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Abstract: Plant variety/genotype identification has many applications in establishing the identity of
plants including protection of intellectual property rights. The variety may be important for
operational reasons based on field performance or post-harvest processing. Genome sequencing
methods have improved and become more feasible for use, making examination of the whole
genome, which provides all possible information on the genotype, the ultimate way to distinguish
plant varieties. Here, we present a standard protocol that could be used to identify a genotype of any
plant species of interest from whole genome sequence data. The method was tested by application to
the distinction of 41 varieties of tetraploid blueberry (Vaccinium Corymbosum L.). Using minimum
mapping-coverage threshold, stringent variant filters and accurately identifying and excluding data-
noise resulted in the generation of high confidence homozygous SNP uniquely shared between an
unknown and a reference for utility in variety identification. The approach used aimed to minimize
the impact of sequencing errors and coincident sequencing of only one allele of any heterozygous
base. Adoption of a standard protocol and the establishment of sequence databases for all varieties
of important plant species will be required to provide reliable variety identification in critical
industrial or legal applications.

Keywords: plant genotyping; whole genome sequencing; variety identification

1. Introduction

Plant variety identification is central to the protection /preservation of plant varieties and the
policing of the intellectual property rights of plant breeders [1]. Plant variety identification may also
be important in the marketing of agricultural and food products and the testing of the purity of foods
[2]. Biosecurity and food safety issues may also require the determination of the varietal identity of
plants. Plant genotyping has been conducted using a range of molecular tools that measure specific
genetic loci [3,4]. Plant species have been widely distinguished by analysis of ribosomal genes [5].
Early genotype/variety-specific makers were based upon arbitrary primer PCR methods,
microsatellite or short sequence repeat (SSR) analysis [6]. Single nucleotide polymorphism (SNP)
represents a nucleotide change at a specific position in the genome sequence [7,8]. Advances in DNA
sequencing methods have resulted in the widespread use of SNP analysis in plant identification
[9,10]. Many techniques for SNP discovery have been used [4,11-16]. However, improvements in
DNA sequencing technology have resulted in a convergence of DNA sequencing and genotyping
approaches [2,15]. SNP analysis of the entire plant genome sequence enables the distinction of
genotypes that vary by as little as a single nucleotide. Next generation sequencing allows detection
of point mutations in plants that may be associated with useful phenotypes. Continuing advances in
DNA sequencing have made the sequencing of the whole genome increasingly more cost effective
[4,15,17,18].
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Here, using short read sequence data from 41 blueberry varieties, we present a standard protocol
for routine high-confidence SNP variant-based identification of plants for use in the distinction of
plant varieties.

2. Materials and Methods

2.1. Leaf Sample Collection

A total of fifty-seven sample collections, S01 to 557, (Table S1) of leaf tissue, each consisting of
20 to 25 leaves, were made from field-grown plants of 41 blueberry varieties (501 to S40 and S45) at
Mountain Blue Orchards, Tabulam NSW 2469, Australia. Leaf samples, collections S01 to S39, S40,
545 and S50, were used as Reference samples for variety identification analysis. Additionally, to
determine variation in “variant analysis” and factors affecting it, leaf sample collections S40 to S57,
from the two varieties Masena and Eureka, were used in replicate analysis comprising technical and
biological replicates. Technical replicate analysis was based upon one technical replicate library (Tec-
rep) preparation from each of five replicate leaf collections from the same plant (P1L1 to P1L5) and
labelled as “/P1/L1 to P1/L5” each for the variety Masena with library #s B40 to B44 and Eureka with
library #s B45 to B49. Biological replicate analysis was conducted for three biological-replicate library
(Biol, Bio2 and Bio3) preparations, where each of the library preparations was prepared from
replicate leaf collections one each from five plants (P1L1 to P5L1) and labelled as “/P1/L1/” to
“/P5/L1/” each for the variety Masena with Biol library consisting of B40, B50 to B53, Bio2 consisting
of B58 to B62, and Bio3 consisting of B68 to B72 and for Eureka with Biol library consisting of B45,
B54 to B57, Bio2 consisting of B63 to B67 and Bio3 consisting of B73 to B77 (Table S1).

After harvesting, leaf samples were immediately secured in labelled perforated cellophane bags,
within 2 minutes snap-frozen in the field by emersion in liquid nitrogen and then transferred covered
with dry-ice for the duration of transport until storage in a -800C freezer in the laboratory. Frozen
leaf samples stored at -80°C were first coarse pulverized under liquid nitrogen using a mortar and
pestle and either stored at -80°C or the containers containing the powder were placed on dry ice and
then finely pulverized under cryogenic conditions. For fine pulverization, the coarsely ground leaf
samples, contained in jars placed on dry ice, were transferred into a liquid-nitrogen-cooled steel
canister with a steel ball, ensuring no liquid nitrogen is contained in the steel canisters, and then
finely pulverized (25 frequency for 1 minute) using a Tissue Lyser II (Qiagen, USA). The finely
ground leaf powder was stored at -80°C until ready for DNA extraction.

2.2. Structuring of Samples for Varietal, Technical and Biological Library Preparation

Labelling of leaf sample #s with corresponding identification #s for genotype (G), blueberry
library (B), plant (P) and leaf (L) and overall sample codes (Table S1), is explained as follows. Leaf
samples S01 to S39 was treated as Reference (Ref) samples for variety analysis, their sequencing
libraries labelled as B0l to B39 respectively, and their overall sample codes identified as
“G#/5#B#/P1/L1/Ref-rep#1”. DNA extracted from Masena leaf sample 540 and Eureka leaf sample 545
was used correspondingly as Reference for variety analysis, as technical replicates and biological
replicates setl for “Variability in SNP Variant Analysis”, their corresponding sequencing libraries
labelled as B40 and B45 respectively and their overall sample codes identified as
“G#/S#/B#/P1/L1/Ref/Tec-repl/Biol-repl”. For variety analysis, samples S01 to S39, 545 (Eureka) and
S50 (Masena) were treated as variety Reference and sample S40 (Masena) was treated as the
Unknown (Unk) variety.

DNA extracted from leaf samples 540 to 544 and 545 to 549 was used as technical replicates for
“Variability in SNP Variant Analysis”, their corresponding sequencing libraries labelled as B40 to B44
and B45 to B49 respectively, and their overall sample codes labelled as “G#/S#/B#/P1/L#/Tec-rep#”.
DNA extracted from leaf samples S50 to S57 was used as biological replicates set 1 for “Variability in
SNP Variant Analysis”, their corresponding sequencing libraries labelled as B50 to B57 respectively,
and their overall sample codes identified as “G#/S#/B#/P#/L1/Biol-rep#”.
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The same DNA extracted from leaf samples 540 and S45 of the variety Masena which was used
for variety analysis and also as technical replicates and biological replicates setl, was also used as
biological replicates set 2 and set 3 for “Variability in SNP Variant Analysis”, with their sequencing
libraries labelled as B58, B63 and B68, B73 respectively, and their sample codes identified as
“G#/S#/B#/P#/L1/Bio2-rep#” and “/G#/S#/B#/P#/L1/Bio3-rep#”, respectively. Similarly, the same DNA
extracted from leaf samples S50 to S57 used as biological replicates set-1, was also used as biological
replicates set-2 and as biological replicates set-3 with their corresponding sequencing libraries
labelled as B59 to B62, B64 to B67 and B69 to B72, B74 to B77 respectively, and their overall sample
codes identified as “G#/S#/B#/P#/L1/Bio2-rep#” and “G#/S#/B#/P#/L1/Bio3-rep#” respectively.

Libraries corresponding to samples used as Reference, Reference/technical replicate/biological
replicate setl, technical replicate, biological replicate set-1 and biological replicate set-2 were
sequenced in one lane while those corresponding to biological replicate set-3 were sequenced in a
separate lane.

2.3. DNA Extraction

The finely ground leaf samples were subjected to DNA extraction using an established method
[19]. Isolated DNA was dissolved in 100 pl of 10 mM Tris-HCL buffer pH 8.0. DNA quality was
assessed by measuring the absorbance ratios (A260/A280 optimal is 1.9 to 2.0 and A260/A230 optimal
is over 2.0) and absorbance profile using the Nanodrop Spectrophotometer (ThermoFisher Scientific,
USA). The isolated DNA was resolved on a gel to assess the level of DNA breakage (shearing), with
the DNA concentration and total amount assessed by comparing the brightness intensity of the
resolved DNA to that of known amount of resolved lambda DNA.

2.4. DNA Sequencing and Sequence Data Output

The extracted genomic DNA of all samples, used for variety analysis and variability in SNP
variant analysis, were subjected to the “Illumina DNA PCR-free Prep” indexed library preparation
and then subjected to short read Illumina sequencing at 150 bp paired end (PE) reads on the Illumina
NovaSeq X sequencing meachine (Illumina, San Diego, USA). Sixty-seven libraries, BO1 to B67,
corresponding to Reference, Reference/technical replicate/biological replicate setl, technical
replicate, biological replicate set-1 and biological replicate set-2 samples were sequenced across six
10B lanes. Ten libraries, B68 to B77, corresponding to biological replicate set-3 samples were
sequenced in one 10B lane. With sequence data (150bp PE reads) output range of 375 Gb/10B lane,
the expected raw sequence data yield per sample of above 33 Gb is equivalent to a coverage of above
55 times (X) of the blueberry monoploid genome size of 600 Mb.

