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Rapid advances in DNA sequencing technologies made it cost-effective to get high-throughput genomic
sequence data. Applications in whole genome resequencing presented new approaches to investigate natural
variation and adaptation of species. The genus Populus in the Salicaceae family includes economically and
ecologically critical species that are dioecious, wind-pollinated, and predominantly distributed in river
ecosystems. Poplar serves as a model for the research on the evolutionary genomics of forest tree species.
In this study, we aimed to present an example of a comprehensive SNP calling pipeline, demonstrating its
application in elucidating genetic diversity and population structure from whole genome resequencing data.

The results discovered genetic variants from whole genome resequencing data of poplar species. The

DOI: 10.55848/jbst.2024.44

pipeline involved sequence preprocessing, alignment to the reference genome, and variant calling.

1. Introduction

Next-generation sequencing (NGS) technologies have
greatly transformed genomics by offering exceptional
possibilities for efficient and affordable sequencing of whole
genomes [1], [2]. The demand for NGS in scientific research has
significantly increased due to its capacity to rapidly and
precisely produce large quantities of genetic data. The increased
information because of numerous complete genome sequences
from thousands of species will revolutionize our comprehension
of the genetic diversity in natural populations. Whole genome
resequencing (WGR) is a process that involves sequencing the
complete genetic material of numerous individuals from a
certain species, and it is a highly effective method for studying
genetic variation throughout an entire genome [3]. The method
allows for a thorough identification of variations such as single
nucleotide polymorphisms (SNPs), insertions, deletions, and
other structural variants [4]. This detailed information is
beneficial for population genomics, where understanding
genetic diversity and structure both within and between
populations is crucial.

One of the most frequently used methods in whole
genome resequencing (WGR) is short-read sequencing, which
is also called short-read NGS, or second-generation sequencing.
It is a massive parallel sequencing method that allows for the
rapid and high-throughput sequencing of DNA. This approach
is highly efficient and cost-effective, making it a popular choice
for large-scale genomic studies. Additionally, short-read
sequencing provides high accuracy and coverage, which is

essential for detecting genetic variations and understanding
complex genomes.

The data obtained from short-read sequencing requires
comprehensive bioinformatics analysis to be effectively
utilized. Short-read sequencing generates massive amounts of
data that include millions of short DNA fragments. Advanced
bioinformatics tools and computational methods are used to
convert these raw sequences into useful biological
interpretations. These analyses involve quality control,
alignment to reference genome, and variant calling to identify
single nucleotide polymorphisms (SNPs), insertions, deletions,
and other structural variants.

Genus Populus in the Salicaceae family has economically
and ecologically critical key species that are dioecious, wind-
pollinated, and distributed especially in river ecosystems. This
genus is used as a model for research studies on the evolution
and ecological dynamics of forest tree species and tree form and
function research as well [5]. The members of the genus have a
crucial worldwide potential in producing industrial wood and
raw material. As well as wide phenotypic variation and
interspecies hybridization, according to the current adopted
classification, the genus is represented by 6 sections (Abaso,
Turanga, Leucoides, Aigeiros, Tacamahaca, and Populus)
having 29 species [6].

Populus trichocarpa Torrey and Grey, the black
cottonwood or western-balsam poplar, is a native North
American poplar in the Tacamahaca section. It is the first tree
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species whose genome is sequenced [5]. It is accepted as a
model tree species owing to its desirable biological
characteristics, such as relatively small genome size,
straightforward genetic transformation, the tendency of
vegetative propagation, quick responses to biotic and abiotic
stress, and shorter generation time compared to other forest tree
species [7]. Populus balsamifera L., balsam poplar, is another
species in the Tacamahaca section. These sister species, which
morphologically resemble, are quite different ecologically in the
way that they show adaptation to contrasting environmental
conditions. P. trichocarpa is distributed in a rather humid and
temperate range from northern California to southern Alaska
while P. balsamifera is a cold-tolerant boreal species whose
range extends from Alaska to Maine [8].

