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Abstract 

Polyploidization is widely recognised as a major driver of plant diversification, with 

many species persisting as mixed-ploidy systems where multiple cytotypes co-exist. 

Polyploids are disproportionately represented among invasive species, yet their role 

in facilitating biological invasions remains poorly understood. Lantana camara, one of 

the world's most successful invasive plants, exhibits remarkable cytotype diversity, but 

the distribution and evolutionary relationships of these cytotypes in its native and 

invasive ranges have remained unclear. Here, we characterise ploidy variation and 

assess genetic differentiation among cytotypes in invasive L. camara populations 

across India. Flow cytometry of more than a thousand individuals reveals that 

tetraploids overwhelmingly dominate the invasive range, accounting for more than 

95% of individuals, while triploids and hexaploids occur at much lower frequencies. 

Using genome-wide ddRAD-derived SNP markers from diploids, triploids, tetraploids, 

and hexaploids, we find no genetic differentiation among cytotypes. Instead, 

individuals of different ploidy levels cluster together across multiple genetic clusters, 

consistent with recurrent and potentially independent origins of polyploids. These 

patterns further suggest that L. camara polyploids likely arise via autopolyploid 

formation. Together, our results establish tetraploidy as the predominant cytotype in 

India's invasive populations and reveal a lack of cytotype-specific genetic structure. 

These findings highlight the need to investigate the ecological advantages of 

tetraploids and the mechanisms that generate cytotype diversity, key steps toward 

understanding how polyploidy contributes to the invasive success of this globally 

important species. 
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Introduction 

Polyploidization is a major evolutionary process that has repeatedly shaped 

diversification across the tree of life (Landis et al., 2018; Wood et al., 2024). Although 

it occurs across many taxa (Booker et al., 2022; Van De Peer et al., 2017), plants are 

particularly remarkable for their tolerance to genome doubling; an estimated 15% of 

all plant species and more than one-third of angiosperms have undergone 

polyploidization in their evolutionary history (Landis et al., 2018; Wood et al., 2024). 

Polyploids are broadly classified into two types: autopolyploids and allopolyploids. 

Autopolyploids arise through genome duplication within a species. Whereas 

allopolyploids originate from hybridisation between related species, followed by 

genome duplication. Many polyploid species occur as a mixed ploidy systems, in which 

multiple cytotypes exist within a species. 

Mixed-ploidy systems provide a powerful framework for understanding how 

polyploidization influences evolutionary and ecological dynamics in natural 

populations. Different cytotypes can vary in their genomic, cellular, physiological, and 

ecological features. One of the major ecological consequences of polyploidization is 

the variation in the geographic distribution of different cytotypes. In some species, 

cytotypes occupy distinct niches (Baniaga et al., 2020; Casazza et al., 2012; 

Garmendia et al., 2018), whereas in others, diploids and polyploids coexist (Chung et 

al., 2015; Gaynor et al., 2018; Pavel Tra´vnı´cˇek et al., 2011). In many species, 

polyploids are more abundant than diploids, although the drivers of these patterns 

remain unclear (Pungaršek & Frajman, 2024). A commonly proposed explanation is a 

“tetraploid advantage” (Nagy et al., 2018), potentially arising from increased 

heterozygosity and heterosis, as well as neofunctionalisation or subfunctionalisation 

of duplicated genes (Comai, 2005). Experimental evidence supports this idea - for 

example, synthetic polyploids of Arabidopsis show that tetraploids outperform diploids 

as well as higher polyploids such as hexaploids and octaploids (Corneillie et al., 

2019).  

Understanding distribution patterns of polyploids also requires considering 

whether certain cytotypes possess intrinsic advantages that allow them to become 

more frequent. Polyploids often show enhanced tolerance to biotic and abiotic stress, 
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enabling them to occupy habitats that are less suitable for diploids (Dai et al., 2020). 

As a result, cytotypes frequently exhibit distinct geographic or climatic distributions: 

polyploids are often common at higher elevations and latitudes, with temperature 

emerging as a strong predictor of cytotype occurrence (Rice et al., 2019; Zozomová-

Lihová et al., 2015). These patterns underscore the importance of documenting the 

distribution of cytotypes across landscapes and identifying the ecological factors that 

influence these distributions. However, most evidence for such environmental 

associations comes from a relatively small number of temperate species, whereas 

mixed-ploidy systems in tropical species remain poorly studied. 

