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ABSTRACT 

Hybridization and polyploidization are common evolutionary processes in vascular plants. Both 

processes contribute to the evolution of allopolyploid species, but the unique contributions of 

hybridization versus polyploidy to these species is not clear. This is partly due to the absence of 

homoploid hybrid species and allopolyploid species from the same parental diploids. Here, I use 

a unique species complex in Selaginella to explore the impacts of hybridization and 

polyploidization on genome evolution. Selaginella is one of the largest genera of lycophytes, 

despite having one of the smallest nuclear genomes found in vascular plants. The southwestern 

US and mainland Mexico are a center of functional and taxonomic diversity in Selaginella. Here, 

in the transition zone between the Lower Colorado River Valley and Arizona Upland 

subdivisions, diploid hybrids, and allopolyploids of S. arizonica  ✕ S. eremophila thrive. Both 

hybrid taxa have distinct levels of desiccation tolerance and occupy more extreme environments 

than either of the parents. Using a combination of transcriptome and genome data, I assembled 

and annotated five reference Selaginella genomes, including the two homoploid and 

allopolyploid taxa. I investigate the relative contributions of each parent to the genomes of the 

hybrids and compare the impact of hybridization and polyploidy on genome evolution. A 

genome content analysis using reciprocal best blast hits (RBH) found strong patterns of biased 

fractionation in the hybrid complex, each biasing between 12-16% towards one parent. 

Interestingly, this was a reciprocal pattern, the homoploid and allotetraploid each retained more 

genomic content from the opposite parent. We determined the maternal origin of the plastid 

organelles through de novo chloroplast genome assembly, alignment, and phylogenetic 

inference, which further revealed that more genomic content was retained from the maternal 
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parent. In summary, we believe this is one of the only cases of reciprocal biased fractionation in 

a hybrid complex.  
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INTRODUCTION 

Hybridization and polyploidization are common evolutionary processes and are widely supported 

to be sources of evolutionary novelty and cause changes to genetic machinery1. We know that 

polyploidization is a rapid process and is estimated to drive 15-30% of speciation events, while 

hybridization can further facilitate speciation through the reconciliation of two evolutionary 

diverged genomes1–5. Recently, numerous studies on polyploidization and hybridization have 

yielded great knowledge to how these two processes contribute to genome evolution, however, 

little has been done to disentangle their unique contributions. This is partly due to hybridization 

and polyploidization often co-occurring, and the lack of a natural system that has both a diploid 

and polyploid hybrid from the same parental cross. 

Allopolyploid speciation and homoploid hybrid speciation are two processes responsible 

for the stabilization of novel genetic combination for the two parental genomes to coexist in a 

single nucleus6. Homoploid hybrid speciation (HSS) is speciation through hybridization without 

a change in ploidy level, and is found to be exceedingly rare2,7,8. Allopolyploid speciation may 

happen much more abruptly and causes immediate post-zygotic reproductive isolation from the 

parental species. However, allopolyploid taxa have lower estimated net diversification rates 

relative to diploid relatives, which may be the result of small novel population sizes9–11. 

Regardless of the hybrid speciation mechanism, the joining of two diverged genomes is no easy 

task, the new hybrid faces genetic incapability issues and reorganization processes, such as 

chromosomal rearrangements, activation of transposable elements and in particular, genome 

fractionation12.  

Under neutral conditions, one would expect each subgenome of a polyploid to experience 

similar levels of gene fractionation and levels of gene expression. Yet, it is repeatedly shown that 
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one subgenome often dominates the other and with significantly higher gene expression 13–16. 

Hybridization further complicates coordination of interacting gene products. This may be 

especially the case in interacting gene products encoded in both the nuclear and cytoplasmic 

genomes. Cytoplasmic genomes are commonly inherited from a single parent; however, 

thousands of copies of these genes exist within each cell that are encoded in both nuclear and 

cytoplasmic genomes. These interactions depend on the coevolution of cytonuclear interacting 

genes for proper enzymatic functioning in processes related to photosynthetic machinery, 

oxidative phosphorylation (OXPHOS) complexes, among others17. The nature of these 

interactions not only aid in answering questions related to how genes evolve in different genomic 

contexts, but they can also be of great importance for answering how hybrid genomes overcome 

functional consequences and rectify incompatibilities between two evolutionary diverged 

genomes1,18,19. However, the mechanisms that govern the stabilization of hybrid nuclear-

cytoplasmic interacting genomes has not been well explored20. 

Here we introduce a unique species complex to explore how allopolyploid speciation and 

HSS lead to genome fractionation. Two closely related taxa of desert lycophytes, Selaginella 

arizonica and S. eremophila are found throughout the southwestern U.S. and northern Mexico. 