The goal of this paper is to provide a guideline for
researchers to gain an understanding of DNA sequencing
analysis. For this purpose, the whole genome resequencing of
poplar species was used. The whole genome resequencing data
of P. trichocarpa was used together with its widely distributed
relative P. balsamifera to perform a representative population
genomics analysis. The analyses performed for this study were
presented as an example guideline for SNP calling and an
example of population genomics. Sequence reads for the whole
project have been archived on NCBI (PRINA996882). The
detailed analysis of the project results was presented in Bolte et
al. [9].

2. Material And Method

2.1. DNA extraction and Sequencing

Vegetative branch cuttings were collected from 576 trees
from seven latitudinal transects in Populus trichocarpa and
Populus balsamifera distribution range (from 40°N to 65°N
and —100° W to —150° W). They were propagated in greenhouse
conditions. Young leaf tissue was sampled and DNA was
extracted from approximately 100 mg of leaf tissue using the
Qiagen plant DNeasy kit with a modified method [9].

Genomic DNA libraries were constructed at the Duke
University Center for Genomic and Computational Biology,
using an Illumina DNA Prep kit (Illumina Inc., San Diego,
USA). The whole-genome resequencing had been performed on
an Illumina NovaSeq 6000 instrument with the S4 flow cell in
2x150bp format.

2.2. Bioinformatics

All the analyses carried out on the Virginia Tech
Advanced Research Computing systems (ARC). ARC is a high-
performance computing (HPC) resource and service for
Virginia Tech researchers. It offers a variety of CPU, GPU, and
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high-throughput computing clusters (https://arc.vt.edu/). This is
basically a combination of computing power to obtain a greater
performance than a typical desktop or workstation. HPC uses
clusters of powerful processors, which are working in parallel,
for big datasets and tries to solve complex problems at
extremely high speeds.

2.2.1. DNA Sequencing Pipeline

After sequencing, first analysis is typically conducted by
the instrument's software immediately. This process includes
base-calling for each clonally amplified DNA fragment. During
this phase, quality control steps, such as read filtering and
trimming, are also performed. Sequence data is recorded along
with the quality scores (Phred values) and the result is a FASTQ
format (Fig. 1).

As the first phase of the study, it was aimed to discover
the variants in the results of whole genome resequencing for the
samples. This includes a hierarchical pipeline for the SNP
discovery consisting of stepwise analysis of Next Generation
Sequencing (NGS) data. The general view of the pipeline for the
SNP calling from fastq files is given in Fig. 2.

Sequence preprocessing was done with a custom pipeline
for de-indexing, QC (Quality Control), and trimming adapter
sequences. The resulting fastq files were aligned to the reference
genome (Ptrichocarpa_533_v4.0.fa.gz, in Phytozome database)
using  Burrows-Wheeler  Aligner (BWA-MEM). A
representative script for this reference genome alignment is
given in Fig. 3. This is also an example of a slurm script used to
submit a job to an HPC cluster. All the analyses done in this
study were submitted as a slurm job to the cluster. Slurm is a
cluster management and job scheduling system (for details see
webpage of slurm workload manager).

The resulting SAM files were converted to BAM format
with Samtools (Fig. 4)[10], [11]. Samtools is a software dealing
with high-throughput sequencing data. SAM stands for
Sequence Alignment/Map. It is a human-readable text format to
store alignment data in a series of tab-delimited ASCII columns.
It is then converted into BAM, which is SAM file’s binary
equivalent and stands for Binary Alignment/Map. BAM files
are compressed versions and are not human-readable. After
reference genome alignment, the resulting BAM files should be
sorted according to the physical location of the sequences and
then indexed. This indexing could be thought of as an index of
a book. The subsequent genotyping tools in the pipeline should
have info on the positions of the sequences in the BAM file so
that they can call the genotypic variants present in the files. The
BAI format created after indexing is the indexed form of BAM
files. This sorting and indexing are done with Samtools.

