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Abstract
During the era of genomics, many sequencing methods have been (and continue to be) developed. One family of methods that has recently gotten a lot of popularity is the reduced representation library method. Yet, there has not been much research into how to deal with combining reduced representation library data with other types, like (e.g.) whole genome sequencing data. Merging of different types of data can be difficult and lead to biases in downstream data analysis. This study attempts to identify the origin of some of these biases and propose strategies to minimize them, by using a dataset of six wolves that have been sequenced both with MobiSeq and standard whole genome sequencing.
Taking the whole genome sequencing data as reference, we have taken a step-by-step approach to identify parameters that minimize the bias produced by MobiSeq. Our results show that missing data has a large effect on the data analysis. Therefore, we recommend that areas for variant calling should be limited to targeted regions of the reduced representation library method, and in some analysis the addition of requiring a minimum number of individuals can minimize the bias even more. 
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Introduction
Whole genome sequencing (WGS) has provided many advances in the field of biology and over the last 40 years has proven to be an important tool in the conservation of threatened species (Fuentes‐Pardo & Ruzzante, 2017). WGS allows for coverage throughout the genome by sequencing fragmented DNA without any form of polymerase chain reaction (PCR) or targeted selection. This sequencing method provides the highest density of markers which allows for discovery of neutral and functional genetic variation (Ellegren, 2014), providing the opportunity to do more advanced analysis such as identifying insertions, chromosomal rearrangements, and mutation in regulatory elements (Alkan, Coe, & Eichler, 2011; Wray, 2007). However, one of the biggest downfalls with WGS is the cost of sequencing is still relatively high.

Even with the decline in next-generation sequencing (NGS) prices (Dopazo, 2021), for many researchers the cost of sequencing is still a limiting factor. Thus, researchers often turn to methods that provide the similar information as WGS, but for a fraction of the cost. Therefore, reduced representation libraries (RRL), such as restriction site-associated DNA sequencing (RADseq) (Baird et al., 2008), double digest RADseq (ddRADseq) (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012) or genotyping-by-sequencing (GBS) (Elshire et al., 2011), have become popular alternatives to WGS methods (Davey & Blaxter, 2010). For standard population genetic studies, RRL methods are extremely popular because they can be used for variant discovery and genotyping of many individuals/populations at low cost (Lou, Jacobs, Wilder, & Therkildsen, 2021). Due to this popularity and cost-efficiency, RRL are still widely used and new methods based on other RRL methods are still being developed.

In a recent article by Rey-Iglesia, et al. (2019), the authors describe a new reduced representation library, named MobiSeq, that targets transposable elements (TEs) and their flanking regions in the genome to take advantage of the copy-and-paste mechanism of TEs, which are dispersed throughout the genome. The flanking regions to these TEs can be used for single nucleotide polymorphism (SNP) discovery and genotyping. Furthermore, since MobiSeq utilizes a targeted PCR approach, it is also suited for samples with low DNA  concentrations (Rey‐Iglesia et al., 2019). Hence, non-invasive samples which before was considered a limiting factor for most RRL methods could be used with MobiSeq (Rey‐Iglesia et al., 2019). Another advantage to using PCR based methods is that it allows for SNP validation (Fuentes‐Pardo & Ruzzante, 2017). Moreover, MobiSeq also has the benefit of being easily adjustable to various taxa with a simple alteration of the TE-target primer (Rey‐Iglesia et al., 2019).

Reduced representation sequencing can become even more advantageous when combined with published WGS datasets, allowing for an easy and cheap way for datasets to be expanded. Currently, sequences of species are being produced and uploaded to sites such as NCBI and ENA at a rapidly expanding rate. If it is possible to use datasets from multiple studies into one's own, one could expand the knowledge of other researchers and create larger and more informative datasets. However, this requires the capability of being able to combine various types of datasets. The mixture of dataset types can cause analyses to be biased and produce results that are related to the differences in methods rather than the biological data.

Due to the advantages of the MobiSeq method, we chose to focus on being able to combine MobiSeq data with WGS data. Therefore, we discuss possible corrections for combining MobiSeq data with WGS data, and demonstrate its application in standard population genomic analyses, such as principal component analysis (PCA), admixture, and neighbor-joining tree. We attempted to alter parameters one by one during genotyping and variant calling to determine which combination of parameters would minimize the amount of method bias.
[bookmark: _sw5r3630nx50]Materials and Methods
[bookmark: _j9d79b2ykx5i]Data
We compiled a test dataset of 6 wolves that were sequenced with both MobiSeq (Rey‐Iglesia et al., 2019) and WGS (Sinding et al., 2018), resulting in a total of 12 samples. These samples include two East Arctic wolves (North Baffin [NB] and South Baffin [SB]), two West Arctic wolves (Banks Island [BI] and Victoria Island [VI]), a Central wolf (Qamanirjuaq [QA]) and a Polar Arctic wolf (Ellesmere 1 [PA]) In addition, one Canis latrans sample (accession number: SAMN10180422) was used as an outgroup for phylogenetic tree analysis. Reads were mapped using the same pipeline as in the respective papers.