Selaginella are an 800 species rich genus of small heterosporous lycophytes, all known for their 

resurrective capabilities. They possess complex morphological traits that aid in the ability to 

resurrect from metabolic dormancy for short intervals following soil moisture or rainfall events. 

In these intervals, they form large vegetative mats, however vegetative growth is restricted to 

these short periods of soil moisture, and as a result, their above ground shoots may only grow 1 

cm annually21. S. arizonica is tightly linked to the Arizona Upland of the Sonoran Desert. On the 

other hand, S. eremophila is found more south into the Lower Colorado Valley. These two 
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species are characterized by seasonal timing and the amount of precipitation they receive, the 

Arizona Upland gets both winter and monsoonal summer rain, yet the Lower Colorado River 

Valley, primarily winter rain and sparce summer rain22,23. 

These two taxa are known to hybridize in a broad and patchy transition zone between the 

Arizona Upland and the lower Colorado River Valley with a range of fertilities in the hybrid 

progeny21,24–28. Both a fertile homoploid hybrid, and allotetraploid hybrid, henceforth S. 

‘organpipe’ and S. ‘phoenix’, respectively, are a result from this hybridization event. These 

hybrid taxa are confirmed to be morphological intermediates, and previously confirmed to be 

isolated, sexually reproducing species29,30. These hybrids are approximately 3-4 million years old 

and provide the unique opportunity to explore long-term genome evolution of both a homoploid 

and allopolyploid hybrid from the same parental cross. 

Using a combination of transcriptome and genome data, we assembled and annotated 

four reference Selaginella genomes including S. arizonica, S. eremophila, S. ‘organpipe’, S. 

‘phoenix’. Then, we analyzed the patterns of genome fractionation within each hybrid genome, 

using phylogenetic and GO analyses, and found evidence for, as far as we know, the first case of 

maternally driven reciprocal biased gene fractionation in a homoploid and allopolyploid hybrid.  

METHODS 

Sampling 

Sampling sites (Supplementary table 1) were chosen with the goal of representing the main 

geographical range of each taxon, based on historical collections and ease of resampling. 

Collection sites for both hybrids were estimated by voucher specimen annotations, combined 

with previously published isozyme analyses for the homoploid hybrid49. Field collections were 
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dried indoors for a minimum of ten days with natural light at 20-25̊ C. Once dry, the ramets were 

stored in separate bags at the same temperature. 

Georeferencing and characterization of climatic niches 

A total of 319 georeferenced occurrences from CCH2 and SEINet were subsampled to remove 

pseudo-replication and verified as unique, leaving a total of 289 occurrences. S. arizonica was 

most represented in the records (197), followed by S. eremophila (86). Even fewer records were 

available for the hybrids S. ‘organpipe’ (13) and S. ‘phoenix’ (16). The parental taxa adopt a 

patchy parapatric distribution relative to each other, with two geographic regions of the hybrids 

(Supplementary figure 1). Homoploid hybrid sites are concentrated on granitic inselbergs in 

Organ Pipe National Monument and Cabeza Prieta National Wildlife Refuge near the U.S. 

Mexico border and adjacent areas in Mexico. The homoploid hybrid population occurs along 

with S. arizonica on Sierra Seri in coastal Sonora, Mexico. Allotetraploid sites form a ring 

throughout the Phoenix, AZ metro area and include the White Tank and Estrella Mountains to 

the West, South Mountain Park to the South and several small mountains in the Scottsdale 

vicinity to the East.  

We used Ecospat50 to quantify differences in monthly average temperature and 

precipitation across their geographical range and calculated 95% confidence intervals for each 

taxon for each month.  

Stomatal guard cell length 

A total of 15 collections were measured for stomatal guard cell length across the geographic 

range of all taxa. This included five sites for S. arizonica, four S. eremophila, three for S. 

‘organpipe’ and three for S. ‘phoenix’.  Stomatal guard cell length was observed on a Nikon 
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Microphot-FX compound light microscope at 200x magnification. A total of nine adaxial 

microphylls were excised from each ramet and five randomly selected stomatal guard cells were 

measured for each microphyll using a calibrated ocular micrometer. A one-way ANOVA and 

Tukey Honest Significant Difference test was used to quantify differences between each taxon.  

DNA/RNA extraction and sequencing 

Normalized cDNA pools of RNA extracted from microphyll tissue sampled from pooled ramets 

of each taxon and the outgroup S. wallacei. RNA extraction and cDNA synthesis and sequencing 

was performed by Nils Arrigo. cDNA sequencing was performed on an Ion Torrent PGM using 

the Ion OneTouch 200 Template Kit and 316 Chips.  