T

Unique read names (magchine_id:lane;flowcell_grid_coordinates end_number:failed_qge:0;barcode)

| EARAZ201R:397 :HIWNMDSX2:1:1101:15067:1438 1:N:0:CCTCTACATG+AGGAGGTATC |

Read

sequence TACCAGAAAAATCCCAATAAATTTCTTGGATTATTA

ATCCTTACCGTATATTCACAATGTTAACAACTATACATACAATACTCAACCCCAAATTGTTAAATTGGAGAAAAT TACACTAGCTTCGATCAATGCAACAACAAGAAAAAATGAT

Ascii-encoded base quality scores for read 1

FFEF, FFFF,FEF:FF, (FFF, ,FFFiFFFEFEEE

+
F:FFF:FF,FFFFFFFFF:F,F, :F:FFF:FF:, F:FFFF::FFFFFFF:

:F,FFF,,iFFF:FF:F,FF::FF:FFFF:FF:, ::F FF, F, FFFF, :FFF:FFFFF:FFF,

Fig. 1 An example of fastq file format.
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Pipeline for DNA-Seq SNP calling

Fastq file

bwa mem

Align to
reference
genome

Sort the BAM & Index

/gMark Duplicates

Samtools
Add Read Groups 1.HaplotypeCaller
GATK tools Gcf file/sample
Convert to BAM
2.GenotypeGVCFs

Picard/MarkDuplicates

Picard/AddOrReplaceReadGroups

Variant calling

Fig. 2 The pipeline for SNP calling with whole-genome resequencing data.

#!/bin/bash

clusters

ID="Ptri"

SM="Sample"

LB="Lib1"

PU="unit1"

PL="ILLUMINA"
PROJ_PATH="/projects/jahl_lab/cigdem"

R1="/projects/jahl_lab/cigdem/results/Ptri@1_R1.fastq"
R2="/projects/jahl_lab/cigdem/results/Ptri@l_R2.fastq"

export PATH=SPATH

bwa mem -R 'GORG\tID:SID\tSM:SSM\tLB:SLB\tPU:SPUNEPL: '

Slurm commands: slurm is an open source cluster
management and job scheduling system for Linux

IND="/projects/jahl_lab/cigdem/poplar_genome_jason/Ptrichocarpa_533_v4.@8.fa"

cd /projects/intro2gds/IndividualFolder/cigdem/software/bwa-8.7.17
:!projsctshahl labfcwdem!suftwarefbwa—a.7.17
-t 16 ${

IND: S{R1} S{R2} > S{PROJ_PATH!/results/Ptri@1_RG.sam

Fig. 3 A representative BWA-MEM slurm script for the reference genome alignment of paired-end sequencing fastq files for an

individual.

Polymorphisms (SNPs and INDELs) were called using the
Genome Analysis Toolkit (GATK) HaplotypeCaller algorithm
[12], [13], with the resulting VCF file filtered to yield a final
high-quality dataset. The scripts for the following analysis were
presented in Fig. 5. The duplicates generated during the library
construction or sequencing [14] were removed by
MarkDuplicates (Picard), which is a Genome Analysis Tool Kit
(GATK) tool used to determine the duplicates and to remove

them if needed [15]. The call of SNPs in the BAM files was
done with the HaplotypeCaller, one of the GATK tools [16]. All
HaplotypeCaller GVCF files were combined with another
GATK tool, CombineGVCFs [17]. As a last step in the SNP
calls is the genotyping of the samples pre-called with
HaplotypeCaller. This is performed by GenotypeGVCFs,
another tool from GATK [18]. The bash script for this step is
shown in Fig. 6.
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As a result of this step in the pipeline, a VCF file was obtained.
VCF stands for Variant Call Format, and it is a tab-delimited
text file used to store genetic variation in sequencing results
[19]. It contains a header consisting of information on the
organism, genome build version, etc., as well as definitions of
the annotations used in the VVCF file. After the header, each line
represents a single variant with columns including variant
information describing SNPs, indels, and other variation types
as well (fig 7).
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The resulting the vcf file in this study includes P. trichocarpa
(interior and coastal populations), P. balsamifera, Populus
angustifolia, Populus deltoides and hybrids of these in the
contact zones. This mixed-species data set was first subsetted to
10,000 random SNPs using the awk program in bash scripting
for the ease of computation in downstream analyses as will be
presented as an example pipeline.