Beyond their ecological consequences, polyploidization can also shape 

evolutionary trajectories. Polyploidisation can lead to genetic differentiation and 

speciation. Genome duplication followed by hybridization is an important mechanism 

for the formation of allopolyploids (Cao et al., 2023), enabling a relatively rapid 

formation of new species (Chalhoub et al., 2014; Kim et al., 2018; Levy & Feldman, 

2022). However, divergence between diploids and polyploids can also accumulate 

gradually over time through the independent fixation of mutations in each lineage 

(Burns et al., 2021; Gordon et al., 2020). Gene duplication resulting from 

polyploidization creates opportunities for evolutionary innovation (Crow & Wagner, 

2006; Glasauer & Neuhauss, 2014; Moore & Purugganan, 2003), allowing for 

divergence and potential evolution of new functions. Consequently, polyploid lineages 

may become genetically differentiated from their diploid relatives over time. However, 

mixed-ploidy species vary widely in this respect: some show clear genetic structuring 

between cytotypes (Karunarathne & Hojsgaard, 2021; Wang et al., 2021; Zozomová-

Lihová et al., 2015), whereas others exhibit little differentiation, often due to recent or 

recurrent polyploid formation (Chumová et al., 2024; Dillenberger et al., 2018; 

Monnahan et al., 2019; Wang et al., 2021). 

The prevalence and success of polyploids become especially apparent in 

biological invasions. Polyploidization and invasion success are positively correlated 

(Góralski et al., 2014). Polyploids are disproportionately represented among invasive 

species (Beest et al., 2012), suggesting that increased ploidy may facilitate 

colonisation and the establishment of new populations. Many invasive plants are 

mixed-ploidy species. Several studies show that introduced populations of invasive 
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plants are often predominantly polyploid, even when their native ranges contain a 

mixture of both diploids and polyploids (Kubatova et al., 2008; Wan et al., 2020). This 

pattern suggests that genome duplication may enhance ecological performance and 

facilitate colonisation of novel environments, although polyploidy is unlikely to be the 

sole driver of invasion success. Despite these patterns, many invasive polyploids are 

poorly explored. This knowledge gap limits our ability to understand how polyploids 

spread, interact, and potentially contribute to invasion success. Additionally, the 

mechanisms that enable polyploids to outperform their diploid counterparts during 

invasion are still insufficiently understood, underscoring the need for comprehensive 

assessments of cytotype distribution in invasive plant populations. 

Mixed-ploidy systems provide a powerful framework for examining the 

consequences of genome duplication and its potential role in invasion success. 

Lantana camara (Lantana hereafter) is a globally invasive species, where multiple 

ploidy levels have been documented both in its native and introduced ranges (Branda 

et al., 2007; Sanders, 1987), with cytotypes ranging from diploid to hexaploid. In India, 

individuals spanning from diploid to hexaploid levels have been reported previously 

(Ojha & Dayal, 1992). Despite these studies, the distribution of cytotypes in the 

invasive populations of Lantana remains unresolved. Resolving the spatial occurrence 

of various cytotypes can provide insights into their origins and evolutionary dynamics. 

Similarly, the extent of divergence among cytotypes has not yet been studied. Such 

information could help clarify whether Lantana is an auto- or allopolyploid, a distinction 

that is central to inferring the origins and relationships of its polyploid lineages. To 

address these gaps, we study the invasive Lantana populations in India and ask: (i) 

What is the predominant cytotype of Lantana in wild populations? and (ii) Do different 

cytotypes exhibit genetic differentiation? Answering these questions will shed light on 

the origins, spatial structure, and evolutionary dynamics of polyploidy in this globally 

invasive species. 

Materials and Methods 

Sampling 

Lantana saplings were collected from six locations across India for the ploidy 

estimations (Supplementary Figure 1). The locations were selected from regions 
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where Lantana was reported before 1900 to include locations of early introduction 

(Kannan et al., 2013). These locations are Pachmarhi, Kolkata, Pune, and areas near 

Ooty, such as Gudalur, Bandipur Tiger Reserve and Sathyamangalam Tiger Reserve. 

Within each location, saplings were collected opportunistically, mainly from roadsides, 

abandoned fields, and other disturbed habitats. The collected saplings were planted 

in the greenhouse at the National Centre for Biological Sciences, Bangalore and young 

leaves were collected for the ploidy estimation. A total of 1070 plants were tested for 

their ploidy. For genomic analysis, 46 samples were used from five locations 

(Sathyamangalam Tiger Reserve, Gudalur, Bandipur Tiger Reserve, Jodhpur, and 

Jaipur) with varying cytotypes, including those previously sampled for ploidy 

estimation. Fresh leaf tissue from these samples was used for DNA extractions. Some 

samples from western India that were not included in the ploidy survey were also 

incorporated into the genomic dataset. 