2.5. Data Analysis

All data analysis was undertaken using the CLC Genomics Workbench software 24.0.1 (Qiagen,
USA).

2.6. Raw Sequence Data Processing and Data Output

Raw sequence data (150 bp PE reads) was trimmed for quality scores at quality limit of 0.01
resulting in over 99% of the trimmed data having an average PHRED score of over 34. Other
parameters for trimming were, trim ambiguous nucleotides is “Yes”; read-through adaptor trimming
is “Yes”; discard reads with length is “<50 and >1000 bases”.

2.7. Stage-M1: Optimisation of Read Mapping Parameters

In Stage-M1, the optimal combination of read length fraction (LF) and read similarity fraction
(SF), both basic mapping parameters, was identified. The tool “Map Reads to Reference” was used to
map PE trimmed Illumina reads to the diploid blueberry genome sequence (Vaccinium darrowii) as
a reference sequence. A read mapping titration was undertaken, involving four combinations of read
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length fraction/similarity fraction mapping parameters settings from the most to least stringent:
1.0/0.95, 1.0/0.9, 0.9/0.9, and 0.8/0.8. Read mapping parameters not changed were, Masking mode is
“No”; Mismatch score is “1”; Mismatch cost is “2”; insertion cost is “3”; deletion cost is “3”; non-
specific match handling is “map randomly”; Execution mode is “Standard” and Minimum seed
length is “15”. Genome sequence of Vaccinium darrowii (600Mb genome size) was downloaded from
NCBI on 19/10/2023 (GenBank GCA_020921065.1, USDA_Vadar_1.0_pri_genomic, Yu et al 2921).
This analysis was applied to five blueberry varieties (501/B01 to S05/B05) to check if the results
showed a similar trend, and if yes would obviate the need to subject the read mapping titration to all
samples.

2.8. Stage-M2: Use of Optimized Read Mapping Parameters and Correction of Mapped Reads

Stage-M2 involved using the optimized mapping length fraction and similarity fraction
parameters (identified from Stage-M1) and mapping the PE trimmed reads of each of the blueberry
samples to the reference genome sequence followed by four sequential steps (Step-1 to Step-4), using
as many analysis tools, to correct and improve the mapping of the reads mapped at Stage-M1. Stage-
M2-Step-1 involved using the tool “Remove Duplicate Mapped Reads” to remove any duplicate
reads in the read mapping file which can cause false inflation of the variant frequency leading to
inaccurate zygosity of the variant calls. Stage-M2-Step-2 involved using the tool “Extract Reads” to
remove broken reads mapped in the mapping file while retaining the PE mapped reads. Mapped
broken pairs reads can map to incorrect location on the reference genome sequence and may
contribute to erroneous variant calls. Stage-M2-Step-3 involved using the tool “InDels and Structural
Variants” to identify and list erroneously generated structural variants covering insertions, deletions,
inversions and tandem duplications in read mappings. Erroneously mapped reads can lead to
erroneously generated structural variant calls which in turn can cause erroneous variant calls. Hence,
this step identifies erroneously generated structural variants which can be used to correct the
mapping file from the preceding step. Stage-M2-Step-4 involved using the tool “Local Realignment”
to correct the read mapping file from Stage-M2-Step-2 at locations corresponding to the listed
erroneously generated structural variants identified at Stage-M2-Step-3. The process involves the use
of the structural variants identified in Stage-M2-Step-3 as a guide to locally realign the read mapped
in the read mapping file from Stage-M2-Step-2 to generate a corrected read mapping file referred to
as Locally Realigned (LR-) read mapping file. This LR-read mapping file is the one used to identify
variants with respect to the reference genome sequence.

2.9. Stage-V1: Optimisation of Variant Detection Parameters

In Stage-V1, the optimal combination of variant (allele) detection parameters, “Minimum
Frequency” (MF) and “Minimum Count” (MC) of the variant allele, was identified. A variant
detection titration was undertaken to detect variants, where the LR-read mapping files (Stage-M2-
Step-4) were subjected to the tool “Fixed Ploidy Variant” (FPV) detection involving six combinations
of MF/MC parameters, 50/5, 35/4, 30/3, 25/3, 20/3 and 15/3. Variant allele detection parameters not
changed were, Ploidy is “2” (to detect hyper allelic variants), Required variant probability (%) is
“90.0”, Ignore positions with coverage above is “100,000”, Ignore broken pairsis “Yes”, Ignore non-
specific matchesis “Reads”, Minimum mapped reads coverage is “10”, Base quality filter is “Yes”
(with settings within include: Neighborhood radius is “5”, Minimum central quality is “20”,
Minimum neighborhood quality is “15”) and Read direction filter is “Yes” (with settings within
include: Direction frequency (%) is “5.0”), Relative read direction filter is “Yes” (with settings within
include Significance (%) is “1.0”) and Read position filter is “Yes” (with Significance % is “1.0”). The
variants identified were filtered to identify homozygous single nucleotide polymorphisms (Hom-
SNPs) and heterozygous SNPs (Het-SNPs). Filter parameters for Hom-SNPs were, Typeis “SNVs”,
reference allele contains is “No”, Zygosity is “Homozygous”, Read coverage is “> 20”7, allele
frequency is “100%”. Filter parameters for Het-SNPs were, Type is “SNVs”, reference allele contains
“No”, Zygosity is “Heterozygous”, allele frequency is “> selected allele frequency and < (100 —
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selected allele frequency)”. Hence, Stage-V1 involved determining the optimal FPV detection
parameters to maximise the detection of Hom-SNPs and Het-SNPs followed by selecting those which
are high confidence SNP variants. This analysis was applied to the LR-read mapping file of the same
five blueberry varieties (501/B01 to S05/B05), generated at Stage-M1, to check if the variants identified
showed a similar trend across the five blueberry varieties, thus obviating the need to subject the FPV
titration to all samples.

2.10. Stage-V2: Use of Optimized Variant Detection Parameters on All Samples

Stage-V2 involved applying the optimized FPV detection MF and MC parameter to all blueberry
samples trimmed sequence files to identify Hom-SNPs and Het-SNPs. Variant allele detection
parameters not changed were the same as used in Stage-V1. The variants identified were filtered to
identify Hom-SNPs at minimum read coverage of 20 and allele frequency of 100% as outlined in
Stage-V1. The variants identified were also filtered to identify Het-SNPs.

2.11. Stage-V3: Paired Variant Comparison Analysis with the Unknown and a Reference Sample

The blueberry sequence data file and the Hom-SNPs file of Masena B40, corresponding to leaf
sample collection 540, sample library B40 and overall sample code of Masena/G10/540/B40/P1/L1/
Ref-rep#1/Tec-rep#1/Biol-rep#1 (Table S1), was treated as the Unknown (Unk) for the Paired Variant
Comparison (PVC) analysis. The Hom-SNPs files of all other blueberry samples, corresponding to
library #s BO1 to B39 and B45 were treated as Reference samples. The blueberry variety Masena used
as a Reference sample corresponded to leaf sample collection S-50, sample library B50 and overall
sample code Masena/G10/S50/B50/P2/L1/ Biol-rep#2 (Table S1).

At this stage, the Paired Variant Comparison analysis was undertaken pairwise using a pair of
Hom-SNPs files involving the Hom-SNPs file of the Unknown blueberry (Masena B40) and the Hom-
SNPs file of each of the blueberry Reference samples. The Paired Variant Comparison analysis
involved two steps. At Stage-V3-Step-1, the tool “Identify Shared Variants” was used to combine the
Hom-SNPs of the Unknown and a Reference sample, at a frequency threshold =0, (the Unknown and
a Reference sample) generating a Hom-SNPs-(Unk&Ref-B# PVC)-file of the Unknown and the
specific Reference sample used. At Stage-V3-Step-2, the Hom-SNPs-(Unké&Ref-B# PVC)-file, was
subjected to a filtering process to identify Hom-SNPs that are Common (shared) and Hom-SNPs that
are Not-common (not shared) between the pair of samples. All the Not-common Hom-SNPs should
be unique Hom-SNPs as they are identified by the variant identification process (Stage V2) to be
present in the mapped reads of one sample and not the other of the sample pair. However, several
mapping scenarios including the deficiency of mapped reads with desired depth, mis-mapped reads,
etc, may suggest that the Not-common Hom-SNPs are not all unique (Unique?) but instead consists
of a mixture of Truly Unique (True-Unique) Hom-SNPs and those which are Not-Truly Unique which
we refer to henceforth as Data noise (Data-noise) Hom-SNPs. From any of the Hom-SNPs-(Unk&Ref-
B# PVC)-file, the Common (shared) Hom-SNPs were identified using the filters: Sample count is “2”,
and the resulting file named as Com-Hom-SNPs-(Unk&Ref-B# PVC)-File. Likewise, From any of the
Hom-SNPs-(Unk&Ref-B# PVC)-file, the Not-common Hom-SNPs in each of the two samples, the
Unknown and the Reference sample used, were identified using the filters: Sample count is “1”,
frequency is “100”, and the Origin Tracks contain is “-40” for the Unknown sample and the B# used
for the Reference sample used. The resulting files with the Not-common-Hom-SNPs are named as,
(Unk)-Unique?=True-Unique&Data-noise-Hom-SNPs-(Unk&Ref-B# PVC)-File and the (Ref-B#)-
Unique?=True-Unique&Data-nnoise-Hom-SNPs-(Unk&Ref-B# PVC)-File, respectively.