Genome sequencing sites 

The following are sequencing sites for all taxa. S. arizonica (Illumina and PacBio and 

Transcriptome and one ddRADseq set) = Tucson Mountain Park, Along Hal Gras Rd on north 

facing slope of low hill in vicinity of Ironwood Picnic Area. Abundant. N 32.201020, W -

111.126619.  

S. eremophila (Illumina and Transcriptome and one ddRADseq set) = Anza Borrego 

State Park, Palm Canyon, California. Common. N 33.273162, -116.424277. 

S. ‘organpipe’ (Illumina, Transcriptome, and one ddRADseq set) = Organ Pipe National 

Monument, Alamo Canyon. Arizona. Slopes in vicinity of old corral. N 32.065878, W -

112.714843. 

S. ‘phoenix’ (Ilumina, Transcriptome, and one ddRADseq set) = South Mountain Park, 

north northeast facing slopes above Summit Rd; N 33.327748, W -112.074329. 
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Genome assembly and annotation 

All reads were adapter trimmed using BBDuk 51, and quality trimmed to Phred 10 using the 

seqtk toolkit52, then quality assessment was carried out using FastQC. After, k-mer coverage and 

insert sizes were estimated using KAT53 in combination with bowtie, samtools and custom bash 

commands54,55 (Supplementary table 1, supplementary figure 1-2). Next, w2rap-contigger 

pipeline was used for genome assembly56. We determined the best k-mer assembly parameter 

was 88 for all assemblies, based on multiple assemblies using k-parameters ranging from 60-108. 

Each genome was then soft-masked using RepeatMasker57 using the Arabidopsis repeat library. 

Structural annotation was carried out using the BRAKER232 workflow using previously 

sequenced transcriptome data for gene prediction.  

Biased gene fractionation assessment 

We used Reciprocal Best Hit BLASTP (RBH) to identify shared amino acid sequences in the 

annotated gene list of all taxa. BLAST sequences were filtered by bit score, e value (e≤0.0001) 

and at least 70% sequence similarity, so that only one-to-one high scoring matches were included 

in the analysis. After this, we counted the number of sequences each parent contributed to the 

hybrid genomes. The total filtered sequences were 17,193 for S. ‘organpipe’ and 22,256 for S. 

‘phoenix’. We then performed a chi-square test to determine if the difference in parental gene 

contribution was significant. 

Chloroplast assembly and annotation 

De novo chloroplast genomes were assembled using SPAdes58. Then, a reference-guided 

scaffolding of the contigs was carried out by Ragout59, using S. lepidophylla as a reference 
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chloroplast genome. Annotation of the chloroplast genome was carried out by GeSeq60 

(Supplementary figure 5-8). 

Chloroplast genome alignment and phylogenetic analysis 

Chloroplast genomes were trimmed using trimaAI61 to remove all gaps, then manually inspected 

in Jalview62 to make sure that only regions that were represented by all taxa were included in the 

analysis. Trimmed genomes were aligned using MAFFT63 and inspected again in Jalview. Then, 

maximum likelihood trees were done using IQ-Tree264 with ultrafast bootstrap support. 

Phylogenetic visualization was done using ggtree package in R65. 

GO analyses of biased fractionation 

We used the PANTHER classification system to classify the annotated gene sets from all taxa 

into cellular and molecular functions. We then statistically tested for overrepresentation in GO 

terms within biological processes, cellular components and molecular function GO categories. 

We needed to score our annotated gene sets to the PANTHER HMM library to generate the 

PANTHER Generic Mapping File since our system was not in the list of the 82 reference 

organisms in the PANTHER database. The total number of successfully scored genes by the 

PANTHER database were 25,001 for S. arizonica, 24,562 S. eremophila, 24,993 S. ‘organpipe’, 

and 31,647 in S. ‘phoenix’. The PANTHER analysis inputs were two generic mapping files of 

the annotated gene set, an analyzed list and the other is the reference list. The expected number 

of genes for any specific GO term was calculated based on the number of GO terms present in 

the reference list, then a Fisher’s exact test was calculated for each GO category to determine if 

any deviation from the expected was significant enough to classify it as over/underrepresented26. 
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We filtered the results by P ≤ 0.05 and then corrected by false-discovery rate statistic (FDR) 

(Supplementary file 2 and 3).  

RESULTS 

Climatic characterization 

All four taxa share similar yearly temperature regimes (Supplementary figure 2) characterized by 

cool temperatures (10-16̊ C) from November to March, followed by rapid warming in the spring, 

then peaking in July-August (29-33̊ C). Only slight differences in observed monthly average 

temperature for the parent taxa, however both hybrid taxa experience significantly warmer 

average monthly temperatures each month relative to S. arizonica and S. eremophila. These 

differences average 1-2̊ C warmer than parental taxa climatic conditions, and the greatest 

difference in average temperature is in July. 