Ploidy estimation 

 Plant ploidy levels were estimated following the protocol described by Dolezelt 

et al. 1998. Briefly, young rapidly growing leaves were used to minimise the 

interference from phenolic compounds on ploidy estimation. Approximately 20mg of 

leaf tissue was chopped in 500 µl of ice-cold Otto 1 solution using a sharp scalpel. The 

homogenate was mixed and filtered through a 40-micron nylon mesh. The filtrate was 

centrifuged at 150g for five minutes. After discarding the supernatant, the nuclei pellet 

was resuspended with 50 µl fresh Otto 1 solution and 500 µl of Otto 2 buffer was added 

to the mixture. RNase and Propidium iodide solutions were added at the final 

concentration of 50 and 25 µg/ml, respectively. The samples were incubated for five 

minutes, and the fluorescence emitted from the nuclei was recorded using BD 

LSRFortessa and BD FACSvers flow cytometers. Chicken Erythrocyte Nucleus (CEN) 

was used as a standard to calculate the DNA content. Based on previous reports, 

tetraploid Lantana individuals contain approximately 3 pg of nuclear DNA (Deng & 

Wilson, 2017; Deng et al., 2017),and this value was used as the reference standard 

for ploidy determination.  

DNA extractions and ddRAD library preparation 
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Fresh leaf samples were collected from plants, freeze-dried using liquid 

nitrogen, and ground into fine powder using a mortar and pestle. DNA was extracted 

using Qiagen DNeasy Plant Kit using the manufacturer’s instructions. The 

concentration of the DNA was measured using a Qubit fluorometer, and the DNA was 

stored at -200C until it was used for sequencing. ddRAD libraries for the extracted 

samples were prepared following (Tyagi et al., 2024). Briefly, restriction digestion was 

performed using SphI and MlucI enzymes. Adapters specific to the restriction sites 

were ligated, followed by the ligation of individual-specific indexes. Libraries were size-

selected using magnetic beads to isolate fragments ranging from 200 to 500 bp. 

Finally, all the individual libraries were pooled to create a 2 nM final library, which was 

sequenced on either the NovaSeq6000 or HiSeq2500 platform. 

Genomic analysis 

The raw reads were demultiplexed, and the adapter sequences and low-quality 

reads were removed using Trimmonatic - v.0.33.0 (Bolger et al., 2014). The trimmed 

reads were then aligned to the Lantana reference genome (Adwait G. Joshi, 2022) 

using BWA-MEM (Li & Durbin, 2009). The variant calling was performed with 

Freebayes (Garrison & Marth, 2012), specifying the ploidy of each individual. The 

resulting vcf file was filtered using Samtools (Li, 2011), applying various filtering 

criteria. The filtered vcf was used for downstream analysis of diversity parameters. 

PLINK (Purcell et al., 2007) was used to generate eigenvalue and eigenvector files for 

the PCA. For constructing the phylogenetic network, StAMPP package was used 

(Pembleton et al., 2013), and the resulting tree was visualized using SplitsTree4 

(Huson, 1997). FST was calculated using Genodive (Meirmans, 2020). Nei’s genetic 

distances between individuals were calculated using StAMPP package. We used 

ADMIXTURE (Alexander et al., 2009) to infer population structure. Although 

ADMIXTURE is not specifically designed for polyploid datasets, the results obtained 

were consistent with patterns recovered from other population-differentiation 

analyses. We subsampled alleles at each site to generate diploid-like genotypes using 

a custom script, following approaches implemented in previous studies. The Admixture 

results were visualised using CLUMPAK (Kopelman et al., 2015) and the optimum K 

was selected based on Evanno’s delta K method (Evanno et al., 2005). 
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Results 

Tetraploidy is the predominant cytotype in India’s invasive Lantana camara 

populations 

Plant samples from six locations were screened for their ploidy using flow cytometry 

(Supplementary Figure 1). Chicken erythrocyte nuclei were used as a standard to 

measure the genomic DNA content. Based on this standard, the DNA content of a 

reference plant from Bangalore - a wild-grown tetraploid was measured (with 3pg 

nuclear DNA content) and used as the control for further analysis. Ploidy levels of all 

the other samples were determined relative to this control. Four ploidy levels from 

diploid to hexaploid were detected in the wild populations (Figure 1A). Across the 

1,070 plants analysed, the vast majority (1,022; 95.5%) were tetraploid (Figure 1B, 

Supplementary Table 1). Other cytotypes were also detected, including 18 triploids 

and 29 hexaploids (Figure 1B). Notably, some locations, such as Gudalur and 

Sathyamangalam, exhibited a relatively high proportion of non-tetraploid cytotypes 

(Figure 1C). In Gudalur, 6.46% of the plants were triploids, and 6.89% were 

hexaploids, while in Sathyamangalam, 4.86% were hexaploids (Figure 1C, 

Supplementary Table 1). Two diploid individuals were detected in western India; 

however, these were only included in the genomic analysis. 
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No genetic differentiation among Lantana cytotypes, despite the presence of multiple 

genetic clusters 

To assess genetic differentiation among cytotypes, we sequenced 46 

individuals using ddRAD-seq, including two diploid, nine triploid, 18 tetraploid and 17 

hexaploid plants. Genetic differentiation among cytotypes was examined using PCA, 

Admixture, FST and phylogenetic networks. In the PCA, the first and second principal 

components explained 22.1% and 18% of the genetic variation, respectively (Figure 