2.12. Stage-V4: Subclassification of Not-Common (Unique?) Hom-SNPs Post PVC-Analysis

Actual mapping scenarios can be envisaged leading to the possibility that the Not-common
Hom-SNPs are not-all-Unique (Unique?), as they can contain both True-Unique and Data-noise Hom-
SNPs (Unique?=True-Unique&Data-noise Hom-SNPs). Two of the mapping scenarios lead to the
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identification of the True-Unique Hom-SNPs while three of the mapping scenarios lead to the
identification of the Data-noise Hom-SNPs. Hence, the Not-common Hom-SNPs in the
Unique?=True-Unique+Data-noise-Hom-SNPs-(Unk&Ref-B# PVC)-File and in the (Ref-B)-
Unique?=True-Unique+Data-noise-Hom-SNPs-(Unk&Ref-B# PVC)-File, were interrogated for the
five possible mapping scenarios to explain why the Not-common Hom-SNPs are called in one sample
and absent in the other and how many of these are True-Unique Hom-SNPs and Data-noise Hom-
SNPs.

The Not-common Hom-SNPs file of the Unknown and the corresponding LR mapping file of
the Reference sample, and vice versa, were analysed to define the nature and counts of nucleotides
in the mapped reads at positions corresponding to each of the Not-common Hom-SNPs. This analysis
is aimed to subclassify the Not-common Hom-SNPs into five sub-classes, corresponding to each of
the of the five possible mapping scenarios. The five subclasses of the mapping scenarios leading to
identification of the Not-common also referred to as Unique? Hom-SNPs fall within two groups,
corresponding to the “Data-noise” and the “TrueUnique” Hom-SNPs. The Data-noise-Hom-SNPs are
comprised of three subclasses of mapping scenarios abbreviated as Data-noise(*C), Data-noise(S1)
and Data-noise(S2). The TrueUnique Hom-SNPs are comprised of two subclasses of mapping
scenarios abbreviated as True-Unique(U1l) and True-Unique(U2). Abbreviation definitions with
respect to mapping scenarios are: Unique?=Data-noise(*C), the variant is not a Unique Hom-SNP as
the same Hom-SNP is also present in the other sample but this variant is not called by the variant
caller as the mapped read depth is > 20 but failure of other variant quality filters; Unique?=Data-
noise(S1), spuriously called as Unique Hom-SNPs typel as the same Hom-SNP is also present in the
other sample and hence is probably a common Hom-SNP, but this variant is not called by the variant
caller, due to failure of mapped reads depth and other variant quality filters or only of the variant
quality filters; Unique?=True-Unique(U1), True-Unique typel as the variant is also homozygous in
the other sample but this variant is not called by the variant caller as it is the same as the nucleotide
allele present in the genome reference sequence; Unique?= TrueUnique(U2), True-Unique type 2 as
variant is a Het-SNP in the other sample which is filtered away while selecting only for the Hom-
SNPs; Unique?= Data-noise(S2) indicating spuriously called Hom-SNPs type2, involving a couple of
scenarios, one where although the mapped reads satisfy the read mapping depth and all variant
quality filters, the variant called in the other sample is filtered away due to the variant call linked
with indels, and the other where there are no reads mapped resulting in no variant calls made by the
variant caller.

At this stage, the tool “Identify Known Mutations from Mapping” was conducted separately for
two pairs of input files, consisting of the Not-common Hom-SNPs file of one sample (example
Unknown B40) and the LR mapping file of the other sample (example Reference sample B45) and
vice versa. The “Identify Known Mutations from Mapping” was undertaken using the settings:
Detection frequency % is “50.0”, create summarized overview track is “Yes”, create individual variant
tracks is “Yes”, ignore broken pairs is “Yes”, ignore non-specific matches is “Yes”, and include
partially covering reads is “No”. The outcome of this analysis, for each pair of input files, are two
files each: the “Summarized Overview File” (file name corresponds to file name of the input Hom-
SNPs variant file) and the “Individual Variant Track file” (file name corresponds to the input name
of the LR mapping file). The two “Individual Variant Track file” files, one each of the Unknown and
the Reference sample, were subjected to filtering processes to identify the six subclasses of the Not-
common or Unique? Hom-SNPs.

Filters used: for the subclass Data-noise(*C) are undertaken in two steps: In Stage-V4-Data-noise-
Stepl, using filter: MFAA frequency is “<=10", results in intermediate-Stage-V4-Data-noise-Step1*C
file. Step2: Take the intermediate-Stage-V4-Data-noise-Step1*C file and using the filter: Coverage is
“>=20", results in the Data-noise(*C)-Hom-SNPs-(Unk&Ref PVC)-File which contains the Hom-SNPs
of subclass Data-noise(*C). To identify Unique? Hom-SNPs of subclass Data-noise(S1), the tool “Filter
against known variants” was used to deduct the subclass Data-noise(*C) Hom-SNPs present in the
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Data-noise(*C)-Hom-SNPs-(Unk&Ref PVC)-File, from the Hom-SNPs in the intermediate-Stage-V4-
Data-noise-Step1*C file.

Filters used: for the subclass True-Unique(U1) are: MFAA frequency is “>= 90", Coverage is “>=
20”7, and Most frequent alternative allele (MFAA) doesn't contain “-“. Filters used: for subclass True-
Unique(U2) are: MFAA frequency is “>10”, MFAA frequency is “<90”, Coverage is “>=10", MFAA
count is “>= 3", and Most frequent alternative allele (MFAA) doesn't contain “-”.

To identify Hom-SNPs in subclass Data-noise(S2), use the tool “Identify Shared Variants” at
Frequency threshold is “0” to combine the Hom-SNPs of class “Ture-Unique(U1)” and “True-
Unique(U2)”. Use the tool “Filter against known variants” to deduct the Hom-SNPs present in two
files, with subclass True-Unique(U1) and True-Unique(U2) and the Hom-SNPs in the intermediate-
Stage-V4-Data-noise-Step1*C file, from the Hom-SNPs in the “Individual Variant Track file”.

From this analysis, the number of Hom-SNPs within each subclass is obtained for both the Not-
common Hom-SNPs sample files used for the PVC-analysis. Once identified, the Unique? Hom-SNPs
of each subclass from both the files were added together.

2.13. Stage-V5: Combining PVC Hom-SNPs Files of All Unknown & Reference Pairs and Filtering to
Remove Data-Noise

At this Stage, a combined-PVC Hom-SNPs file is generated without or after filtering out the
data-noise.

The PVC-analysis derived Hom-SNPs files from each sample pair, the Unknown and each of the
forty-one Reference samples (the Unknown Blueberry B40 is common), were combined using the tool
“Identify Shared Variants” at Frequency threshold = zero, ensuring the Hom-SNPs across all the
sample pairs are included. The resulting file is labelled as Hom-SNPs-combined-41-Ref (all-Unk&Ref
PVC)-File or in short “File-A (Combined Hom-SNPs)”. Although this file can be used to identify
uniquely shared Hom-SNPs between the Unknown and any other of the Reference samples used, this
file contains Data-noise and Persisting-Data-noise which when filtered and its implication on the
accuracy of variety identification is explained below.

The Unique? Hom-SNPs from the PVC-analysis of each pair of Unk&Ref (Unknown is common),
contains data-noise of sub-classes Data-noise(*C), Data-noise(S1) and Data-noise(S2)”. The PVC and
Mutation-analysis generated Hom-SNPs files corresponding to Data-noise between the Unknown
and each of the forty-one Reference samples were combined to obtain the file labelled as Hom-SNPs-
Data-noise(*C&S1&S2)-in-combined-41-Ref (all-Unk&Ref PVC)-File or in short “File-B (Combined
Hom-SNPs Data-noise)”. The Unique? Hom-SNPs of subclasses True-Unique(Ul) and True-
Unique(U2), derived from the PVC-analysis of the same varieties (Unknown is same variety as the
Reference sample) are not True-Unique(U1 and U2) but are also data-Noise thus named Persisting-
Data-noise of sub-classes False-Unique(F1) and & False-Unique(F2). The PVC and Mutation-analysis
generated Hom-SNPs files corresponding to Persisting-Data-noise between the Unknown (Masena
B40) and the closest Reference sample match) were combined to obtain the file labelled as Hom-SNPs-
Persisting-Data-noise(F1&F2)-in-combined-41-Ref (all-Unk&Ref PVC)-File or in short “File-C
(Combined Hom-SNPs Persisting-Data-noise)”.