In contrast to similar temperature regimes, there are significantly greater differences in 

average monthly precipitation between the four taxa (Supplementary figure 2). During the winter 

rainfall months between January-March, both parental taxa experience similar amounts of 

precipitation, however the hybrids, S. ‘organpipe’ and S. ‘phoenix’ experience significantly less 

rainfall relative to S. arizonica and S. eremophila, with the homoploid hybrid experiencing the 

least amount of rainfall. During the summer monsoon months, S. arizonica experiences the most 

rainfall, while S. eremophila the lowest. Both hybrids experience an intermediate amount of 

rainfall between the two parents. This is consistent with rainfall patterns across the Sonoran 

Desert.  
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Stomatal guard cell length 

Similar means were observed for S. arizonica (23.94 +/- 0.27 μm), S. eremophila (25.19 +/- 0.36 

μm), and S. ‘organpipe’ (24.38 +/- 0.38 μm). However, stomatal guard cell lengths of S. 

‘phoenix’ (28.07 +/- 0.48 μm) were on average 10-15% larger than the other three taxa. One-way 

ANOVA of stomatal guard cell length by taxon rejects the null hypothesis and suggests that at 

least one of the mean stomatal guard cell lengths is significantly different (df=3; F-value=94.9; 

P<0.001). The Tukey multiple comparison of means suggests three groups (Figure 3), composed 

of both S. arizonica and S. ‘organpipe’, S. eremophila, and S. ‘phoenix’. 

Genome assembly and annotation 

Sequencing of each taxon was performed using paired-end short read Illumina HiSeq, which 

yielded 110,878,788 bp filtered reads at 79X coverage. S. eremophila yielded 143,729,639 bp 

filtered reads at 80X coverage. The hybrid taxa had a total of 54,748,749 at 25X, and 53,783,558 

bp at 35X coverage, for S. ‘organpipe’ ‘phoenix’, respectively. Both parental taxa were more 

homozygous (98.03% S. arizonica, 98.12% S. eremophila) than both hybrids. The homoploid 

was 97.46% homozygous and ‘S. phoenix’, slightly lower at 94.61%, as expected from an 

allotetraploid (Supplementary table 1-4).  Paired-end read analysis revealed that 45% (42.5 Mbp) 

of the genome haploid length for the allotetraploid were composed of repeats, compared to the 

homoploid, which was only 37% of its haploid genome length (36.7 Mbp). Parental taxa repeat 

length were both 32% (23.5 Mbp and 27.6 Mbp) for S. arizonica and S. eremophila respectively. 

Genome haploid length estimated by k-mer coverage was 74.4 and 85.3 Mbp for S. arizonica and 

S. eremophila. In comparison, the hybrid taxa were much larger, 98.2 and 93.3 Mbp for the 

homoploid and allotetraploid, respectively. In comparison, estimates using flow cytometry were 

larger, 92.64, 91.48, 101.62, and 118.27 Mbp for S. arizonica, S. eremophila, S. ‘organpipe, and 
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S. ‘phoenix’, in that order. We believe that the genome size estimations using flow cytometry 

were more accurate, given how k-mer coverage tends to underestimate genome sizes31. 

De novo genome assembly length for the allotetraploid hybrid was 119.9 Mbp, while the 

homoploid hybrid was smaller, at 112.3 Mbp. As expected, the parental genome sizes were much 

smaller, 73.3 Mbp for S. arizonica and 96.6 Mbp for S. eremophila. Assembly statistics revealed 

a scaffold N50 ranging from 4,890-5,726 Mbp (Table 1). This range is consistent with other 

short-read Illumina assemblies. BUSCO content analysis indicated that our assemblies recovered 

70-80% of the 425 viridiplantae orthologs (Figure 1, table 1).  

We then passed the repeat masked contigs to BRAKER232 for gene prediction and found 

between 33,261-43,498 gene models (Table 2). We did expect to find more predicted gene 

copies for the allotetraploid, but that may be a product of a fragmented genome assembly 

compared to the other taxa. Similar content assessment was done using BUSCO and we were 

able to recover 70-86% of protein coding genes in our annotation set (Figure 2, supplementary 

table 6).   

Genome content analysis reveals pattern of biased fractionation 

Genome content analyses used Reciprocal Best Blast Hits (RBH) in protein space, which finds 

proteins encoded by two genes, each in a different genome, and are each other’s best scoring 

match in the other genome33. This analysis revealed a reciprocal pattern of overrepresentation of 

one parental genome between 12%-14% for each hybrid. The homoploid hybrid, S. ‘organpipe’, 

retained 56% (7,794) more gene content from S. arizonica and only 44% (6017) from S. 

eremophila (p<0.05, n:13,811). The allotetraploid hybrid had a stronger bias, yielding 58% more 

gene content from S. eremophila compared to only 42% from S. arizonica (p<0.05, n:15,384) 
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(Figure 2). We repeated this analysis using only GO classified gene models in order to remove 

bias that may have sourced from incorrectly annotated or fragmented gene models, but our 

results did not change. This reciprocal bias is one of the first instances of strong fractionation 

patterns in any system that we know of. 

