 

0.0 90.0±1.6a x 85.5±4.0a 69.7±1.5b 0.0±0.0b 0.0±0.0b 0.0±0.0b 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

0.05 6.0±2.3e 19.0±1.1d 34.2±2.0c 0.0±0.0b 0.2±0.5ab 0.2±0.5ab 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

0.1 5.0±1.1e 18.5±3.0d 21.7±3.3d 0.0±0.0b 0.5±0.5ab 1.2±1.2ab 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

0.5 6.5±1.9e 16.0±3.6d 18.5±1.9d 0.0±0.0b 1.0±0.8ab 1.5±1.0a 0.0±0.0 0.2±0.5 0.7±1.5 0.0±0.0 1.2±2.5 3.7±7.5 
z Hundred (100) seeds per treatment were used in the germination test after colchicine treatment for four repetitions and seedling survival data recorded after six week of 
germination. 

y Ploidy induction efficiency (%) = No.of induced polyploidy plant
Survived Seedling

× 100 

x The values are the means ± standard error; the column means under each parameter with the same letter (s) are not significantly different at P < 0.05, as determined by honestly 
significant difference (HSD) test using the R software. 

 

 

 

 

 



Table 2 Cross compatibility of mixoploids involved inter and intra-ploidy crosses based on fruit set and seed 
characteristics  

 

Cross combinations 
(♀ × ♂) z  

Fruit set 
(%)  

Number of 
seeds/fruit 

100-seeds weight 
(g) 

Seed 
germination 

(%) x 

Diploid × Diploid 100±00.0a y 26.4±0.9a 6.4±0.3b 100.0±0.0a 

Diploid × Mixoploid 60.0±20.0ab 19.7±0.4b 7.4±0.5ab 96.6±0.5a 

Mixoploid × Diploid 86.6±11.5a 18.5±0.7b 8.5±0.6a 60.0±0.0b 

Mixoploid ×Mixoploid 33.3±11.5b 20.3±1.0b 7.9±0.2a 53.3±0.5b 
z Fifteen (15) female flowers were pollinated per cross for three repetitions. 
y The values are the means ± standard error; the column means under each parameter with the same letter (s) are not significantly 
different at P < 0.05, as determined by honestly significant difference (HSD) test using the R software. 
x Ninety (90) seeds of each cross were used in the germination test for three repetitions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 Flow cytometry confirmed pure triploid and tetraploid progeny derived from mixoploid involved ploidy 
crosses  

 

F1 seedling population z 
(♀ × ♂) 

Ploidy level of FCM identified progeny (%) y Total number of 
seedlings tested 2x (Diploid) 3x (Triploid) 4x (Tetraploid) 

Diploid × Diploid 30 (100.0) x - - 30 

Diploid × Mixoploid 29 (100.0) - - 29 

Mixoploid × Diploid 15   (83.3) 3 (16.7) - 18 

Mixoploid × Mixoploid 10   (62.5) 3 (18.7) 3 (18.7) 16 

Ploidy total 84 6 3 93 

Ploidy (%) 90.32 6.45 3.23  
x Data represent average value of three replicates (n=30 seeds of each cross were used for germination test in one replication). 

y Flow cytometry (FCM) confirmed progeny with respective ploidy level and the progenies frequency % of total tested seedlings 
is in the parenthesis. Dashes indicate that not such category ploidy level identified. 

z Sexually derived F1 seedling population of inter and intra-ploidy crosses of mixoploid and diploid counterparts; Dip, Mixo 
represent as Diploid and Mixoploid. 

 



Supplement Table 1 Colchicine concentrations efficiency on survival rate and ploidy induction of pointed gourd 
(Trichosanthes dioica Roxb.) 

 

Colchicine 
concentration 

(%) 
Survival rate  

(%) z Mixoploid number Tetraploid number 

Tetraploid 
induction 
efficiency  

(%) y 

0.0 81.7±9.3a x 0.0±0.0b  0.0±0.0 ns 0.0±0.0 ns 

0.05 19.7±12.1b 0.1±0.3b 0.0±0.0 0.0±0.0 

0.1 15.1±7.9c 0.5±0.9ab 0.0±0.0 0.0±0.0 

0.5 13.6±5.8c 0.8±0.9a 0.3±0.8 1.6±4.4 
z Hundred (100) seeds per treatment were used in the germination test after colchicine treatment for four repetitions and seedling 
survival data recorded after six week of germination. 

y Ploidy induction efficiency (%) = No.of induced polyploidy plant
Survived Seedling

× 100 

x The values are the means ± standard error; the column means under each parameter with the same letter (s) are not significantly 
different at P < 0.05, as determined by honestly significant difference (HSD) test using the R software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplement Table 2 Exposure time efficiency on survival rate and ploidy induction of pointed gourd 
(Trichosanthes dioica Roxb.) 

 

 

Exposure time of 
colchicine 
treatment 

(h) 

Survival rate 
(%) z Mixoploid number Tetraploid number 

Tetraploid 
induction 
efficiency 

(%) y 

24 26.8±37.6b x 0.0±0.0b 0.0±0.0 ns 0.0±0.0 ns 

48 34.7±30.4a 0.4±0.6ab 0.1±0.2 0.3±1.2 

72 36.0±21.0a 0.7±1.0a 0.2±0.7 0.9±3.7 
z Hundred (100) seeds per treatment were used in the germination test after colchicine treatment for four repetitions and seedling 
survival data recorded after six week of germination. 

y Ploidy induction efficiency (%) = No.of induced polyploidy plant
Survived Seedling

× 100 

x The values are the means ± standard error; the column means under each parameter with the same letter (s) are not significantly 
different at P < 0.05, as determined by honestly significant difference (HSD) test using the R software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplement Table 3 Sex differentiation of colchicine treated seed induced mixoploids and tetraploids pointed 
gourd (Trichosanthes dioica Roxb.) 

 

Colchicine treated seed 
induced polyploids Total number of plants 

Sex differentiation of colchicine induced 
mixoploids and tetraploids 

Female plants Male Plants 
Mixoploid 19 9 10 

Tetraploid 4 2 2 
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