The File-A (Combined Hom-SNPs) (containing data-noise) was filtered to remove only the Hom-
SNPs corresponding to data-noise subclasses, Data-noise(*C), Data-noise(S1) and Data-noise(S2)
present in the file File-B (Combined Hom-SNPs Data-noise) to generate the file labelled as File-A
(Combined Hom-SNPs)-minus-File-B(Data-noise:*C,51&S2) or in short File-A (Combined Hom-
SNPs)-minus-File-B (Combined Hom-SNPs Data-noise) where File B contains Data-noise:*C,51&S2.

The File-A (Combined Hom-SNPs) (containing data-noise) was also filtered to remove all the
data-noise comprising of the Data-noise (*C, S1 & S2) and also the Persisting-Data-noise comprising
of False-Unique(F1& F2) to generate the file labelled as File-A (Combined Hom-SNPs)-minus-File-B
(Combined Hom-SNPs Data-noise) containing the Data-noise:*C,51&S2)-minus-File-C (Combined
Hom-SNPs Persisting-Data-noise) or in short File-A (Combined Hom-SNPs)-minus-(Data-
noise:*C,51&S2)-minus (Persisting-Data-noise: F1&F2).
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2.14. Stage-Ve6: Variety identification Using the Combined-PVC Hom-SNPs with/Without Data-Noise

The variety identification process was applied to all three combined Hom-SNPs-Combined-PVC
files generated in Stage-V5, “File-A (Combined Hom-SNPs)” or to File-A (Combined Hom-SNPs)-
minus-File-B(Data-noise:*C,51&S2) or to the File-A (Combined Hom-SNPs)-minus-File-B(Data-
noise:*C,51&S2)-minus- File-C (Combined Hom-SNPs Persisting-Data-noise:F1&F2) (Figure 3). The
Variety identification protocol, “Protocol 17, outlines the method development for variety
identification including the concept around identifying the Data-noise and the Persistent-data-noise
leading to variety identification. Variety Identification, “Alternate Protocol 2” and “Alternate
Protocol 3”, may also be implemented to confirm the same outcome as obtained from Variety
Identification: “Protocol 1” towards variety identification (Figure 3 and Figure 513).

The analysis relies on identifying Hom-SNPs uniquely shared between the Unknown sample
Masena B40 and any other Reference sample. For example, uniquely shared Hom-SNPs between the
Unknown sample (Masena B40) and the Masena Reference sample (B50) can be obtained by using
the filters: Sample count is “2”, Origin Tracks contains “-40”, and Origin Tracks contains “-50”.

3. Results

3.1. DNA Quality

The purity of the DNA, assessed by examining the absorbance ratios at A260/230 and A260/230
(Table S2), was found to be within the acceptable range for all but a few samples. DNA fragmentation
assessed by resolving the DNA on an agarose gel indicated the DNA to be mainly of high molecular
weight (Figure S1). These quality metrics were acceptable for all the DNA samples as they were
successfully sequenced on the Illumina sequencing platform to generate 150 bp paired end reads.

3.2. Consideration of Genome Coverage for Detecting High Confidence Homozygous SNPs

A heterozygous SNP (Het-SNP) position represented by two different nucleotides at a position
can be identified by a variant caller at read depth as low as two and where both nucleotides are
represented (assuming no errors in sequencing). However, the sequencing of DNA/library fragments
with these alleles is random and where a small number of DNA/library fragments are available to be
sequenced the same allele can by chance be sampled for sequencing each time leading to a false
assessment of homozygosity (Table 1). This means that a Het-SNP position can be erroneously called
a Homozygous SNP (Hom-SNP) where one of the two nucleotides is represented in all reads
(assuming no errors in sequencing). A higher read depth results in a lower probability of repeatedly
sequencing the same allele and leads to higher confidence variant calls. A high read mapping depth
was used to increase the probability of correctly identifying a Het-SNP and consequently not
erroneously identifying it to be a Hom-SNP.

Table 1. Numbers of false calls of homozygous differences due to chance sequencing of the same allele at a

heterozygous position in a diploid.

Sequence coverage

Genome size Heterozygosity
10X 20X 25X
1% 4,883 5 0
Small genome (500 Mbp)
3% 14,648 15 0
1% 19,531 19 1
Large genome (2 Gbp)
3% 58,593 57 2
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Identification of high confidence Hom-SNP calls relies on increasing the read mapping depth.
At aread mapping depth of one, there is a 100% probability of erroneously identifying a Het-SNP as
a Hom-SNP or a no-variant call made if the nucleotide allele is the same as in the reference genome
sequence, which progressively reduces with increasing read mapping depth (Table 2). At read
mapping depth of 2 reads or at 3 reads, the probability of erroneously identifying a Het-SNP as a
Hom-SNP reduces to 33.3% and 14.3% respectively (Table 2). Increasing the mapping read depth to
15, ensures a near 100% probability of correctly identifying a Het-SNP with 31 Het-SNP incorrectly
identified as Hom-SNPs / million Het-SNP sites (Table 3). Increasing the mapping read depth to 21,
ensures an effective 100% probability of correctly identifying a Het-SNP and with less than one Het-
SNP incorrectly identified as Hom-SNPs / million Het-SNP sites (Table 3). Conversely, a read
mapping depth of 21, also ensures a 100% probability of correctly identifying a Hom-SNP. Based on
this data, we sequenced the blueberry samples at a minimum expected raw data depth of 55X of the
monoploid genome size of 600 Mb, equating to 33 Gb, to achieve a minimum read mapping depth of
20X.

Table 2. Percentage probability of heterozygous SNPs erroneously called as homozygous SNP due to read

mapping-coverage and read mapping-scenarios.

Softw read
for SNP calls
Hetero- #ofread read mapping scenarios
& Hetero-  zygous - Correctly identified as ‘Wrongly identified as
Sample variant at SNP site Sequence reads mapped "3 gous  variant mapping
Reference varlnt o rlnt  wrongly Final outcome “OS"2N0S
allele call be per Not utilised ~ Utilised for
correctly identified € per million SNP per million SNP
for SNP calls  SNP calls SNP site T SNP site
detected identified as Homo- variant per per P pet o

site per site site.

zygous
SNP Scenario # Details # % # % # % # % # % # %

Wrong Call:

»
>
3
&
g
»
3
3
3

No detection
r 2 1 0 1 0 0 o0 0 0 1 100 1000000 100
A AT Yes No 2 1 T Yes no Yes | siongCall
Homozygous
A AT Yes No 1 2 ? Yes YeS no Erreeics
A AT Yes No 2 2 Z Yes YES no :2’:“““’
nElSrOnEols. 125 3 75 2 6667 666667 6667 1 3333 333333 3333
A A Yes No 3 2 A no no o [ecsCal
A No detection
T Wrong Call:
A AT Yes No 4 2 Yes no ves &=
T Homozygous
A
Correct call:
A AT Yes No 1 3 ;: yes yes ™ eterorygous
T Correct call:
A AT Yes No 2 3 : yes yes no e
A Correct call:
A AT Yes No 3 3 Z yes yes ™ eterorygous
A
Correct call:
A AT Yes No 4 3 I yes yes no Heterozygous
= 8 1 125 7 875 6 8571 857,143 8571 1 1429 142,857 1429
Correct call:
A AT Yes No s 3 Z yes yes ™ eterorygous
T Correct call:
A AT Yes No 6 3 ? yes yes no Heterozygous
A
Wrong Call:
A AT Yes No 7 3 : no no no |\ detection
T Wrong Call:
A A, Yes No 8 3 T es no 3 -
4 T v ¥ Homozygous
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Table 3. Optimal read mapping coverage to reduce the percentage probability of heterozygous SNPs

erroneously called as homozygous.