2A). Notably, individuals did not cluster according to ploidy. Instead, multiple genetic 

clusters were detected within cytotypes, and several clusters contained individuals of 

different ploidy levels. For example, some clusters included triploid, tetraploid and 

hexaploid individuals. The two diploid individuals from western India clustered with the 

Figure 1 Cytotype diversity of invasive Lantana camara. A) Representative flow cytometry 

histograms showing fluorescence peaks for different cytotypes. B) Proportion of each cytotype 

across all sampled individuals C) Site-wise distribution of cytotypes showing variation across 

locations 
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tetraploid individuals from the same region, further supporting the absence of ploidy-

linked genetic differentiation. The PCA using other PC combinations (PC1-PC3 and 

PC2-PC3) also showed similar trends (Supplementary Figure 5).   

 

In the phylogenetic network, a similar pattern was observed: individuals did not 

form clades based on ploidy (Figure 2B). Instead, monophyletic groups often included 

individuals from different cytotypes, further indicating a lack of genetic separation 
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Figure 2 Patterns of genetic differentiation among invasive Lantana camara cytotypes A) 

Principal component analysis (PCA) showing genetic clustering among cytotypes B) 

Phylogenetic network C) Ancestry proportions inferred using ADMIXTURE 
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among them. Although diploid individuals exhibited longer branch lengths - suggestive 

of greater genetic divergence - they nonetheless clustered with tetraploids from the 

same geographic region. Pairwise FST values corroborated these patterns, showing 

very weak differentiation among cytotypes, with the highest FST (0.047) observed 

between triploids and hexaploids (Supplementary Table 2). The heatmap showed a 

similar pattern, with the diploids being the most genetically distinct (Supplementary 

Figure 4). 

The population structure of Lantana inferred using Admixture showed no 

clustering pattern associated with cytotype. The Evanno’s ΔK method indicated that K 

= 4 was the most likely number of genetic clusters (Supplementary Fig. 2). Individuals 

from the same ploidy level were assigned to multiple clusters, and conversely, each 

cluster contained individuals belonging to different cytotypes. A similar lack of structure 

was observed geographically, with individuals belonging to different genetic clusters 

broadly distributed across sampling locations rather than being region-specific 

(Supplementary figure 3). 

Discussion 

Polyploidization is widely regarded as an evolutionary strategy that aided the 

diversification of many lineages (Han et al., 2020), yet polyploid systems, especially in 

the tropics, remain comparatively understudied. Invasive polyploids are particularly 

valuable to study, as they can shed light on the ecological advantages associated with 

genome duplication. In this study, we examined the invasive Lantana camara 

populations across India to characterise cytotype distribution in the wild and assess 

genetic differentiation among cytotypes. We detected the presence of various 

cytotypes in the wild populations, with tetraploids being the most abundant cytotype. 

Genomic analysis revealed a lack of clear genetic differentiation among cytotypes, 

alongside the presence of multiple genetic clusters within certain cytotypes. Together, 

these patterns suggest multiple, potentially independent, autopolyploid origins in 

Lantana. Genomic analyses have historically been limited by the complexity of 

polyploid genomes; recent methodological advances are helping to overcome these 

limitations, and this study also tried to utilise this advancement. 
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Prevalence of tetraploidy in Lantana populations 

Many plant species exhibit variation in ploidy level, and Lantana is a notable 

example of such a mixed-ploidy system. Our findings reveal that tetraploids dominate 

the invasive populations in India. Although polyploidy has been documented 

previously in Lantana - both in wild plants and horticultural cultivars  (Czarnecki et al., 

2014; Ojha & Dayal, 1992; Spies, 1984) - comprehensive surveys across its native 

and introduced ranges remain scarce. Our study provides the first broad-scale 

evidence that tetraploids dominate invasive populations in India. However, the global 

distribution of cytotypes remains incomplete due to the lack of comprehensive ploidy 

estimates. Tetraploids in other species have been reported to exhibit an advantage 

over other cytotypes, although the exact reason for such a pattern remains unknown 

(Nagy et al., 2018). For example, synthetic tetraploids of Arabidopsis thaliana have 

demonstrated increased productivity (Corneille et al., 2019). While such factors may 

contribute to the dominance of tetraploids in Lantana, the underlying mechanisms 

require targeted experimental validation.  

Polyploids are disproportionately represented among invasive species (Beest 

et al., 2012; Pandit et al., 2011), and our results show that Lantana follows this broader 

pattern. Polyploidy is known to enhance ecological tolerance and facilitate colonisation 

of novel environments (van de Peer et al., 2021), and similar advantages may 

contribute to the success of tetraploid Lantana during its spread. Alternatively, the high 

prevalence of tetraploids in India could reflect introduction bias, where particular 

cytotypes were introduced more frequently or naturally selected in the introduced 

range. Distinguishing between these possibilities will require a systematic assessment 

of cytotype distributions in Lantana’s native range. 

