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A B S T R A C T   

Advances in next-generation sequencing (NGS) have significantly reduced the cost and improved the efficiency of 
obtaining single nucleotide polymorphism (SNP) markers, particularly through restriction site-associated DNA 
sequencing (RAD-seq). Meanwhile, the progression in whole genome sequencing has led to the utilization of an 
increasing number of reference genomes in SNP calling processes. This study utilized RAD-seq data from 242 
individuals of Engelhardia roxburghiana, a tropical tree of the walnut family (Juglandaceae), with SNP calling 
conducted using the STACKS pipeline. We aimed to compare both reference-based approaches, namely, 
employing a closely related species as the reference genome versus the species itself as the reference genome, to 
evaluate their respective merits and limitations. Our findings indicate a substantial discrepancy in the number of 
obtained SNPs between using a closely related species as opposed to the species itself as reference genomes, the 
former yielded approximately an order of magnitude fewer SNPs compared to the latter. While the missing rate 
of individuals and sites of the final SNPs obtained in the two scenarios showed no significant difference. The 
results showed that using the reference genome of the species itself tends to be prioritized in RAD-seq studies. 
However, if this is unavailable, considering closely related genomes is feasible due to their wide applicability and 
low missing rate as alternatives. This study contributes to enrich the understanding of the impact of SNP 
acquisition when utilizing different reference genomes.   

The emergence of next-generation sequencing (NGS) techniques has 
profoundly influenced life science researches (McGinn and Gut, 2013; 
Gibbs, 2020; Uhlen and Quake, 2023), which can be sequenced with 
high-throughput, strong-scalability, low-cost and fast-speed (Hudson, 
2008). Against this background, various genome sequencing approaches 
have been invented to identify and genotype thousands of markers for 
genomic screening. Among these approaches, restriction site-associated 
DNA sequencing (RAD-seq) has emerged as a widely adopted method for 
single nucleotide polymorphism (SNP) discovery and genotyping, 
especially in the studies of non-model organisms (Davey et al., 2011; 

Andrews et al., 2016). A typical RAD-seq project involves several stages, 
including sample collection, DNA extraction, RAD library construction 
using restriction enzymes (REs) to determine the set of loci to be 
sequenced, analysis of the resulting short fragments, and eventually 
conducting analyses based on the acquired information (Baird et al., 
2008; Etter et al., 2011). Over the past decade, the proliferation of 
RAD-seq applications significantly propelled researches in ecological, 
evolutionary, and conservation genomics (Wagner et al., 2013; Pante 
et al., 2015; Orita et al., 2021; Hsu et al., 2022; Probowati et al., 2023), 
owing to the abundance of genetic markers identified and genotyped in a 
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single step. Additionally, many different RAD variations, such as 
ddRAD-seq (Peterson et al., 2012), 2bRAD-seq (Wang et al., 2012), GBS 
(Elshire et al., 2011), were developed based on the original RAD-seq 
methodology, aiming to offer improved strategies for specific sce-
narios, and these variations have been extensively applied in genetic 
diversity, phylogeny and biodiversity conservation (e.g., Mu et al., 2020; 
Duan et al., 2022; Probowati et al., 2023; Su et al., 2023; Zhao et al., 
2023) 

Meanwhile, multiple bioinformatic pipelines have been developed to 
process RAD-seq data and identify a vast number of SNPs. Among this, 
STACKS (Catchen et al., 2011, 2013) and ipyrad (Eaton and Overcast, 
2020) are extensively used bioinformatic pipelines for they can address 
both reference-based approach and de novo approach (i.e., without a 
reference genome). While STACKS is often employed for population 
genetics purposes, ipyrad is more commonly used for phylogenetic 
studies. This study mainly focuses on STACKS, which established pro-
tocols across several applications (Rochette and Catchen, 2017). This 
pipeline designed to assemble loci from short-read sequences derived 
from restriction enzyme-based protocols (Catchen et al., 2011, 2013). To 
date, as the advancements in whole genome sequencing assembly 
technology, an increasing number of species have successfully under-
gone whole genome assembly. As of January 2024, over 36,000 eu-
karyotes had been sequenced and cataloged in the NCBI database (NCBI 
2024). Although this constitutes only a fraction of the known eukaryotic 
species, it suggests a tenfold increase from the number reported in 2016 
(NCBI 2016). When a species lacks its own reference genome, alternative 
options like employing reference genomes from its related species (e.g., 
Paris et al., 2017; Shen et al., 2023) or utilizing a de novo approach (e.g., 
Su et al., 2023; Piwczyński et al., 2023) have become available for 
analysis. Both reference genome-based approach and de novo approach 
possess distinct advantages. Reference genomes play a pivotal role in 
distinguishing orthologous sites from paralogous sites and correct 
low-level sequencing errors in reads (Davey and Blaxter, 2010; Rubin 
et al., 2012). Simultaneously, reference genome-based approaches 
enable analyses with enhanced statistical power, such as sliding window 
analysis (e.g., Martin et al., 2013; Ruegg et al., 2014), making them 
more efficient in terms of time and computational resources compared 
to the de novo approach. Nevertheless, de novo methods have become 
prevalent in pan-genome studies (e.g., Wang et al., 2023; Kang et al., 
2023). When a single reference genome of a species cannot encompass 
all its genetic information, a de novo approach can be employed to 
assemble a pan-genome containing greater genetic diversity, enabling a 
more profound exploration of the species’ deep phylogenetic 
relationships. 