X . Software calls from read mapping scenarios utilised for SNP calls
R R read mapping scenarios per SNP
Sample variant at SNP site #ofread
. site and utility by variant caller " -
Reference Sequence mapping Correctly identified as Heterozygous SNPs identified as NPs
reads scenar ios
allele Hetero. Homo. Mapped perSNP per SNP site per million SNP sites per SNP site per million SNP sites
SNP ous ous site Not-Utilised Utilised
el # % # % # % # %
A AT Yes No 1 2 1 1 0 0.00 0 0.00 1 100.00 1,000,000 100.00
A AT Yes No 2 4 1 3 2 66.67 666,667 66.67 1 33.33 333,333 33.33
A AT Yes No 3 8 1 7 6 85.71 857,143 85.71 1 14.29 142,857 14.29
A AT Yes No 4 16 1 15 14 93.33 933,333 93.33 1 6.67 66,667 6.67
A AT Yes No 5 32 1 31 30 96.77 967,742 96.77 1 3.23 32,258 3.23
A AT Yes No 6 64 1 63 62 98.41 984,127 98.41 1 159 15,873 1.59
A A/T Yes No 7 128 1 127 126 99.21 992,126 99.21 1 0.79 7,874 0.79
A AT Yes No 8 256 1 255 254 99.61 996,078 99.61 1 0.39 3,922 0.39
A AT Yes No 9 512 1 511 510 99.80 998,043 99.80 1 0.20 1,957 0.20
A AT Yes No 10 1024 1 1023 1022 99.90 999,022 99.90 1 0.10 978 0.10
A AT Yes No 11 2048 1 2047 2046 99.95 999,511 99.95 1 0.05 489 0.05
A A/T Yes No 12 4096 1 4095 4094 99.98 999,756 99.98 1 0.02 244 0.02
A A/T Yes No 13 8192 1 8191 8190 99.99 999,878 99.99 1 0.01 122 0.01
A AT Yes No 14 16384 1 16383 16382 99.99 999,939 99.99 1 0.01 61 0.01
A AT Yes No 15 32768 1 32767 32766 100.00 999,969 100.00 1 0.00 31 0.00
A AT Yes No 16 65536 1 65535 65534 100.00 999,985 100.00 1 0.00 15 0.00
A AT Yes No 17 131072 1 131071 131070 100.00 999,992 100.00 1 0.00 8 0.00
A A/T Yes No 18 262144 1 262143 262142 100.00 999,996 100.00 1 0.00 4 0.00
A A/T Yes No 19 524288 1 524287 524286 100.00 999,998 100.00 1 0.00 2 0.00
A AT Yes No 20 1048576 1 1048575 1048574 100.00 999,999 100.00 1 0.00 1 0.00
A AT Yes No 21 2097152 1 2097151 2097150 100.00 1,000,000 100.00 1 0.00 ) 0.00
A AT Yes No 22 4194304 1 4194303 4194302 100.00 1,000,000 100.00 1 0.00 0 0.00
A AT Yes No 23 8388608 1 8388607 8388606 100.00 1,000,000 100.00 1 0.00 0 0.00
A A/T Yes No 24 16777216 1 16777215 16777214 100.00 1,000,000 100.00 1 0.00 ) 0.00
A AT Yes No 25 33554432 1 33554431 33554430 100.00 1,000,000 100.00 1 0.00 ) 0.00
A AT Yes No 26 67108864 1 67108863 67108862 100.00 1,000,000 100.00 1 0.00 0 0.00

3.3. Raw Sequence Data Quality and Size as Times Genome Size of 600 Mb

The quality of the raw sequence data was high with over 90% of the sequence reads having a
Phred quality score of above 30 (Table S3). The sequence data size of all samples, based on genome
size of 600 Mb (1X), obtained at a minimum of 32.4X (19.5 Gb) and a maximum of 83.84X (50.3 Gb) at
an average of 52.7X (31.6 Gb), was above the expected data size of 33 Gb (55X) for most samples. Post
trimming, more than 80% of the sequence data was recovered at an average Phred score of above 35
and was at a minimum of 26.8X (16.1 Gb) and a maximum of 70.8X (42.5 Gb) which for most samples
is above the expected data size of 33 Gb (55X) for most samples. The data size of the paired end
component of the trimmed data, important for variant calling, was at a minimum of 25.4X (15.2 Gb),
a maximum of 67.62X (40.6 Gb) and at an average of 42.1X (25.3 Gb), which is above the minimum
requirement of 20X (12 Gb) (Figure 52 and Table S3).

3.4. Optimal Read Mapping and Variant Calling Parameters

Titration of read mapping parameters, involving length and similarity fractions (LF and SF),
including the implementation of additional mapping filters, indicated the LF and SF each at 0.9 to be
the optimal settings (Figure S3, A to E and Table S4). The least number of PE reads mapped at 1.0 LF
and 0.95 SF, the most stringent mapping parameter, increased sharply to 1.0 LF and 0.9 SF and then
slightly at 0.9 LF and 0.9 SF. Further sharp increase at 0.8 LF and 0.8 SF may be due to reduced
mapping stringency and the cross-mapping of reads from other genomic locations thereby leading
to erroneous variants. Using the optimal mapping parameters of 0.9 LF and 0.9 SF, a titration of
variant calling parameters of minimum allele read count and allele frequency threshold was
undertaken at six settings. The number of Hom-SNPs identified was steady at all the settings (Figure
S3, Fto]). The number of Het-SNP identified, as expected were least at the combination of “minimum
allele read count / allele frequency” threshold, of 5/50 and steadily increased till the setting of 3/20
and a small increase thereafter at the last setting of 3/15. Hence, the optimal settings of “minimum
allele read count / allele frequency” threshold is 3/20 to identify the maximum number of Het-SNPs.
Based on the above information, the optimal mapping setting of 0.9 each for LF and SF and 5/50 for
minimum allele read count / allele frequency was selected to identify Hom-SNP variants.
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3.5. Mapping Coverage at Optimal Read Mapping Settings

Utilizing the optimal mapping setting of 0.9 each for LF and SF, the average read mapping
coverage excluding the regions with no mapped reads was found to be above the desired 20X for all
the blueberry samples except three of the Reference samples and two samples used for replication
analysis (Figure 1). The fraction of the reference genome sequence, with mapped reads was above
0.86 for all samples tested (Figure S4) indicating high coverage of the reference genome sequence
with mapped PE reads.
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Figure 1. Mapped paired end (PE) trimmed read data size as times genome size of 600Mb and as coverage depth
of blueberry samples.

3.6. ldentification of Variants

Het-SNPs were identified at a minimum read mapping coverage of 10, minor and major allele
frequence range of 20% to 80% respectively and at a minimum variant allele read count of 3. The
number of Het-SNPs ranged between 4.8 and 6.9 million (Figure S5A) and was strongly correlated
with the sequence data size used for the variant analysis (Figure S5B). Hom-SNPs were filtered at a
minimum read coverage of 20, at 100% allele frequency and at a minimum-variant read count of 5.
The number of Hom-SNPs ranged between 0.7 M and 2.1 M (Figure S5A) and strongly correlated
with the sequence data size used for the variant analysis (Figure S5C). Results also indicate that
increasing the sequence data size above 45X leads to diminishing returns in terms of sequencing cost
versus aiming to capture as many or all the Het-SNPs or Hom-SNPs present in the blueberry genome
of a specific sample (Figure S5B and S5C).

3.7. Variability in Hom-SNPs Identified Within Technical and Biological Replicate Samples

Two blueberry samples, Masena and Eureka, were selected for technical and biological
replication analysis. Technical replicates, P1L1 to P1L5, were represented as DNA extracted from five
leaf samples from a single plant (Table S1). Biological replicates, P1L1 to P5L1, corresponded to DNA
extracted from five leaf samples where each leaf sample was from a different plant (Table S1). The
same DNA sample was subjected to three biological libraries, where library 1 and Library 2 were
sequenced in the same lane while library 3 was sequenced in a separate lane. To assess variation in
Hom-SNPs between samples of a common library preparations, for each of the two samples for
replication analysis, pairwise variant comparison (PVC) analysis for Hom-SNPs was undertaken
between 10 pairs of the five technical library samples and likewise between the five samples each
within the three biological libraries. Similarly, to assess variation in Hom-SNPs between samples of
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different library preparations, for each of the two samples for replication analysis , PVC-analysis for
Hom-SNPs was undertaken between 5 pairs of the 5 samples each between the three biological
libraries.

The PVC-analysis between all the Masena samples and between all the Eureka samples
identified both Common Hom-SNPs and Not-common Hom-SNPs (Table 4). The Common Hom-
SNPs for Masena and Eureka technical library replicates samples were as high as 78.6% and 75.6%
respectively (Table 4, Figure S6A and Figure S7A), with an average of 73.6 +5D 4.9 and 70.2 +5D 4.1
respectively indicating low variation between each of the ten paired comparisons for both the
samples (Table S5 and Table S6). In addition, the PVA analysis between the Masena technical
replicate sample, Blueberry B41 and all other Masena technical replicate samples resulted in a
consistently lower number of Common Hom-SNPs (Figure S6A) resulting possibly from mapped PE
trimmed data size of under 20X (1X is 600 Mb) and a read mapping coverage under 25 (Figure 1).