Patterns of bias in nuclear genome using Gene Ontology database 

We classified our gene set to GO terms using PANTHER34 and were able to classify between 

25,001-31,647 GO terms within our annotated gene set (Supplementary file 2). Nuclear genes in 

the two hybrid taxa genomes were analyzed for overrepresentation of Gene Ontology categories 

and significant underrepresentation in select cellular function categories were found (Figure 3). 

Interestingly, only the diploid hybrid showed underrepresentation in organelle, chloroplast, and 

plastid categories. Conversely, the membrane categories and lytic vacuole were underrepresented 

in the allotetraploid, but overrepresented in the diploid relative.  

Phylogenetic and GO analyses of chloroplast genes reveals biased fractionation driven 

by maternal parent 

To investigate this pattern more closely, it was necessary to determine the maternal origin of the 

cytoplasmic organelles. We did a de novo assembly of the parental and hybrid chloroplast 

genomes, then a reference-guided scaffolding of the contigs. The circularized plastomes of S. 

arizonica, S. eremophila, S. ‘organpipe’ and S. ‘phoenix’ were 140,068, 110,373, 86,432 and 

90,981 bp long, in that order (Supplementary figure 3-6). Overlapping regions of the plastomes 

were aligned for phylogenetic inference. As predicted, the allotetraploid shared more chloroplast 

sequence similarity with S. eremophila than it did to S. arizonica (93 bootstrap support, Figure 
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5). Conversely, the homoploid hybrid, S. ‘organpipe’, shared more sequence similarity with S. 

arizonica (100 bootstrap support), confirming our previous result.  

We expect that the fractionation pattern would show similar or even more significant bias 

in genes derived from the chloroplast genome. To explore this, we extracted chloroplast genes 

from our GO dataset and repeated the RBH pipeline and found similar bias in the chloroplast 

genes (Figure 4). In particular, S. ‘organpipe’ had 60.27% chloroplast genes from S. arizonica 

and 39.73% from S. eremophila (p<0.05, n:224). S. ‘phoenix’ had a 57.82% S. eremophila and 

only 42.18% S. arizonica chloroplast gene content (p<0.05, n:230) (Figure 6). We then 

investigated whether there was a significant bias in genome retention in a particular GO category 

using the RBH sequences.  We did not find a significant bias in one gene ontology category, but 

rather both hybrid taxa retained more maternal genome content overall across the nuclear 

genome (Figure 7). In combination with phylogenetic analyses, we believe that the maternal 

parent is biasing the nuclear genomes in the same reciprocal pattern as the chloroplast genome.  

DISCUSSION 

Genomic inference of hybridization 

Our present study was to infer the relative parental contributions of S. arizonica and S. 

eremophila to each hybrid taxa. We found a large discordance between parental contributions to 

both hybrids, which is indicative of biased fractionation.  Under HSS, it is still unclear what the 

expected contributions of each parent will be, under a null model, we expect equal, 50:50, 

contribution. Previous studies have found bias in parental genome representation, but this is no 

more than 1-3%35–39. Here, we see a bias of 12% in the homoploid hybrid. It is unclear if this 

strong bias is due to a long process of stabilization (3-4 Mya), the process of stabilization has 
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been shown to be both quick and lengthy, so it is still unclear40,41. Future work sampling multiple 

populations would aid in investigating the process of stabilization and if this pattern is uniform 

across both populations and if small population sizes may be inducing strong variance between 

individuals. In the case of the allotetraploid, there is no scarcity of subgenome dominance in 

nascent allopolyploid species 12,13,42. We found a bias of 16% to S. eremophila in the 

allotetraploid genome. It is a striking pattern that begs the question why these two different 

hybrid taxa would bias in different directions. 

 Despite the small nuclear genomes of Selaginella, they do have a high number of 

transposable elements (TE’s)28. TE’s play an essential role in plant genome evolution through 

direct effects on genes that may provide new coding regions, silencing of regions and other 

constraints to chromosomal regions. TE bursts could induce global changes to genome 

structure43,44, yet the extent of how TEs directly contribute to fractionation bias is still unclear. 

We know that TEs are evenly distributed throughout Selaginella genomes, and they have not 

experienced sharp reductions in their TE content, despite them being concentrated in centromeric 

and pericentromeric regions in other small plant genomes28,45,46. We would expect that the more 

TE riddled genome would be biased against in both hybrid taxa, but this is not what we see. 