[bookmark: _1ezlh3y9qtx3]Genotype likelihoods filitering
Since both previous articles use ANGSD to calculate genotype likelihoods, we also computed genotype likelihoods at variant sites with ANGSD (v0.921)(Korneliussen, Albrechtsen, & Nielsen, 2014). During this analysis, various parameters were stepwise tested. Specifically, which method was used to calculate genotype likelihoods (SAMtools vs GATK) (Danecek et al., 2021; Van der Auwera & O'Connor, 2020) along with the method of estimating the minor allele frequency. Furthermore, the use of extra filters, accounting for missing data and the use of a region file (with flanking regions of all known TEs in the reference genome) were tested. A few other parameters were kept constant, since they were used in the Sinding et al. paper (2018), such as minimum base and mapping quality scores of 20.

[bookmark: _mgiith2idlp9]Creating Region File
We located start and end positions of TE primers in the reference genome with Seqkit (version 0.16.1)(Shen, Le, Li, & Hu, 2016). Start and end positions were adjusted to the end of the TE with bedtools slop (v.2.30.0)(Quinlan, 2014), in this dataset that required an adjustment of 185bp for the LINE (L1_Cf) and 152bp for the SINE (SINE_Cf) adjustment to avoid SNPs within the TE element. The amount of adjustment may vary between studies, it is advised to investigate each primer before adjusting sites. After adjustments, bedtools flank (v.2.30.0) was used to define regions of interest. Start positions were altered to the beginning of the adjusted primer positions and paired with a new start position 700bp upstream (Figure 1). The size of the flanking region should be adjusted based on the data’s estimated fragment length. This study consisted of multiple TE primers, therefore bedtools sort and merge was used to merge the file along with subtract to remove any overlapping regions from the adjusted position file. Details of this process can be found on https://github.com/linRasmussen/MergingMobiSeq-WGS.

[bookmark: _2r1xe8u68waj]Principal component analysis
PCA was computed with PCANGSD (v. 1.03) (Meisner & Albrechtsen, 2018), using only sites with a minor allele frequency greater than 0.05. Eigenvalues were then computed and visualized in R (v4.1.3)(Team, 2013). To evaluate our methods, we use a score based on the average euclidean distance between pairs of WGS-MobiSeq samples from the same individual in PCA space. Under a perfect scenario, we expect pairs of samples from the same individual to completely overlap on the PCA space and, therefore, have an “euclidean average score” of 0. The Euclidean distances were calculated using the dist function in R.

[bookmark: _l374qkwrohkh]Admixture analysis
To estimate clusters of ancestry and the associated ancestry proportions, we used NGSadmix (Skotte, Korneliussen, & Albrechtsen, 2013) on sites with a minor allele frequency greater than 0.05. Admixture analyses were performed using a range of values for the number of estimated ancestry clusters (K = 2–6) to explore how various parameters behaved under the different structures. The analysis was repeated 10 times, and the replicate with the highest likelihood was chosen.

[bookmark: _ia26wi667l7m]Neighbor-joining tree
ngsDist (v1.0.6) (Vieira, Lassalle, Korneliussen, & Fumagalli, 2016) was used to estimate pairwise genetic distances. Pairwise deletion of missing data was taken into consideration. A neighbor-joining tree was created using the ape package in R (v4.1.3) and visualized with iTOL (v6.5.8) (Letunic & Bork, 2021). Due to the addition of the outgroup, we used a minimum of 9 individuals to be consistent with our suggestion of having a couple more individuals than the amount of WGS in the dataset. To evaluate our methods, we checked the topology against the one reported in Sinding et al. (2018), and calculated a score based on the total terminal branch lengths (i.e S1+M1+S2+M2+S3+M3+S4+M4+S5+M5+S6+M6).