Cytotype diversity in Lantana populations 

Indian Lantana populations exhibit cytotype diversity, with individuals of diploid, 

triploid, and hexaploid cytotypes occurring alongside the predominant tetraploid 

cytotype. However, the factors driving the production of these diverse cytotypes 

remain unclear, but the rarity of non-tetraploid cytotypes suggests that they may arise 

from tetraploid lineages through processes such as unreduced gamete formation. The 

absence of strong genetic differentiation among cytotypes in our dataset is consistent 
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with this scenario, indicating recent or recurrent polyploid formation. In Lantana, the 

production of unreduced gametes has been linked to the formation of polyploids (Ii & 

Deng, 2009). Also, an increase in unreduced gamete production is known to lead to 

greater cytotype diversity in other plant systems (Kreiner et al., 2017; Mason & Pires, 

2015). This evidence further supports our speculation, although further validation is 

required. 

The presence of non-tetraploid cytotypes in regions such as Gudalur and 

Sathyamangalam in the Western Ghats is particularly intriguing. These areas are 

cooler and wetter, raising the possibility of the potential influence of environmental 

factors on the generation of polyploids in Lantana. Previous research has shown that 

environmental factors can significantly impact the production of unreduced gametes 

(Kreiner et al., 2017). In species like Cardamine amara, climatic factors such as 

temperature, photosynthetically active radiation and annual precipitation have been 

shown to influence the occurrence of tetraploids (Zozomová-Lihová et al., 2015). 

Assessing unreduced gamete production and cytotype frequencies across 

environmental gradients in the Western Ghats and surrounding regions would 

therefore provide valuable insight into whether ecological factors contribute to 

polyploid formation in Lantana. 

Genetic differentiation among cytotypes of Lantana 

Understanding the genetic differentiation among different cytotypes can provide 

insights into their origin and evolutionary trajectories. In many plant species, 

polyploidization is accompanied by genetic divergence and can act as a pathway to 

speciation (Cao et al., 2023). Our genomic analyses of Lantana reveal no detectable 

genetic differentiation among cytotypes. This pattern may reflect the recent origin of 

these cytotypes, combined with continued gene flow among them. Despite the 

absence of cytotype-level differentiation, we detected multiple genetic clusters that 

each contain mixtures of triploids, tetraploids, and hexaploids. This structure suggests 

that polyploid cytotypes may have arisen repeatedly and independently from 

genetically distinct lineages - an interpretation consistent with recurrent 

autopolyploidization through the fusion of unreduced gametes (Praveen et al, 2025). 

The production of unreduced gametes has been documented in Lantana (Ii & Deng, 

2009), and repeated formation of autopolyploids is well known in other species 
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(Monnahan et al., 2019). Further, previous work indicates that Lantana can undergo 

self-fertilisation, and the different genetic lineages can be inbred lines formed through 

this process (Praveen et al., 2025). Over longer evolutionary timescales, 

autopolyploids may accumulate mutations leading to divergence, but our results 

suggest that such differentiation has not yet occurred in Lantana cytotypes. 

While the present study provides robust insights into ploidy distribution and 

genetic differentiation, a few aspects warrant consideration. Direct chromosome 

counts of the flow cytometry standards would have provided an additional layer of 

validation, but we relied on previous nuclear DNA content estimates. In addition, 

inclusion of the native range population would enable stronger inferences about 

invasion-associated change in cytotype composition, an important direction for future 

research. Finally, more uniform sampling across ploidy levels in the genomic analysis 

would further strengthen comparisons among cytotypes. 

Conclusions 

Together, this study provides the first comprehensive assessment of cytotype 

distribution and genetic differentiation among cytotypes in invasive Lantana 

populations. We show that tetraploids overwhelmingly dominate wild populations, 

while other cytotypes occur at low frequencies. We detect no genetic differentiation 

among different cytotypes; instead, multiple mixed-cytotype genetic clusters point to 

the chances of autopolyploidization, likely driven by the fusion of unreduced gametes. 

These patterns suggest that polyploidization in Lantana is ongoing and not yet 

accompanied by substantial genomic divergence. By documenting both the 

prevalence of polyploidy and the lack of cytotype-level structure in this invasive tropical 

species, our study highlights the need for expanded sampling across the native range 

and other invaded ranges. Our findings provide fresh insight into a potential 

mechanism linking polyploidization to invasion success and open new avenues to 

explore how these processes interact in Lantana. 