There may be a better explanation to these patterns looking at the nature of Selaginella plastid 

genomes. 

Evolution of extremely diverged plastomes driven by repeat patterns and underlying DNA 

maintenance machinery, cannot simply swap plastids 

We propose that this strong fractionation pattern is due to an inability for the cytonuclear 

interacting parent gene copies to substitute for one another. Therefore, the maternal parent 

nuclear genome is retained more than the paternal parent due to gene copy incompatibilities. Our 
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results are consistent with the “Deficient DNA-RRR system + Repeat pattern” hypothesis47, 

which may explain the fractionation patterns in these hybrids attributed to plastomes divergence 

in the parent genomes. Selaginella have a deficiency of organelle-targeted DNA replication, 

repair, and recombination (DNA-RRR) systems which results in accelerated substitution rates, 

and increased repeat elements. Moreover, the lack of RecA1, a plastid-targeted recombinase, and 

RecA3, a mitochondrial targeted, could drive recombination, and structural instability47. RecA1 

suppresses illegitimate recombination via short repeats, and is generally conserved in lycophytes, 

yet its absence in Selaginella, specifically S. sinensis, causes rampant recombination and high 

mutation rates47.  

Another explanation for this strong pattern of biased fractionation is the interaction 

between genes encoded in the nuclear and cytoplasmic genomes. Dobzhansky-Muller 

incompatibilities are a major driver of sterility, given the conflicting evolutionary histories of the 

nuclear and cytoplasmic genomes, this can be exacerbated in hybrids that have to reconcile two 

very different parental genomes7,48. One would expect to see coevolution between the nuclear 

and cytoplasmic genomes, because the core biological function depends on the integration and 

interactions between these compartments. Our future work will investigate these hypotheses in 

this system, further exploring if there is positive selection on either of the parental cytonuclear 

interacting genes, that would make the loci copies incompatible with one another once they are 

in a single nucleus. 

The accuracy of the genome assembly and annotation is critical to the validity of these 

analyses. Given the older short-read Illumina data, there will be cause for concern due to the lack 

of chromosome-level assembly to infer patterns of subgenome fractionation. We exhaustively 

quality controlled the sequencing reads, estimated k-mer coverage and insert sizes to estimate 
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how much of the genome we could assemble. We then tested multiple assemblers with various 

parameters to achieve the best assembly (Supplementary table 1). We repeated the content 

analyses to remove any forms of bias that may have been a result of poor assembly, or 

incorrectly predicted genes, but our results remained unchanged. Here, our study shows that, 

despite Selaginella having no history of genome duplication and the lowest relative rate of 

genome size evolution28, both a homoploid and allopolyploid hybrid show a pattern of biased 

fractionation. Further analyses of Selaginella genomes remain to be tested to distinguish if they 

are model systems of plant evolution, to biased gene fractionation and nuclear and cytoplasmic 

evolution. Nevertheless, our results suggest that there is a strong signal of biased reciprocal gene 

fractionation in two hybrids and may provide one of the first examples of such a pattern in 

vascular plants.   



23 

 

 

Figure 1. Geographic map of species and patterns of biased fractionation. Occurrences 

subsampled to include one species record per 1 km2. S. arizonica X S. eremophila hybrid taxa are 

shown, with overlay to illustrate differences in patterns of fractionation in respective populations. 
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Taxa 

Cytometric 

genome size Total length Largest contig GC (%) N50 

S. arizonica 92.6 Mbp 73.2 Mbp 639,518 49.93 132,446 

S. eremophila 91.4 Mbp 96.6 Mbp 78,395 49.66 2,885 

S. 'organpipe' 101.6 Mbp 112.3 Mbp 573,458 48.74 4,134 

S. 'phoenix' 118.3 Mbp 119.9 Mbp 75,365 49.67 4,982 

Table 1. Summary of genome assembly statistics. Estimated cytometric genome size and total 

length of genome assembly. Largest contig length, GC content and N50 also shown. 