Table 4. Percentage of Common and Not-common Hom-SNPs from PVC analysis of the two blueberry control

samples.
Details of PVC analysis Masena vs Masena controls Eureka vs Eureka controls
number of
Sample library used Samples Cantrol airwise Hom-SNPs Hom-SNPs
P oy Samples within bet"\:vpeen Sample # P ; )
comparisons
alibrary Highest Highest
libraries Average 1SD +SE Average SD 4SE
value s value
78.55 73.59 4.85 154 75.4 .. 4.14
Technical Library yes no 1to5 10 =61 7015 L L
32.79 26.41 4.85 1.54 38.99 29.84 4.14 131
Biological Library 1 yes o 1toS 10 79.24 70.28 4.05 128 82.57 65.63 10.60 3.35
35.42 29.72 4.05 1.28 51.67 34.35 10.61 3.36
- 72.08 62.40 5.83 184 76.51 67.54 5.02 159
Biological Library 2 yes no 1to5 10
44.72 37.60 5.83 1.84 38.37 32.46 5.02 159
Biological Library 3 yes no 1to5 10 8Lz 104 1886 5.9 7912 7241 456 T4
64.60 38.96 18.86 5.96 35.45 27.53 4.56 144
Biological Library 1and 2 o vas 1to5 5 73.20 64.98 7.42 3.32 75.48 63.91 6.89 3.08
42.91 35.02 7.42 3.32 41.67 36.09 6.89 3.08
78.97 65.38 12.44 5.!
Biological Library 1and 3 no yes 1to5 5 ES = 82.22 L) 812 363
52.45 34.62 12.44 5.56 37.92 28.07 8.12 3.63
Biological Library 2 and 3 = Yos 1toS 5 71.23 62.27 9.13 4.08 76.61 67.21 9.59 4.29
51.10 37.73 9.13 4.08 43.23 32.79 9.59 4.29
no s 1 3 78.97 73.05 5.13 2.96 73.93 64.72 8.60 4.96
v 30.10 26.95 5.13 2.96 43.08 35.28 8.60 4.96
no o5 2 3 57.09 5118 5.16 2.98 76.61 75.98 0.58 0.33
B 52.45 48.82 5.16 2.98 24.52 24.02 0.58 0.33
Biological Library no s 3 3 73.16 64.51 8.01 4.62 72.77 67.24 4.91 284
1&2,1&3,28&3 Y 42.65 35.49 8.01 4.62 36.61 32.76 4.91 2.84
no e 4 3 66.98 6129 4.93 2.85 82.25 65.78 14.28 825
¥ 41.72 38.71 4.93 2.85 43.23 34.22 14.28 825
6 - 5 3 73.20 7102 2.29 132 72.99 64.70 7.34 4.24
¥ 31.38 28.98 2.29 1.32 40.98 35.30 7.34 4.24

The trimmed paired-end (PE) reads were mapped to the genome sequence of Vaccinium darrowii
(NCBL Yue et al 2021) with optimised mapping settings and pipeline to address mis-mapping of PE
reads. The data size of the input PE reads for mapping shown as times (X) genome size of 600 Mb
was lower than 20X for some samples used as reference samples and used as technical and biological
replicates. However, the average read mapping coverage, excluding the regions with zero coverage,
was above 20X for all samples except three of the Reference samples and two samples
Masena/G10/S50/B59/P2/L1/Bio2-rep#2 and Masena/G10/S50/B69/P2/L1/Bio3-rep#2 wused for
replicate analysis. Two samples, within the technical replicate set, represented as yellow bars were
used for variety analysis, technical replicate analysis and biological replicate analysis. Average read-
mapped coverage from 20 is marked with a horizontal broken black line.

The Common Hom-SNPs for Masena and Eureka Biological Library 1 replicate samples were as
high as 79.2% and 82.6% respectively (Table 4, Figure S6B and Figure S7B), with an average of 70.3
15D 4.1 and 65.6 +SD 10.6 respectively indicating low variation between each of the ten comparisons
for the Masena but not the Eureka samples (Table S5 and Table S6). The PVC-analysis between the
Masena Biological library 1 sample Blueberry B52, to all other Masena library 1 replicate samples
resulted consistently in low numbers of Common Hom-SNPs (Figure S6B) while for the Eureka
sample it was Blueberry B57 (Figure S7B). Both the samples, Blueberry B52 and Blueberry B57 had
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mapped PE trimmed data size under 20X (1X is 600 Mb) and a read mapping coverage under and
just above 20 respectively (Figure 1).

The Common Hom-SNPs for Masena and Eureka Biological Library 2 replicates samples were
as high as 72.1% and 76.5% respectively (Table 4, Figure S6C and Figure S7C), with an average of 62.4
+SD 5.8 and 67.5 £SD 5.0 respectively indicating low variation between each of the ten comparisons
for the Masena and the Eureka samples (Table S5 and Table S6). The PVC-analysis between the
Masena Biological library 2 sample, Blueberry B59, to all other Masena library 2 replicate samples
resulted consistently in low numbers of Common Hom-SNPs (Figure S6C) while for the Eureka
sample set it was Blueberry B63 (Figure S7C). Both the samples, Blueberry B59 and Blueberry B63,
had mapped PE trimmed data size under 20X (1X is 600 Mb) and a read mapping coverage under 20
and 25 respectively (Figure 1).

The Common Hom-SNPs for Masena and Eureka Biological Library 3 replicates samples were
as high as 81.73% and 79.42% respectively (Table 4, Figure S6D and Figure S7D), with an average of
61.04 £SD 18.86 and 72.47 +SD 4.56 respectively indicating high variation between each of the ten
PVC-analysis for the Masena samples but low for the Eureka samples (Table S5 and Table S6). The
PVC-analysis between the Masena Biological library 3 sample, Blueberry B69, to all other Masena
Biological library 3 replicate samples resulted consistently in low numbers of Common Hom-SNPs
(Figure S6D) and this sample had mapped PE trimmed data size under 20X (1Xis 600 Mb) and a read
mapping coverage below 20 (Figure 1).

These results indicate that a mapped read data size below 20X (1X is 600 Mb) and specially read
mapping depth below 20 can impact on maximizing the capture of SNP variants using NGS data. In
a few of the samples used for replication analysis, the Hom-SNPs, at best ranging from 20% to 40%
and worst at 60%, are captured as Not-common in the pairwise analysis of the same variety indicating
not all the Hom-SNPs are captured consistently between the replicates (Table 4).

3.8. Variability in PVC-Analysis Generated Hom-SNPs Between Biological Replicates

Within each of the three biological libraries, each of the five Masena samples were compared
pairwise for common Hom-SNPs, and likewise undertaken also for the Eureka samples biological
libraries (Figure S6 E to G and Figure S7 E to G). For the Masena and Eureka samples, the Common
Hom-SNPs from the PVC-analysis showed more variation for the samples within the biological
replicate library 3 and biological replicate library 1, respectively, than from samples within the other
two biological replicate libraries or from the technical replicate library (Table S5 and Table S6).
Comparison of sample 1 to 5 for Common Hom-SNPs between biological libraries (Library 1, 2 and
3) for the Masena and Eureka sample set, showed more variation for Masena sample 3 and Eureka
sample 4 (Table S5 and Table S6).

3.9. Common and Not-Common Hom-SNPs Between Masena and Between Masena and Eureka Samples

PVC-analysis between two of the same blueberry variety, Masena samples B40 and B50
(biological replicates), identified 70.5% as Common Hom-SNPs and 29.5% Not-common Hom-SNPs
(Figure 2A). Similar results were obtained from the analysis between all the Masena samples (all 55
combinations of Masena sample B40 within technical replicates, within the biological replicates and
between biological replicates) where 66.1% (average) were Common Hom-SNPs and 36.5% (average)
Not-common Hom-SNPs (Figure S8). Likewise, similar results were also obtained from PVC-analysis
between all the Eureka samples, (all 55 combinations of Eureka sample B45 within technical
replicates, within the biological replicates and between biological replicates) where 68.6% were
Common Hom-SNPs and 32.1% Not-common Hom-SNPs (Figure S8).
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Figure 2. PVC analysis between blueberry samples to identify Common, Not-common or Unique? and sub-

classes of Not-common Hom-SNPs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1158.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2025 d0i:10.20944/preprints202505.1158.

15 of 27

Variety Identification: Protocol 1 and Alternate Protocol 2

Variety Identification:

i
! > Fitterfor Hom-SNPs in all pairs: Alternate Protocol 3
Trimmed short read data >20X i
Unknown sample & Refence sample 1, .... ton H sharsd
g ! pairs identified:
. i Presentin Unknown not in Reference 1,
H P Refe 1noti known, . cgr 0
Mapping and Variant detection i1 [ PregentinReferencetnotinUn Variety Identification:
i
LR Mapping file and Hom-SNPs identified H Presentin Unknown not in Referencen, Alternate Protocol 2 (P2)
(Frequency 100 %, mapped- is220 Li Presentin Reference n not in Unknown Combined True-Unique Hom-SNPs:
InUnkanownsampie and Referenos sampies1}iito nl P2 I e —— >v | Unknown andat .
)
T H
Mutation analysis i | Fep \
PVC analysis Use Not-common Hom-SNPs file of Unknown and | } T
LR mapping file of Reference 1 and vice versa, to H Y Filter to exclude Persistent-data-noise:
shared i identify: H Filter to select Persistent-data-noise: Combined True-Unique H-SNPs minus the True-
Unknown & Reference 1, ... to - | Datanoise (*C, $1&52) &True UniqueHomSNPs | § [ True-Uniquevariants betweenthe Unknownand the | 5] Unique variants betweenthe Unknown and the
ko S ororoncan ise & i i Reference sample whichwas identified asthe same | | pleidentified variety /
- F4 | or close to the Unknown i | ctose to the Unknown
T Int 1 &In Reference 1 :
comparedtoUnnonn TR :
Combine all Hom-SNPs L Combined True-Unique Hom-SNPs between ! o - Wit
Combined Hom-SNPs - Unknown and Reference sample identified as the | i |[Sstentdataticles)
i i i i Y i h ki 9
(contains Data-noise &Persistent-data-noise) Unknown and all Reference sample pairs y close to the Unknown. Unknown and all Reference sample pairs
Fils
File A FiteB eC
H
S ;
i
i
N : H
Filter out Data-noise Hom-SNPs (File B) from ! | Fitter out Persistent-data-noise Hom-SNPs from i
Combined Hom-SNPs (File A) ! | (Fitea-8) i
H i
ULH; ~ 1 Hom-SNPs without Data-noise and i
(contains Persistent-data-noise) I_' [--4 | without Persistent-data-noise H
i
File Aminus File B File (A minus B) minus File C !
T T i
Y Y Y Y
iquely dHom-SNP’ Unka iquely Unka SNP bet Unka d iquely SNP ]
and each Reference. and each Reference. each Reference each Reference
Variety identified: Variety identified: Variety identified: Variety identified:
Unknown is close to or same as the Reference Unknown is close to or same as the Reference Unknown is close to or same as the Reference variety Unknown is close to or same as the Reference variety
variety as it has the highest number of shared Hom- variety as it has the highest number of shared Hom- as ithas the highest number of shared Hom-SNPs as ithas the highest number of shared Hom-SNPs.
SNPs with the Unknown SNPs with the Unknown withthe Unknown with the Unknown
Contains Data-noise & Persistent-data-noise Contains Persistent-data-noise Without D: d i i d:

Figure 3. Schematic of Variety Identification Protocol 1 and Alternate Protocol 2.

PVC-analysis between two different blueberry varieties, Masena sample B40 and Eureka sample
B45 identified 38.5% as common Hom-SNPs and 61.5% Not-common Hom-SNPs (Figure 2A), and
similar results were obtained between all the Masena and Eureka samples (all 100 combinations
within technical replicates and within the biological replicates) where 35.9% (average) were common
Hom-SNPs and 64.1% (average) non-common Hom-SNPs (Figure S8). Similar results were obtained
from PVC-analysis between Masena B40 and each of the 39 different blueberry varieties, where 39.5%
(average) were common Hom-SNPs and 60.5% (average) non-common Hom-SNPs (Figure 59).

The PVC-analysis results indicate the number of Common-Hom-SNPs were more when the pair
of samples were the same variety (Masena vs Masena) while the Not-common-Hom-SNPs were more
when the pair of samples were different varieties (Masena vs Eureka). In addition, the PVC-analysis
successfully identified the Not-common or Unique Hom-SNPs between two different blueberry
varieties, which can be informative SNPs for variety identification. However, the identification of
Not-common or Unique Hom-SNPs between two samples that are the same variety indicates these
Hom-SNPs must all be erroneous as they cannot be Unique but should all be Not-Unique between
samples of the same variety. Hence, it is possible that the Not-common Hom-SNPs identified between
two samples that are different blueberry varieties may not all be Unique (Unique?) and may contain
both “True-Unique” and “Not-Unique” Hom-SNPs”, the latter representing Data-noise. Identifying
the two components of the Not-common or Unique? Hom-SNPs, the “True-Unique” and “Data-
noise” (Not-Unique), and using only the True-Unique Hom-SNPs of the Not-common Hom-SNPs
would be crucial in increasing the accuracy of variety identification.

PVC, pairwise variant comparison analysis between a pair of samples; H-SNPs/Hom-SNPs,
homozygous single nucleotide polymorphism; Common Hom-SNPs, Hom-SNPs present in both
samples; M, Masena sample; E, Eureka variety; Not-common or Unique?; Hom-SNPs present in one
of the sample with no variant call in the other although implying to be unique with the possibility
that some but not all to be unique (U?); Data-noise(*C), probably Common Hom-SNP as mapped at
read depth > 20 but failure of other variant quality filters, Data-noise(S1), spurious typel due to
failure of mapped reads depth or mapped read depth and other variant quality filters; True-
Unique(U1), True unique typel as variant is homozygous same as reference allele; True-Unique(U2),
True unique type 2 as variant is heterozygous SNP; Data-noise(52) indicating spurious type 2 (S2)
due to the SNP call linked with indels or no reads mapped. As the Not-common or Unique? Hom-
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SNPs are not all unique and divided into two groups of five subclasses. The True-Unique group is
comprised of two subclasses, the True-Unique(U1) and True-Unique(U2). The Data-noise group is
comprised of three subclasses, the Data-noise(*C), Data-noise(S1) and Data-noise(S1). Hom-SNPs
numbers indicated are a percentage of the total combined Hom-SNPs between a pair of samples taken
for the PVC analysis. A, PVC analysis between the unknown sample (Masena B-40) and the Masena
reference sample (B-50) and the Eureka reference sample (B45) showing the Common Hom-SNPS to
be higher between the B-40 and B-50 PVC while the Not-common or Unique? Hom-SNPS to be higher
between the B-40 and B-45. B, The major subclasses of Unique? Hom-SNPs are Data-noise (*C) and
Data-noise(S1) for the Unknown (Masena) B-40 and Masena B-50 PVC comparison, and are Data-
noise (*C) and Data-noise(S1) and True-Unique(U2) for the Unknown (Masena) B-40 and Eureka B-
45 PVC comparison. C, Similar results as in B, were obtained from fifty-five PVC analyses between
Masena vs Masena (technical and biological replicates) and from one-hundred PVC analyses between
Masena vs Eureka including the subclasses of the Not-common or Unique? Hom-SNPs.

3.10. Sub-Classification of Not-Common Hom-SNPs Between the Same and Dissimilar Varieties

Identifying the “True-Unique” and “Data-noise” Hom-SNPs, the two components of the Not-
common Hom-SNPs of the same variety, was undertaken by visual inspection of reads mapping at
location corresponding to the Not-common or Unique? Hom-SNPs. This process led to the
identification of read-mapping scenarios in one sample which led the variant caller in identifying the
Hom-SNPs as Not-common in the other. Five read-mapping scenarios were identified leading to five
subclasses of the Not-common or Unique? Hom-SNPs (Table 5), where three are grouped as “True-
Unique” and two as “Data-noise” Hom-SNPs.

Table 5. Read-mapping scenarios in one sample leading to five subclasses of Not-common SNPs identification

in the other sample.

Sample 1sequence reads mapped and the variantis:

No reads
Sub-classes of the same H-SNP as in sample 2 not the same H-SNP in sample 2 mapped in
- Call made by
Unique?= | sample 1at
. the variant A
True-Unique & - i locations of H-
. caller Satisfies satisfies ~ H-SNP same as i
Data-noise SNPs in sample
required read variant quality the reference Het-SNPs  MNV or InDels 2
depth filters allele
Data-noise(*C) no yes no
no no yes
Data-noise(S1)
no no no
True-Unique(U1) no yes
True-Unique(U2) yes Yes
yes Yes
Data-noise(S2)
no yes

The True-Unique group, within the Not-common Hom-SNPs, is comprised of two subclasses,
True-Unique(U1) and True-Unique(U2). The read-mapping scenario for subclass True-Unique(U1),
is defined as, reads that are mapped and satisfy the defined read-depth and variant filter settings, but
where the identified variant is a Hom-SNP and is the same nucleotide allele as in the reference
genome sequence, the variant calling software does not record it as a variant. The read-mapping
scenario for subclass True-Unique(U2), is defined as, reads that are mapped and satisfy the read-
depth and variant filter settings, but the identified variant called is heterozygous and although
recorded by the variant caller is filtered away when selecting only the Hom-SNPs. The Data-noise
group, within the Not-common Hom-SNPs, is comprised of three subclasses, Data-noise(*C), Data-
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noise(S1) and Data-noise(S2). The read-mapping scenario for subclass Data-noise(*C), is defined as,
the mapped reads have the same Hom-SNP as in the other sample, and satisfies the read-depth but
not the variant filters settings resulting in the variant caller not recording the Hom-SNP variant. The
read-mapping scenario for subclass Data-noise(S1), is defined as, the Hom-SNP is the same as in the
other sample, reads are mapped but these either do not pass the variant filters or both the read depth
and variant filters, resulting in no variant called by the variant caller. The mapping-scenario for the
subclass Data-noise(S2), can be defined as, either, no reads are mapped at the corresponding location
of the Hom-SNP resulting in the variant caller not recording a variant, or reads are mapped with the
variant caller recording a multi nucleotide variant (which may not be reliable) or a heterozygous call
involving a deletion (unreliable due to mis-mapped reads at a homopolymer region) and although
recorded by the variant caller is filtered away when selecting only Hom-SNPs.