 

 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/


 14 

Acknowledgements 

We are thankful to Keval Palya, Mamta M., Mayuresh Gangal, Kannan and 

Rajat Rastogi for their help with sampling and laboratory experiments. We thank the 

forest departments of Karnataka (No: PCCF (WL) /E2/CR-52/2019-20), Tamil Nadu 

(No: WL(A)/52852/2019) and Madhya Pradesh (MP permit no:835, dated: 30-01-

2020) for providing necessary permits. PP was supported by NCBS/TIFR (Department 

of Atomic Energy). This work was supported under DBT project No-

BT/PR29251/FCB/125/18/2018 and the NCBS-TIFR internal plan fund that was 

awarded to UR. The NCBS data cluster used is supported under project 12- R&D-

TFR-5.04-0900, Department of Atomic Energy, Government of India. For institutional 

support, we thank the National Centre for Biological Sciences (NCBS). We thank the 

Next Generation Genomics facility at NCBS, for helping with the sequencing. 

Author Contributions 

Conceptualisation: P.P., and U. R., Data collection: P.P., Laboratory work: P. 

P., Data analysis: P.P, Project administration: P.P., and U.R., Funding acquisition: U. 

R, Writing original draft: P.P., Writing – Review and editing: U.R., Supervision: U.R. 

Data availability statement 

Accession numbers for the raw ddRAD sequencing data and the GitHub link for 

analysis codes will be provided upon acceptance of the manuscript. 

 

 

 

 

 

 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/


 15 

Reference 

Adwait G. Joshi, P. P. U. R. R. S. (2022). Draft genome sequence of an invasive 
plant Lantana camara L. Bioinformation, 18(9), 739–741. 
https://doi.org/10.6026/97320630018739 

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based estimation of 
ancestry in unrelated individuals. Genome Research, 19(9), 1655–1664. 
https://doi.org/10.1101/gr.094052.109 

Beest, M., Roux, J. J. Le, Richardson, D. M., Brysting, A. K., Suda, J., & Kubes, M. 
(2012). The more the better ? The role of polyploidy in facilitating plant 
invasions. 19–45. https://doi.org/10.1093/aob/mcr277 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for 
Illumina sequence data. Bioinformatics, 30(15), 2114–2120. 
https://doi.org/10.1093/bioinformatics/btu170 

Burns, R., Mandáková, T., Gunis, J., Soto-Jiménez, L. M., Liu, C., Lysak, M. A., 
Novikova, P. Y., & Nordborg, M. (2021). Gradual evolution of allopolyploidy in 
Arabidopsis suecica. Nature Ecology and Evolution, 5(10), 1367–1381. 
https://doi.org/10.1038/s41559-021-01525-w 

Cao, Y., Zhao, K., Xu, J., Wu, L., Hao, F., Sun, M., Dong, J., Chao, G., Zhang, H., 
Gong, X., Chen, Y., Chen, C., Qian, W., Pires, J. C., Edger, P. P., & Xiong, Z. 
(2023). Genome balance and dosage effect drive allopolyploid formation in 
Brassica. Proceedings of the National Academy of Sciences of the United 
States of America, 120(14). https://doi.org/10.1073/pnas.2217672120 

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A. P., Tang, H., Wang, Xiyin, Chiquet, 
J., Belcram, H., Tong, C., Samans, B., Corréa, M., Da Silva, C., Just, J., 
Falentin, C., Koh, C. S., Le Clainche, I., Bernard, M., Bento, P., Noel, B., … 
Science, S. O. (2014). Early allopolyploid evolution in the post-Neolithic 
Brassica napus oilseed genome. In Natl Centre for Biological Sci on December 
(Vol. 345). https://www.science.org 

Chumová, Z., Monier, Z., Šemberová, K., Havlícková, E., Euston-Brow, D., Muasya, 
A. M., Bergh, N. G., & Trávnícek, P. (2024). Diploid and tetraploid cytotypes of 
the flagship Cape species Dicerothamnus rhinocerotis (Asteraceae): Variation in 
distribution, ecological niche, morphology and genetics. Annals of Botany, 
133(5–6), 851–869. https://doi.org/10.1093/aob/mcad084 

Corneillie, S., De Storme, N., Van Acker, R., Fangel, J. U., De Bruyne, M., De 
Rycke, R., Geelen, D., Willats, W. G. T., Vanholme, B., & Boerjan, W. (2019). 
Polyploidy affects plant growth and alters cell wall composition. Plant 
Physiology, 179(1), 74–87. https://doi.org/10.1104/pp.18.00967 

Crow, K. D., & Wagner, G. P. (2006). What is the role of genome duplication in the 
evolution of complexity and diversity? Molecular Biology and Evolution, 23(5), 
887–892. https://doi.org/10.1093/molbev/msj083 

Czarnecki, D. M., Hershberger, A. J., Robacker, C. D., Clark, D. G., & Deng, Z. 
(2014). Ploidy Levels and Pollen Stainability of Lantana camara Cultivars and 
Breeding Lines. In HORTSCIENCE (Vol. 49, Number 10). 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/


 16 

Deng, Z., & Wilson, S. B. (2017). ‘ Bloomify Red ’ and ‘ Bloomify Rose ’, Two Infertile 
Lantana camara Cultivars for Production and Use in. 1–5. 