#!/bin/ba s!'l

#bwa-mem alignment({just for 1
ID="Ptr1"

SM="Sample”

LB="Lib1"

PU="unit1"

PL="LLLUMINA®
PROJ_PATH="/projects/jahl_lab/cigdem"

%

individual)

bwa mem -R '@RGA\tID:SIDVtSM:ESMALLE:S
S{IND} S{R1} ${R2}
#samtools convert to bam file

module load SAMtools/1.11-GCC-186.2.0
cd fprojects/jahl_lab/cigdem/results
samtools view -5 -b Ptri@l_RG.sam

#samtools sorting the alignment
module load SAMtools/1.11-GCC-16.2.90
cd /projects/jahl_lab/cigdem/results

#samtools indexing bam files
module load SAMtools/1.11-GCC-16.2.9
cd /projects/jahl_lab/ecigdem/results

IND="/projects/jahl_lab/cigdem/poplar_genome_jason/Ptrichocarpa_533_v&.8.fa"
Rl="/projects/jahl_lab/cigdem/results/Ptri@l1_R1,fastqg"
R2="/projects/jahl_lab/cigdem/results/Ptri@l_R2.fastqg"

cd /projects/intro2gds/IndividualFolder/cigdem/software/bwa=6.7.17
export PATH=SFATH:/projects/jahl_lazb/cigdem/software/bwa-9.7.17

B\tPU:SPUNtPL:SPL'
» S{PROJ_PATH!/results/Ptridl_RG.sam

Ptridl_RG.bam

samtools sort Ptri@l_RG.bam -o Ptri®l RG_sorted.bam

samtools index Ptri®l_RG_sorted.bam Ptri®1_RG_sorted.bai

-t 16 \

Fig. 4 The bash scripts of the variant calling pipeline for 1 individual, including alignment, bam file conversion and indexing.

2.2.2. Population genomics with R

For the partial population genomics analysis, the VCF
file was read with the vcfR package. The format of the R object
was converted to different data structures that are compatible
with different packages for population genomics analyses. The
summary statistics and genetic differentiation were calculated
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with the hierfstat package in R [20]. To screen the genetic
differentiation between species’ populations, Fst values were
compared among species with the hierfstat package. To infer
population structure by determining the number of clusters, a
multivariate method, Discriminant Analysis of Principal
Components (DAPC), was used without prior knowledge of the
structuring [21] with the adegenet package in R [22].
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#picard marking duplicates
moedule leoad picard/2.21.6-Java-11
cd fprojects/jahl_labfcigdem/results

java =Xmx2g =XX:ParallelGCThreads=5 -jar SEBROOTPICARD/picard.jar MarkDuplicates \
INPUT=Ptri®l_RG_sorted.bam \
QUTPUT=Ptri@l RG_sorted mardup.bam \
METRICS_FILE=Ptr181_mardup_metrics.txt \
ASSUME_SORTED=True

#samtools indexing again after marking duplicates

module load SAMtools/1.11-GCC-1@.2.8

cd /projects/jahl_lab/cigdem/results

samtools index PtriBl1_RG_sorted_mardup.bam Ptri®@l_RG_sorted_mardup.bai

#gatk haplotype calling-getting gvcf files (only for 1 file, otherwise use parallel)
PROJ_PATH="/projects/jahl_lab/cigdem"
REF="/projects/jahil_lab/cigdem/poplar_genome_jason/Ptrichocarpa_533_v4.0.fa"
BAM="/projects/jahl_lab/cigdem/results/Ptri®l_RG_sorted_mardup.bam"

export PATH="/projects/jahl_lab/cigdem/software/gatk-4.2.6.1/:3PATH"

gatk --java—options "-Xmx5g —-XX:+UseParallelGC" HaplotypeCaller %
-R Z{REF} \
-1 Z{BAM} 1\
-0 Z{PROJ_PATH!}/results/Ptri@l_variants.g.vcf \
=ERC GVCF