[bookmark: _3vap92fblzx7]Results
[bookmark: _4cjily5c8xca]Genotype Likelihood (GL) and Minor Allele Frequency (MAF)
There are several ways to calculate the minor allele frequency (MAF) from genotype likelihoods (GL), and several ways to calculate genotype likelihoods. The most common ways to estimate MAF implemented in ANGSD are where both major and minor alleles are fixed (“doMaf 1”) or where the minor allele is assumed to be unknown (“doMaf 2”). As for GL, the most common methods to calculate them are the ones developed by SAMtools (“GL 1”) and GATK (“GL 2”) To evaluate which GL and MAF methods are more suited to MobiSeq data, we tested all four combinations of these two methods. When analyzing our dataset under the combinations GL1/doMaf1, GL1/doMaf2, GL2/doMaf1 and GL2/doMaf2, we got a “euclidean average score” of 1.253, 1.126, 1.086, and 1.098, respectively (See Sup. Table S1 and Sup. Figure S1). Overall, GL and MAF methods do not seem to have a major effect on merging shotgun and MobiSeq data analyses, even though GL2 seems to perform better than GL1. As for MAF estimation, doMaf2 performs better with GL1, while doMaf1 performs marginally better with GL2. Since doMaf2 accounts for minor allele uncertainty and was only marginally worse than doMaf1 in combination with GL2, we decided to choose GL2/doMaf2 for the remaining analyses.

[bookmark: _qhpqcnbjy3el]Extra filters and corrections
ANGSD also has several options to deal with multiple mapped reads (“-uniqueOnly 1”), bad reads (i.e. where the bitwise flag > 256; “-remove_bads 1”), reads not properly paired (“-only_proper_pairs 1”), excessive mismatches and potentially misaligned bases (“-C 50” and “-baq 1”, respectively) [[https://www.htslib.org/doc/samtools-mpileup.html]. To evaluate whether these could affect the analysis, we analyzed our dataset with these extra options), and got a “euclidean average score” of 1.098 and 1.053, respectively (See Sup. Table 2 and Sup. Figure 2). These extra options seem to have a slight effect on our analysis thus, we decide to keep them for the remaining analyses. Furthermore they are also recommended by SAMtools.

[bookmark: _r98putys419o]Missing data
Missing data is an important factor in all NGS analyses. As such, we checked whether filtering for missing data would have an impact in our analyses. WGS samples are expected to have a relatively uniform coverage however, since MobiSeq only represents a fraction of the genome, MobiSeq samples are expected to have high levels of missing data. To ensure that we kept sites that have been sequenced both on WGS and MobiSeq, we decided to use a threshold greater than the number of WGS samples (i.e. this study contains 6 WGS and 6 MobiSeq samples, thus we asked for a minimum of 8 individuals). To evaluate whether this could affect the analysis, we analyzed our dataset filtering sites for a minimum number of individuals (“minInd 8”) , and got a “euclidean average score” of 1.053 and 2.556, respectively (See Sup. Table 3 and Sup. Figure 3). Filtering for missing data has a profound effect in our analysis and considerably worsens our results. Therefore, we will not include it in downstream analyses.

[bookmark: _lv6ybkqucspf]Region File
Another way to focus the analyses on regions of the genome common to WGS and MobiSeq is to focus only on regions of the genome around the targeted TEs. To evaluate whether this could affect the analysis, we analyzed our dataset only on these regions, and got a “euclidean average score” of 1.053 and 0.642, respectively (See Sup. Table S4 and Sup. Figure S4). By limiting the sites to focus on flanking regions of the TE-target, we were able to account for most of the bias caused by regions not covered by MobiSeq and greatly improve our results.
To further evaluate the impact of our filter choices in genetic analyses, we also performed an admixture and neighbor-joining tree analysis, to check whether we could recover the original results (Sinding et al., 2018) using MobiSeq. Our admixture results show, at K=3, a grouping of Banks Island with Victoria Island, North and South Basin, and Polar Artic with Qamanirjuaq. At K=4, Victoria Island is grouped with Qamanirjuaq instead of Banks Island (See Sup. Figure S5). The neighbor-joining analysis showed a total terminal branch length of 0.591 and the expected clade grouping (See Sup. Figure S6). Taken together, our results show that, even though the use of a region file greatly improves analysis with MobiSeq data, it is still not ideal for merging WGS and MobiSeq data.

[bookmark: _dltcb5o3vyoi]Combined Region file and missing data
From the previous result, it seems clear that missing data does have a profound effect in these analyses. Even though our region file should restrict our analyses to the common regions between WGS and MobiSeq, it was generated based on the TEs present on the reference genome. Since this was obtained from a Swedish wolf (Gopalakrishnan et al., 2017) and our samples are from Canada (Sinding et al., 2018), one can expect a certain degree of divergence between them. This means that even though the reference genome might have a TE in certain positions, our sample might not have it; this would lead to a complete lack of data on the MobiSeq samples and potentially a bias in the admixture analyses. To try to account for this, we revisited the missing data filter in combination with the region file and got a “euclidean average score” of 0.570 (See Figure 2 and Sup. Table S5). Again, we performed an admixture and neighbor-joining analysis to be sure that we could recover the original results (Sinding et al., 2018) using MobiSeq.  Our admixture results show, at K=3, the same grouping as before but, at K=4, Victoria Island is correctly grouped with Banks Island (Figure 3). The neighbor-joining analysis showed a total terminal branch length of 0.584 and the same clade grouping as before (Figure 4). Taken together, our results show that using the two filters combined, we can completely recover the original admixture results, and further reduce both the euclidean distance and total terminal branch length between WGS and MobiSeq samples.