Amidst the rapid advancement of RAD-seq and its associated bio-
informatic pipelines, a myriad of evaluations concerning the RAD-seq 
method have emerged. These encompass performance analyses among 
various bioinformatic pipelines (Casanova et al., 2021) and comparisons 
between the de novo approach and reference-based approach (Torka-
maneh et al., 2016; Shafer et al., 2017; Dittberner et al., 2018; Casanova 
et al., 2021). Nonetheless, limited attention has been devoted in prior 
research to scrutinizing the impact of comparing the use of closely 
related species as the reference genome versus the species itself as the 
reference genome. Therefore, evaluating the advantages and limitations 
of these two strategies will offer some valuable insights for future 
researchers. 

To disentangle this pressing issue, we conducted SNP calling and 
selected several crucial parameters as filtering standards for this anal-
ysis. The RAD-seq data generated from 242 individuals of Engelhardia 
roxburghiana Wall. (= Alfaropsis Iljinsk.) (Stone, 2010) in 50 populations 
(Table S1), an evergreen tree with even-pinnate leaves, orange-red 
sprouts, dark-brown or black twigs, leaflets typically arranged in 3–5 
pairs, most of them having a short acuminate apex and the secondary 
leaflet veins are in 7 (5− 13) pairs (Meng et al., 2022a, b; Zhang et al., 
2020). Our discussion revolved around two strategies: employing a 
closely related species (i.e., Pterocarya stenoptera) as the reference 

genome, and utilizing the species itself (i.e., E. roxburghiana) as the 
reference genome (Both available at: https://cmb.bnu.edu.cn/juglans/). 
E. roxburghiana and P. stenoptera belong to different genera of Juglan-
daceae, and the two species are closely related species (Ding et al., 
2023). In terms of morphology, within the Juglandaceae family, fruits 
bearing fruit wings include Engelhardia, Pterocarya, and Cyclocarya. 
Additionally, Cyclocarya features one fruit wing surrounding the fruit, 
Pterocarya exhibits two fruit wings, while Engelhardia possesses three 
fruit wings (Lu et al., 1999). Therefore, we used the two species as 
reference genomes to explore the SNP calling in RAD-seq of 
E. roxburghiana. 

The number of high-quality SNPs remained was used as the evalua-
tion criteria. Initially, we extracted the total genomic DNA of all samples 
and send them to BGI (Shenzhen, Guangdong, China) for library con-
struction and sequencing. The resulting data remained with high- 
quality, ensuring its suitability for subsequent analyses (Table S2). 
STACKS was chosen to perform SNP calling, and reads were filtered for 
overall quality, demultiplexed, and trimmed to 120 bp. The reference 
genomes of P. stenoptera and E. roxburghiana were downloaded, and the 
average percentage of the RAD reads mapped to these reference ge-
nomes achieved 38.93% and 97.09%, respectively (Table S3). We 

Fig. 1. Overview of this study. The RAD-seq data obtained from a total of 242 
individuals of E. roxburghiana were analyzed using reference-based methods, 
including the methodology and filtering criteria (Minimum percentage of in-
dividuals in a pop ≥ 60%: -r 0.6; Maximum observed heterozygosity ≤ 0.7: 
–max-obs-het 0.7; First SNP/RAD locus selected: –write-single-snp; Biallelic 
SNPs: –biallelic-only; Minimum minor allele frequency ≥ 0.05: –maf 0.05; 
Maximum missing ≤ 0.5: –max-missing 0.5). 
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indexed the reference genomes, mapped the sequence reads to them, 
created loci by incorporating paired-end reads, and subsequently 
applied various filtering options (Fig. 1). 