Dillenberger, M. S., Wei, N., Tennessen, J. A., Ashman, T. L., & Liston, A. (2018). 
Plastid genomes reveal recurrent formation of allopolyploid Fragaria. American 
Journal of Botany, 105(5), 862–874. https://doi.org/10.1002/ajb2.1085 

Dolezelt, J., Greilhuber, J., Lucrettiii, S., Meister, A., Lysakt, M. A., & Nardiii, L. 
(1998). Plant Genome Size Estimation by Flow Cytometry : Inter-laboratory 
Comparison *. 82, 17–26. 

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of 
individuals using the software STRUCTURE: A simulation study. Molecular 
Ecology, 14(8), 2611–2620. https://doi.org/10.1111/j.1365-294X.2005.02553.x 

Garrison, E., & Marth, G. (2012). Haplotype-based variant detection from short-read 
sequencing. http://arxiv.org/abs/1207.3907 

Glasauer, S. M. K., & Neuhauss, S. C. F. (2014). Whole-genome duplication in 
teleost fishes and its evolutionary consequences. In Molecular Genetics and 
Genomics (Vol. 289, Number 6, pp. 1045–1060). Springer Verlag. 
https://doi.org/10.1007/s00438-014-0889-2 

Gordon, S. P., Contreras-Moreira, B., Levy, J. J., Djamei, A., Czedik-Eysenberg, A., 
Tartaglio, V. S., Session, A., Martin, J., Cartwright, A., Katz, A., Singan, V. R., 
Goltsman, E., Barry, K., Dinh-Thi, V. H., Chalhoub, B., Diaz-Perez, A., Sancho, 
R., Lusinska, J., Wolny, E., … Vogel, J. P. (2020). Gradual polyploid genome 
evolution revealed by pan-genomic analysis of Brachypodium hybridum and its 
diploid progenitors. Nature Communications, 11(1). 
https://doi.org/10.1038/s41467-020-17302-5 

Han, T. S., Zheng, Q. J., Onstein, R. E., Rojas-Andrés, B. M., Hauenschild, F., 
Muellner-Riehl, A. N., & Xing, Y. W. (2020). Polyploidy promotes species 
diversification of Allium through ecological shifts. New Phytologist, 225(1), 571–
583. https://doi.org/10.1111/nph.16098 

Huson, D. H. (1997). SplitsTree: analyzing and visualizing evolutionary data. 
Ii, D. M. C., & Deng, Z. (2009). Occurrence of Unreduced Female Gametes Leads to 

Sexual Polyploidization in Lantana. 134(5), 560–566. 
Kannan, R., Shackleton, C. M., & Shaanker, R. U. (2013). Reconstructing the history 

of introduction and spread of the invasive species , Lantana , at three spatial 
scales in India. 1287–1302. https://doi.org/10.1007/s10530-012-0365-z 

Karunarathne, P., & Hojsgaard, D. (2021). Single Independent Autopolyploidization 
Events From Distinct Diploid Gene Pools and Residual Sexuality Support Range 
Expansion of Locally Adapted Tetraploid Genotypes in a South American Grass. 
Frontiers in Genetics, 12. https://doi.org/10.3389/fgene.2021.736088 

Kim, C. K., Seol, Y. J., Perumal, S., Lee, J., Waminal, N. E., Jayakodi, M., Lee, S. 
C., Jin, S., Choi, B. S., Yu, Y., Ko, H. C., Choi, J. W., Ryu, K. Y., Sohn, S. H., 
Parkin, I., & Yang, T. J. (2018). Re-exploration of U’s Triangle Brassica Species 
Based on Chloroplast Genomes and 45S nrDNA Sequences. Scientific Reports, 
8(1). https://doi.org/10.1038/s41598-018-25585-4 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/


 17 

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., & Mayrose, I. 
(2015). Clumpak: A program for identifying clustering modes and packaging 
population structure inferences across K. Molecular Ecology Resources, 15(5), 
1179–1191. https://doi.org/10.1111/1755-0998.12387 

Kreiner, J. M., Kron, P., & Husband, B. C. (2017). Evolutionary Dynamics of 
Unreduced Gametes. In Trends in Genetics (Vol. 33, Number 9, pp. 583–593). 
Elsevier Ltd. https://doi.org/10.1016/j.tig.2017.06.009 

Levy, A. A., & Feldman, M. (2022). Evolution and origin of bread wheat. In Plant Cell 
(Vol. 34, Number 7, pp. 2549–2567). American Society of Plant Biologists. 
https://doi.org/10.1093/plcell/koac130 

Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association 
mapping and population genetical parameter estimation from sequencing data. 
Bioinformatics, 27(21), 2987–2993. https://doi.org/10.1093/bioinformatics/btr509 

Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics, 25(14), 1754–1760. 
https://doi.org/10.1093/bioinformatics/btp324 

Mason, A. S., & Pires, J. C. (2015). Unreduced gametes: Meiotic mishap or 
evolutionary mechanism? In Trends in Genetics (Vol. 31, Number 1, pp. 5–10). 
Elsevier Ltd. https://doi.org/10.1016/j.tig.2014.09.011 

Meirmans, P. G. (2020). genodive version 3.0: Easy-to-use software for the analysis 
of genetic data of diploids and polyploids. Molecular Ecology Resources, 20(4), 
1126–1131. https://doi.org/10.1111/1755-0998.13145 

Monnahan, P., Kolář, F., Baduel, P., Sailer, C., Koch, J., Horvath, R., Laenen, B., 
Schmickl, R., Paajanen, P., Šrámková, G., Bohutínská, M., Arnold, B., 
Weisman, C. M., Marhold, K., Slotte, T., Bomblies, K., & Yant, L. (2019). 
Pervasive population genomic consequences of genome duplication in 
Arabidopsis arenosa. Nature Ecology and Evolution, 3(3), 457–468. 
https://doi.org/10.1038/s41559-019-0807-4 

Moore, R. C., & Purugganan, M. D. (2003). The early stages of duplicate gene 
evolution. www.ub.esdnasp 

Nagy, D. U., Stranczinger, S., Godi, A., & Weisz, A. (2018). Does higher ploidy level 
increase the risk of invasion ? A case study with two geo-cytotypes of Solidago 
gigantea Aiton ( Asteraceae ). 11(2), 317–327. https://doi.org/10.1093/jpe/rtx005 

Ojha, B. M., & Dayal, N. (1992). Cytologicals Investigations in the Genus Lantana in 
India The genus Lantana ( Family : Verbenaceae ), a native of Tropical America 
, shows a wide distribution pattern throughout India under different ecological 
habitats . Normally it occurs widely as an o. 9–13. 

Pandit, M. K., Pocock, M. J. O., & Kunin, W. E. (2011). Ploidy influences rarity and 
invasiveness in plants. 1108–1115. https://doi.org/10.1111/j.1365-
2745.2011.01838.x 

Pembleton, L. W., Cogan, N. O. I., & Forster, J. W. (2013). StAMPP: An R package 
for calculation of genetic differentiation and structure of mixed-ploidy level 
populations. Molecular Ecology Resources, 13(5), 946–952. 
https://doi.org/10.1111/1755-0998.12129 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/


 18 

Praveen, P., Gopal, R., & Ramakrishnan, U. (2025). The population structure of 
invasive Lantana camara is shaped by its mating system. 
https://doi.org/10.7554/eLife.104988.1 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., 
Maller, J., Sklar, P., De Bakker, P. I. W., Daly, M. J., & Sham, P. C. (2007). 
PLINK: A tool set for whole-genome association and population-based linkage 
analyses. American Journal of Human Genetics, 81(3), 559–575. 
https://doi.org/10.1086/519795 

Spies, J. J. (1984). A cytotaxonomic study of Lantana camara ( Verbenaceae ) from 
South Africa. Journal of South African Botany, 3(4), 231–250. 
https://doi.org/10.1016/S0022-4618(16)30034-1 

Tyagi, A., Yadav, N., Pandit, A., & Ramakrishnan, U. (2024). On the road to losing 
connectivity: Faecal samples provide genome-wide insights into anthropogenic 
impacts on two large herbivore species in central India. Molecular Ecology, 
33(16). https://doi.org/10.1111/mec.17461 

van de Peer, Y., Ashman, T. L., Soltis, P. S., & Soltis, D. E. (2021). Polyploidy: an 
evolutionary and ecological force in stressful times. In Plant Cell (Vol. 33, 
Number 1, pp. 11–26). Oxford University Press. 
https://doi.org/10.1093/plcell/koaa015 

Wang, Z., Zhong, C., Li, D., Yan, C., Yao, X., & Li, Z. (2021). Cytotype distribution 
and chloroplast phylogeography of the Actinidia chinensis complex. BMC Plant 
Biology, 21(1), 325. https://doi.org/10.1186/s12870-021-03099-y 

Zozomová-Lihová, J., Malánová-Krásná, I., Vít, P., Urfus, T., Senko, D., Svitok, M., 
Kempa, M., & Marhold, K. (2015). Cytotype distribution patterns, ecological 
differentiation, and genetic structure in a diploid–tetraploid contact zone of 
Cardamine amara . American Journal of Botany, 102(8), 1380–1395. 
https://doi.org/10.3732/ajb.1500052 

  

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted March 12, 2026. ; https://doi.org/10.64898/2026.03.11.710965doi: bioRxiv preprint 

https://doi.org/10.64898/2026.03.11.710965
http://creativecommons.org/licenses/by-nd/4.0/