Taxa Genome assembly size BRAKER2 gene models 

S. arizonica 92.6 Mbp 
 

41,790  

S. eremophila 
 

91.4 Mbp 
 

33,261  
 

S. ‘organpipe’ 101.6 Mbp 
 

40,069  
 

S. ‘phoenix’ 118.3 Mbp 43,498 

Table 2. Summary of genome assembly and annotation statistics. Total genome assembly 

length and BRAKER2 predicted gene models are shown. 
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Figure 2. BUSCO genome assembly assessment results. Illustration of scores using 425 BUSCO 

viridiplantae orthologous gene profiles. 
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Figure 3. Enrichment of Gene Ontology categories for genes annotated with BRAKER2. Gene 

ontology categories for hybrid taxa gene models were analyzed for overrepresentation. Gene counts in 

each category were normalized to total gene counts in the genome using S. arizonica as an expected gene 

model count. A false discovery rate (FDR) was calculated and is reported as a secondary axis. 
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Figure 4. Biased gene fractionation in Selaginella hybrids. RBH BLASTP analysis of nuclear genome 

content in each hybrid. Gene models predicted by BRAKER2 were used. A total of 18,232 and 21,659 

reciprocal orthologous hits for S. ‘organpipe’ and S. ‘phoenix’, respectively, were included in the 

analysis. 
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Figure 5. Selaginella phylogeny of assembled chloroplast genomes. Maximum-likelihood (ML) tree 

based on overlapping chloroplast genome between all representative species and outgroup S. lepidophylla. 

Colored groups indicate the system under study. Ultrafast bootstrap support values are shown in blue at 

each node. The scale bare represents substitutions and indels per nucleotide position. S. lepidophylla, S. 

vardei and S. indica were downloaded from 1KP project 66.  
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Figure 6. Fractionation bias in chloroplast genome. GO annotated chloroplast gene copies show 

similar reciprocally biased patterns of fractionation as nuclear genome. Included chloroplast genes were 

extracted from the GO annotated gene models predicted by BRAKER2. 
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 Figure 7. Molecular function of overrepresented sequences in hybrid taxa. Included sequences are 

reciprocal orthologous sequences from the RBH analysis and classified into molecular function. Overall, 

hybrid taxa retain more genome content from the maternal parent, not in one GO category.  
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SUPPLEMENTARY 

 

 

Supplementary table 1. Sampling sites for transcriptome sequencing and analysis it was used 

for. Voucher information for specimens that are deposited at the University of Arizona 

Herbarium.  
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Supplementary figure 1. Monthly average temperature by species. The monthly average 

temperature (°C) experienced across the range of each species. Months correspond to numeric 

names (January =1 to December=12). Ribbon width denotes 95% confidence interval. 
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Supplementary figure 2. Monthly average precipitation by species. The monthly average 

precipitation (mm) experienced across the range of each species. Months correspond to numeric 

names (January=1 to December=12). Ribbon width denotes 95% confidence interval. 
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Supplementary figure 3. 27-mer spectra for Selaginella taxa PE reads. Low levels of heterozygosity 

are seen in the 27-mer spectra for PE reads.  
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Supplementary figure 4. Insert size estimates for five reference Selaginella taxa.  Each plot indicates 

an insert size roughly symmetrically distributed 115-280. The distributions are somewhat narrow, 

indicating assembly may be troublesome.  
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Supplementary figure 5. GenomScope profile of S. arizonica PE reads. 21-mer spectra and fitted 

models for S. arizonica. Small right peak indicating a diploid species.  
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Supplementary figure 6. GenomScope profile of S. eremophila PE reads. 21-mer spectra and fitted 

models for S. eremophila. Broad peak may be a product of higher sequence error rate (1.18%). 
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Supplementary figure 7. GenomScope profile of the homoploid hybrid PE reads. 21-mer spectra and 

fitted models for S. ‘organpipe’. Two peaks are present, indicating a diploid hybrid. 
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Supplementary figure 8. GenomScope profile of the allotetraploid hybrid PE reads. 21-mer spectra 

and fitted models for the allotetraploid S. ‘phoenix’. Note that aabb > aaab. 
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Supplementary figure 9. Unit-genome map of S. arizonica shown as circular. The inner ring shows the 

mapping results of PE data with S. lepidophylla assembled chloroplast genome. 
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Supplementary figure 10. Unit-genome map of S. eremophila shown as circular. The inner ring shows 

the mapping results of PE data with S. lepidophylla assembled chloroplast genome. 
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Supplementary figure 11. Unit-genome map of S. ‘organpipe’ shown as circular. The inner ring shows 

the mapping results of PE data with S. lepidophylla assembled chloroplast genome. 
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Supplementary figure 12. Unit-genome map of S. ‘phoenix’ shown as circular. The inner ring shows the 

mapping results of PE data with S. lepidophylla assembled chloroplast genome.  
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Assembler Largest contig Total length GC (%) N50 

DISCOVAR 49,774 154,590,905 50.32 1,230 

SOAPdenovo 33,174 54,590,905 53.2 2,730 

w2rap-contigger 78,395 96,620,071 49.66 2,885 

Supplementary table 1. Comparison of genome assemblies. Three different genome assemblies for S. 

eremophila are shown. W2rap-contigger had the most accurate genome assembly length based on flow 

cytometry, as well as the largest contigs. These metrics were used to choose the assembler for our system.  