#gatk combining gvcf files(needed if >1 individuals)
PROJ_PATH="/projects/jahl_lab/cigdem"
REF="/projects/jahl_lab/cigdem/poplar_genome_jason/Ptrichocarpa_533_v4.8.fa"
GVCF="/projects/jahl_lab/cigdem/results/Ptrifl_variants.g.vcf"

export PATH="/projects/jahl_lab/cigdem/software/gatk-4.2.6.1/:18PATH"

gatk ——java-options "-Xmx7g" CombineGVCFs \
-R SREF \
-V SGVCF Y
-0 SPROJ_PATHfresults/cohort_Ptriel_variants.g.vef.gz

Fig. 5 The bash scripts of the variant calling pipeline for 1 individual, including marking duplicates, calling variants and creating
a combined gvcf file.

#gatk genotyping gvefs—getting vef files
PROJ_PATH="/projects/jahl_lab/cigdem"
REF="/projects/jahl_lab/cigdem/poplar_genome_jason/Ptrichocarpa_533_v4.8.fa"
CGVCF="/projects/jahl_lab/cigdem/results/cohort_Ptri®l_variants.g.vcf.gz"

export PATH="/projects/jahl_lab/cigdem/software/gatk—4.2.6.1/:SPATH"

gatk —java-options "-¥mx7g" GenotypeGWCFs \
-R SREF \
=V SCGVCF\
-0 SPROJ_PATH/results/Ptri®l_variants.vcf.gz

Fig. 6 The bash script of genotyping the combined gvcf files for all samples to obtain a vcf file.

3. Results and Discussion population including Populus angustifolia and Populus
deltoides) and their possible hybrids.

Accordmg 0 admlxt'ure a.nfalysm (date.x not showr?), there Estimating heterozygosity is one of the ways that provides
were four genetic clusters identified. Thus, in the remainder of insights into the genetic diversity within and between

this paper, the results will be discussed on four taxa (P. populations. Heterozygosity, defined as the proportion of

balsamifera, interior P. trichocarpa, coastal P. trichocarpa, a individuals in a population that are heterozygous at a given
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Example

( ##fileformat=VCFv4.0
##fileDate=20100707
##source=VCFtools
##reference=NCBI36

VCF header
-

##ALT=<ID=DEL,Description="Deletion">
##INFO=<ID=SVTYPE ,Number=1, Type=String,Descripti

##FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genot
##FORMAT=<ID=GL, Number=3, Type=Float,Description="Likelj

##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Alle

="Type of structural variant">

##INFO=<ID=END,Number=1, Type=Integer,Description="End position of the variant"> 3.
\ #CHROM POS ID ~ REF ALT  QUAL FILTER INFO FORMAT  SAMPLE1 SAM%E/ Rederance aRwes (C120)
=y [k 1 ACG_ A,AT PASS 3 GT:DP 1/2:13 0/0729
8 1 2 rsl T,CT PASS H2; AA=T GT:GQ 0]1:100 2/2:J0
o 1 D A G 'ASS 5 GT:GQ 10:77 1/1:9
1 100 T <DEL> P, SVTYPE=DEL ; END=3060 GT:GQ:DF‘/&/I:IZS 0/0:20 Alternate alleles (GT>0 is
an index to the ALT column)
Deletion SNP insertion Oxhas svent Phased data (G and C above
Large SV are on the same chromosome)

Mandatory header lines

Optional header lines (meta-data

about the annotations in the VCF body)

Fig. 7 An example of a vcf file format. Reprinted from [19].