After SNP calling and filtering (Supplementary Information: Exper-
imental Procedures), our study suggested that there are large differences 
in the number of SNPs when employing both reference-based strategies. 
Utilizing the species itself as the reference genome can generate high- 
quality SNPs that are an order of magnitude larger than that obtained 
by using a closely related one (Fig. 2A; Table S4). Notably, when 
comparing the individual and sites missing rates of the final SNPs ob-
tained through both methods, no significant differences were detected 
(Fig. 2B). In both scenarios, utilizing the species itself as the reference 
genome, in which results emerged as the optimal choice. SNPs contain a 
wealth of information, and they have proven to be one of the most 
abundant forms of genetic variation between individuals of a species 
(Ghosh et al., 2002). The huge discrepancy in the number of SNPs might 
suggest that a more substantial volume of valid, high-quality informa-
tion can be acquired using this species as a reference genome, because it 
can help to obtain more accurate and detailed downstream analysis 
results. Meanwhile, this discovery also indicated that utilizing closely 
related ones, despite results in fewer SNPs, the quality remains satis-
factory, making it a feasible option for numerous studies. 

A crucial conclusion of our research revealed a significant difference 
in SNP acquisition between both reference-based approaches, shedding 

light on the impact of sequence divergence in the reference genome. 
Compared to previous study that explored how the choice of reference 
genome affects the output of a bioinformatics pipeline (e.g., Bohling, 
2020), our study uniquely emphasizes the significance of employing the 
species itself as a reference genome and advocate for whole genome 
sequencing when the species lacks a specific reference genome. 
Although employing a closely related species as a reference genome 
fulfills the requirements for numerous studies (e.g., Paris et al., 2017; 
Shen et al., 2023), the number of SNPs obtained by the closely related 
one is significantly reduced compared to methods that used the species 
itself as a reference genome (Fig. 2; Table S4). Furthermore, the kinship 
of the reference genome to the subject of study should also be taken into 
consideration. Using reference genomes from more distantly related 
species has resulted in unrealistically low transition/transversion 
(Ts/Tv) ratios, suggesting an increase rate of miscalling (Shafer et al., 
2017). Therefore, given the decreasing cost of whole genome 
sequencing, our suggestion is to directly conduct whole genome 
sequencing for species lacking a specific reference genome, particularly 
those with smaller genomes. This approach allows for the acquisition of 
more valuable information and optimizes subsequent analyses. If a 
reference genome of a closely related species must be considered, our 
recommendation is to choose a genome that shares the closest rela-
tionship with the subject in studies. This approach minimizes miscalling 
issues and tends to yield satisfactory results. 

Fig. 2. The result of the number of retained SNPs, and the percentage of missing sites and individuals after all filtering steps. (A) The lg-transformed values of the 
number of SNPs from the initial to the final through filtering steps for different reference genomes (The blue color represents P. stenoptera as a reference genome, the 
orange color represents E. roxburghiana as the reference genome; r: –min-samples-per-pop 0.6; het: –max-obs-het 0.7; write: –write-single-snp; biallelic: –biallelic- 
only; maf: –maf 0.05; missing: –max-missing 0.5). (B) Boxplots displaying the percentage of missing sites and individual through the different reference genome (P: 
P. stenoptera as the reference genome; E: E. roxburghiana as the reference genome). 
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In short, our results obtained from the diverse strategies applying in 
STACKS showed that selected different reference-based approaches have 
a significant influence on the number of high-quality SNPs. After the 
comparison of both approaches, we derived a set of recommendations 
for RAD-seq analysis using STACKS. Employing the species itself as the 
reference genome emerges as the optimal choice for SNP calling using 
STACKS in analyses (Fig. 2; Table S4). Alternatively, when this approach 
is not feasible, using closely related ones are a good choice, while 
distantly related genomes should be avoided. The obvious discrepancy 
in numbers of SNPs following our conception from different reference 
genomes, really determines the different results. However, this study did 
not specifically explore the divergence between the two reference ge-
nomes due to differences in their assembly levels. The reference genome 
of E. roxburghiana is at the chromosome level, while the reference 
genome of P. stenoptera is at the scaffold level. Further investigations on 
this aspect will help us better understand how structure variants in the 
two genomes impact the number of SNPs acquired. 
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