 

Property Min Max 

Homozygous (aa) 98.03% 98.15% 

Heterozygous (ab) 1.85% 1.97% 

Genome haploid length 74,362,404 bp  75,654,591 bp   

Genome Repeat length 23,488,842 bp 23,897,005 bp   

Genome Unique length 50,873,562 bp 51,757,587 bp  

Model Fit 69.55% 91.32% 

Read Error Rate 0.77% 0.77% 

Supplementary table 2. Genomescope k-mer analysis for S. arizonica. Summary of genome statistics 

based on 27-mer frequency analysis. Genome repeat length is 31.6% of haploid genome length and the 

genome is mostly homozygous.  
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Property Min Max 

Homozygous (aa) 98.12% 98.34% 

Heterozygous (ab) 1.66% 1.88% 

Genome haploid length 85,314,268 bp 88,057,553 bp  

Genome Repeat length 27,623,998 bp 28,512,249 bp   

Genome Unique length 57,690,270 bp 59,545,304 bp  

Model Fit 68.56% 91.77% 

Read Error Rate 1.18% 1.18% 

Supplementary table 3. Genomescope k-mer analysis for S. eremophila. Summary of genome 

statistics based on 27-mer frequency analysis. Genome repeat length is 32.4% of haploid genome length 

and the genome is mostly homozygous. 

 

Property Min Max 

Homozygous (aa) 97.46% 97.51% 

Heterozygous (ab) 2.49% 2.54% 

Genome haploid length 98,210,448 bp  99,013,758 bp 

Genome Repeat length 36,648,018 bp   36,947,779 bp    

Genome Unique length 61,562,430 bp  62,065,979 bp  

Model Fit 75.79% 97.79% 

Read Error Rate 1.48% 1.48% 

Supplementary table 4. Genomescope k-mer analysis for S. ‘organpipe’. Summary of genome 

statistics based on 27-mer frequency analysis of the homoploid hybrid. Genome repeat length is 37.3% of 

haploid genome length and the genome is slightly less homozygous than diploid parents. 
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Property Min Max 

Homozygous (aaaa) 94.61% 96.71% 

Heterozygous (not aaaa) 3.29% 5.39% 

Genome haploid length 93,338,380 bp 94,002,816 bp  

Genome Repeat length 42,450,089 bp 42,752,274 bp  

Genome Unique length 50,888,290 bp  51,250,542 bp  

Model Fit 69.62% 97.40% 

Read Error Rate 0.69% 0.69% 

Supplementary table 5. Genomescope k-mer analysis for S. ‘phoenix’. Summary of genome statistics 

of the allotetraploid, based on 27-mer frequency analysis of the homoploid hybrid. Genome repeat length 

is the high, 45.5% of haploid genome length and the genome is less heterozygous than the diploid parents 

and homoploid hybrid. 

 

Supplementary table 6. Summary of BUSCO quality assessment results of genome assembly and 

annotation. The size, number of genes and complete (C), single-copy (S), duplicated (D), fragmented (F), 

missing (M) and total number of genes searched (n) are shown. 
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https://gitlab.com/barker-lab/selaginella_genomes/-

/raw/main/BLAST%20rbh%20supplementary/bestHits_hybrids_counts.xlsx?inline=false 

Supplementary file 1. BLAST rbh analysis results for hybrid taxa. 

 

https://gitlab.com/barker-lab/selaginella_genomes/-

/raw/main/GO%20supplementary%20files/S_all_pantherGeneList.xlsx?inline=false 

Supplementary file 2. GO annotated gene list for Selaginella parents and hybrids. 

 

https://gitlab.com/barker-lab/selaginella_genomes/-

/raw/main/GO%20supplementary%20files/S_all_pantherOverrepresent.xlsx?inline=false 

Supplementary file 3. GO overrepresentation test for Selaginella parents and hybrids. 

 

https://gitlab.com/barker-lab/selaginella_genomes/-

/raw/main/GO%20supplementary%20files/bestHits_chloro_nucl_counts.xlsx?inline=false 

Supplementary file 4. RBH results of GO annotated chloroplast and nuclear gene content for 

hybrids. 

 

 

 

 

 

https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/BLAST%20rbh%20supplementary/bestHits_hybrids_counts.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/BLAST%20rbh%20supplementary/bestHits_hybrids_counts.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/S_all_pantherGeneList.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/S_all_pantherGeneList.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/S_all_pantherOverrepresent.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/S_all_pantherOverrepresent.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/bestHits_chloro_nucl_counts.xlsx?inline=false
https://gitlab.com/barker-lab/selaginella_genomes/-/raw/main/GO%20supplementary%20files/bestHits_chloro_nucl_counts.xlsx?inline=false
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