Poplar
0.5
0.4
=
= 0.3
[=]
[=]
b=
o]
e
k3]
@
T 0.2
0.1
0.0
> & oF R & &
o o o & ; ©°
Population

Fig. 8 The histogram of Ho (observed heterozygosity) and He (expected heterozygosity) values for each taxon. (c_tri: coastal P.
trichocarpa, i_tri: interior P. trichocarpa, bal: P. balsamifera, del_ang: P.deltoides and P.angustifolia, th_hy: P. trichocarpa x

balsamifera hybrids, datb_hy: possible hybrids of all species).

locus, serves as an indicator of genetic variation. Barplots of the
distribution of observed and expected heterozygosity for each
group was given in Fig. 8. The greatest heterozygosity values
were observed for P. deltoides and P. angustifolia group,
indicating substantial genetic variation. P. balsamifera
exhibited lowest heterozygosity compared to others. When we
compared interior and coastal P. trichocarpa, they showed a
comparable level of heterozygosity to their hybrids with P.
balsamifera. Hybrid populations typically show increased
heterozygosity compared to their parental populations because
they inherit diverse genetic material from both parent species.
However, backcrosses to their parent species can reduce
heterozygosity.

Fst is a measure of population differentiation based on
genetic structure. As the value of Fst decreases, the
differentiation between the populations scales down. The Fsrt
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values ranged between 0.047 and 0.467 (Fig. 9). It was shown
that the most differentiated populations are interior P.
trichocarpa and P. deltoides and P. angustifolia group as
expected because their distribution range is distant than the
others. On the other hand, the least differentiated ones are
coastal P. trichocarpa and P. balsamifera. It was intriguing that
the hybrids of P. trichocarpa and P. balsamifera are more
differentiated from the interior P. trichocarpa population. The
more maritime climate on the western side of the Rocky
Mountains in the contact zone of the two species favors P.
trichocarpa but interior P. trichocarpa populations have a
southern, interior distribution. Thus there could be a geographic
isolation reducing the gene flow from interior P. trichocarpa
populations and together with the genetic drift, this would allow
for greater differentiation as the hybrids continue to accumulate
genetic differences.
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It is suggested to use model-free methods like DAPC as a
more convenient approach for populations that are clonal or
partially clonal [21]. DAPC is particularly advantageous
because it does not rely on assumptions about Hardy-Weinberg
equilibrium or linkage equilibrium. In this approach, basically,
variance in the samples is partitioned into a between-group and
within-group component. This maximizes discrimination
between groups. DAPC transforms data using a principal
components analysis (PCA) and then it determines the clusters
by using discriminant analysis (DA). The resulting DAPC plot
is shown in Fig 10.

0.067
0.25 0.116
0.215 0.047 0.049
T ! !
i_tri bal tb_hy
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Axis 1 (47.9% of the variance) captured the majority of
the genetic differentiation. P. deltoides and P. angustifolia
group is significantly separated from all other clusters,
indicating it is genetically distinct. Possible hybrids of all
species are well-separated from other hybrids and P.
trichocarpa and P. balsamifera, indicating distinct genetic
differentiation. The overlap between P. trichocarpa x
balsamifera hybrids and coastal and interior P. trichocarpa
suggested close relation as expected.

0.149 -datb_hy

datb_hy del_ang

Fig. 9 Pairwise Fst heatmap. (c_tri: coastal P. trichocarpa, i_tri: interior P. trichocarpa, bal: P. balsamifera, del_ang: P.deltoides
and P.angustifolia, tb_hy: P. trichocarpa x balsamifera hybrids, datb_hy: possible hybrids of all species).

Poplar DAPC

5 4
© 0
o
e
(]
Z

_51

-0
10+ _ , i
-30 -20 -10 0

Axis 1 (47.9 %)

Fig. 10 DAPC plot of Poplar populations. (c_tri: coastal P. trichocarpa, i_tri: interior P. trichocarpa, bal: P. balsamifera, del_ang:
P.deltoides and P.angustifolia, th_hy: P. trichocarpa x balsamifera hybrids, datb_hy: possible hybrids of all species).
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4. Conclusion

In summary, this study presented an example pipeline of
SNP calling for a population genomics study. The advancement
in next-generation sequencing leads to increase in whole-
genome resequencing studies, which in turn enables generating
high-throughput genomics data. Efficient and effective
sequencing data analysis requires a straight-forward approach,
and the pipelines should include appropriate software. Although
there exists several tools and platforms for genomic analysis
pipelines, knowledge of the steps in the bioinformatics has great
importance in genomics studies.
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