[bookmark: _3c3d6ks0r2t9]Discussion
Implementation of combining WGS datasets along with RRL data can sometimes cause some bias in data analyses. Here, we attempted to provide some suggested parameters that should be used to minimize these biases. We show how one or more of the alterations to the parameters can provide the biological structure rather than biases caused method variations.

[bookmark: _cslz3gkyxwy3]Principal component analysis
Depending on the selection of the data used, datasets can provide drastic splits between MobiSeq and WGS data (Sup. Figure S3). We expected for the PCA that pairs of samples from the same individuals would be nearly on top of each other, as well as their relative placing in PCA space should be similar to that of the Sinding et al. (2018) article. Specifically, we expected the West Arctic wolves (Banks Island and Victoria Island) to cluster together, and the East Arctic wolves (South and North Baffin) to cluster together. Furthermore, we expected the Qamanirjuaq wolf to be grouped closer to the West Arctic wolves (Banks Island and Victoria Island) than the East Arctic wolves (South and North Baffin) and for the Polar Arctic wolf to be on its own, away from the other wolves. Only with the use of a region file, did the PCAs result in nearly overlapping pairs, as well as the clustering generally mimicked that of the previously published article. However, the region file in combination with a light missing data filter can also improve the PCA results in regard to overlap and clustering.

[bookmark: _y53cv1tm0c23]Admixture
The goal of the admixture analysis was to show not only the proper grouping of the west and east arctic wolves, but also for the MobiSeq and the WGS counterparts to look identical. Sinding et al. (2018) suggested these samples should group in 4 groups: 1) Banks Island and Victoria Island, 2) South Baffin and North Baffin, 3) Qamanirjuaq and 4) Polar Arctic. For K=3, Qamanirjuaq should resemble the Western and Eastern Arctic wolves more than the Polar Arctic wolves. When using a regions file only, at K=3 we get the expected grouping but, at K=4 Victoria Island is grouped with Qamanirjuaq instead of Banks Island. Only when combining the regions file with a missing data filter, do we produce the anticipated results with respect to grouping and pairs being identical. Our results suggest that, even though the most important factor is the inclusion of a region file, it does not seem as if it alone is enough to produce the desired results. Overall, the results suggest that both a region file and minimum number of individuals is needed in an admixture analysis where MobiSeq and WGS data are combined.

[bookmark: _ruk9ljcn2lt]Neighbor-joining tree
The aim for the neighbor-joining tree was to produce a tree with the MobiSeq and WGS counterparts to be in one clade and for their terminal branch length to be identical or as similar as possible, and for the tree topology to be in agreement with the original paper. The original paper shows the tree topology to have Qamanirjuaq as the most basal branch followed by the Eastern and Western wolves and as most divergent the polar arctic wolf. Even though none of the trees showed identical terminal branch lengths, the tree constructed with both suggested corrections shows lower total terminal branch lengths, than the tree that was constructed with only the region file, suggesting that both corrections improved the tree. Of worth noting, WGS samples seem to have a tendency to have slightly longer terminal branches than MobiSeq samples, possibly reflecting the lower coverage of these samples.

In conclusion, we propose the use of a region file to reduce analysis bias when combining MobiSeq and WGS data. Furthermore, we suggest that when enforcing a minimum number of individuals that the amount should be a few more individuals than the amount of WGS samples in the dataset. With these simple addition of parameters, MobiSeq and WGS data can be combined to form larger datasets to assist in studies. We strongly encourage others to check for these types of biases before combining data from other forms of reduced representation libraries with whole genome data.
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[bookmark: _4oenrf83choj]Data Accessibility and Benefit-Sharing
Data Accessibility Statement:
Whole genome sequencing data can be found in NCBI with accession numbers: SAMN10246092, SAMN10180431, SAMN10246096, SAMN10246088, SAMN10246087, and SAMN10246089, according to the original paper – Sinding et al. (2018). Whereas, the MobiSeq data can be found through a link present in the original article – Rey-Iglesia et al., 2019 – https://sid.erda.dk/wsgi-bin/ls.py?share_id=bTgYwewBR9 (samples W3_1-W3-6). For guidance to recreating the region files, please refer to the GitHub page: https://github.com/linRasmussen/MergingMobiSeq-WGS.
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Benefits from this research accrue from previous researchers sharing of their data and results on public databases as described above.
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