The Not-common or Unique? Hom-SNPs (29.51%) identified from the PVC-analysis between
Masena vs Masena (Figure 2A), where the two varieties are the same, were classified into the five
subclasses as outlined above (Figure 2B). All three subclasses of the Data-noise (*C, S1 & S2) Not-
common Hom-SNPs are present with Data-noise(S1) (24.36%) and Data-noise(*C) (4.62%) as the first
two major components. Of the True-Unique (U1l and U2) Not-common Hom-SNPs, no Hom-SNPs
corresponded to subclass True-Unique(U1) but Hom-SNPs at 0.23% corresponded to subclass True-
Unique(U2) equating to 2,300 True-Unique(U2) Hom-SNPs/million Hom-SNPs. Similar results were
also obtained when the Not-common or Unique? Hom-SNPs (average 36.52%) identified from PVC-
analysis of all the 55 combinations of Masena vs Masena (technical and biological libraries) were
subclassified into its two components (Figure 2C). All three subclasses of the Data-noise (*C, S1 & S2)
Not-common Hom-SNPs are present with Data-noise(S1) (average 28.65%) and Data-noise(*C)
(average 4.7%) as the first two major components. Of the two subclasses comprising the True-Unique
(U1 and U2) Not-common Hom-SNPs, both subclasses True-Unique(U1) (average 0.003%) and True-
Unique(U2) (average 0.29%) were present and equating to 30 True-Unique(U1) Hom-SNPs and 2,900
True-Unique(U2) Hom-SNPs respectively per million Hom-SNPS (Figure 2C).

The Not-common or Unique? Hom-SNPs (61.49%) identified from the PVC-analysis between
Masena vs Eureka (Figure 2A), where the two varieties which are different, , were classified into the
five subclasses as outlined above (Figure 2B). All three subclasses of Data-noise (*C, S1 & S2) Not-
common Hom-SNPs are present with Data-noise(S1) (16.55%) and Data-noise(*C) (4.14%) as the first
two major components. Of the two subclasses comprising the True-Unique (U1 and U2) Not-common
Hom-SNPs, both subclasses True-Unique(U1) (0.81%) and True-Unique(U2) (37.97%) were present
with the latter the major component. Similar results were also obtained when the Not-common or
Unique? Hom-SNPs (average 64.08%) identified from PVC-analysis from all the 100 combinations of
Masena vs Eureka (technical and biological libraries) were subclassified into its two components
(Figure 2C). All three subclasses of the Data-noise (*C, S1 & S2) Not-common Hom-SNPs are present
with Data-noise(S1) (average 19.77%) and Data-noise(*C) (average 4.09%) Hom-SNPs the first two
major components. Of the two subclasses comprising the True-Unique (Ul and U2) Not-common
Hom-SNPs, both subclasses True-Unique (Ul) (average 0.75%) and True-Unique(U2) (average
39.95%) Hom-SNPs were present (Figure 2C).

As with the subclasses obtained for the Not-common or Unique? Hom-SNPs for Masena vs
Eureka comparison, where the two varieties were different(Figure 2B and C), similar results were
obtained when the Masena sample was compared pairwise to all the other thirty-nine blueberry
varieties (Figure S10). All three subclasses of the Data-noise (*C, S1 & S2) Not-common Hom-SNPs
are present with Data-noise(S1) and Data-noise(*C) the first two major components. Of the two
subclasses comprising the True-Unique (U1 and U2) Not-common Hom-SNPs, both subclasses True-
Unique (U1) (average 0.75%) and True-Unique(U2) (average 39.95%) Hom-SNPs were present with
the latter the major component (Figure 2C).

The Data-noise Not-common Hom-SNPs, comprising of the subclasses Data-noise(*C), Data-
noise(S1) and Data-noise(S2), are the non-informative Hom-SNPs and were filtered out from the Not-
common or unique? Hom-SNPs before using them for varietal identification.
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3.11. Variety Identification After Removal of Data-Noise Hom-SNPs

Identification of an Unknown variety compared to a specific cohort of selected Reference
samples, is based on identifying the Hom-SNPs that are uniquely shared pairwise between an
Unknown sample and a specific Reference sample and not with any of the other Reference samples
within the cohort of Reference samples used. The detailed process of variety identification. as
explained below. involves several steps collectively referred to as Variety Identification: Protocol 1
(Figure 3), with alternate protocols referred to a Variety Identification: Alternate Protocol 2 (Figure
3) and Variety Identification: Alternate Protocol 3 (Figure S13) can be implemented to confirm results.

Hom-SNPs, Homozygous SNPs; X genome size, time genome size of 600 Mb; LR mapping,
outcome of optimised read mapping to a reference genome sequence; PVC analysis, Paired Variant
Analysis between a pair of samples. Schematics for two protocols schemas are presented. Combining
Hom-SNPs between the Unknown and a Reference sample generates Hom-SNPs common to both
samples and unique Hom-SNPs present in one sample but not the other. Combing the unique Hom-
SNPs from all sample pairs (File A) can be processed to identify shared Hom-SNPs between the
Unknown sample and each of the Reference sample. If the Unknown sample variety matches one of
the Reference varieties, then this Unknown-Reference sample pair should be the only pair to share a
set of Hom-SNPs which would be unique to this pair of Unknown-Reference samples. However,
using File A, shared variants between the Unknown and each of the Reference sample are not unique
as some are also found to be shared Hom-SNPs between the Unknown sample and another Reference
sample. This indicates an anomaly due to data noise which we have identified as Data-noise and
Persistent-data-noise. When the Data-noise is identified (File B) and deducted from File A, data noise
is removed for most of the Unknown/Reference sample pair comparison. When the Persistent-data-
noise is identified and removed, the data noise is completely removed leaving with one
Unknown/Reference pair with uniquely shared Hom-SNPs implying the Reference in question to be
the same as/close to the Unknown sample. An alternate protocol (Alternate Protocol 2) is also
presented here leading to the same outcome. Alternate protocol 3 with the same outcome can be used
but is not explained here.

We used a suite of forty-one blueberry Reference samples including a Masena Reference sample
B50. PVC-analysis generated Hom-SNPs files, between the Unknown sample and each of the forty-
one Reference samples, were combined to obtain the “File-A (Combined Hom-SNPs)”. The Hom-
SNPs corresponding to the Data-noise (*C, S1 and S2) present within the Not-common or Unique?
Hom-SNPs between the Unknown sample and each of the forty-one Reference samples were also
combined to obtain the “File-B (Combined Hom-SNPs Data-noise)”. Filtering out the Hom-SNPs in
File-B (Combined Hom-SNPs Data-noise from File-A (Combined Hom-SNPs) generated the File-A
(Combined Hom-SNPs)-minus-File-B(Data-noise: *C, S1 & S2).

Using File-A (Combined Hom-SNPs) for identifying the Unknown sample variety, the Hom-
SNPs shared uniquely between the Unknown (Masena B40) and each of the forty-one Reference
samples indicated the highest (18,673) to be between the unknown (Masena B40) and the Masena
Reference B50 (Figure S11). The next highest number of uniquely shared Hom-SNPs is 2,593 between
the Unknown sample and the blueberry sample B18 (not Masena) and for most of the other Reference
samples the uniquely shared Hom-SNPs are under 500. Although this result clearly identified the
Unknown sample to be the variety Masena, the presence of uniquely shared Hom-SNPs between the
Unknown (Masena B40) and the Reference samples other than the Masena Reference B50 is
expectedly due to data noise as identified between the Unknown and all the forty one Reference
samplesused (Figure 2 and Figure S10) and represented in File-B (Combined Hom-SNPs Data-noise
are not filtered out.

When the File-A (Combined Hom-SNPs) if first subjected to removal of the Data-noise
represented in File-B (Combined Hom-SNPs Data-noise, and then used for identifying the Unknown
sample variety, the Hom-SNPs shared uniquely between the Unknown (Masena B40) and each of the
forty-one Reference samples indicated the highest (5,806) to be between the unknown (Masena B40)
and the Masena Reference B50 (Figure 4A). This result also clearly identified the Unknown sample
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to be the variety Masena. All but five of the other forty Reference samples, had no uniquely shared
Hom-SNPs with the Unknown (Masena B40) sample, with B08, B24, B33 and B34 samples had one
and B27 sample had two uniquely shared Hom-SNPs. However, the presence of uniquely shared
variants, although as high as two Hom-SNPS, indicates the presence of Persisting-Data-noise other
than Data-noise Hom-SNPs captured in File-B (Combined Hom-SNPs Data-noise which were filtered
out. The Persisting-Data-noise was also observed when the analysis was undertaken with only six
Reference samples including the Masena Reference B50 and the Eureka Reference B45, albeit the
Unknown was clearly identified to be the variety Masena with 77,281 uniquely shared Hom-SNPs

(Figure 4A insert).
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Figure 4. Identification of an Unknown blueberry sample using uniquely shared Hom-SNPs after filtering Data-
noise and Persisting-Data-noise of subclass False-Unique(F1 and F2).

H-SNPs/Hom-SNPs, homozygous SNPs; Biol; Biological replicate libraryl. Hom-SNPs of the
Unknown sample (Masena/G10/540/B40/P1/L1/Ref-rep#1/Tec-rep#1/Biol-rep#1) was compared
pairwise, using the Paired Variant Comparison (PVC) analysis, with the Hom-SNPs from each of the
forty-one blueberry Reference samples (B01 to B39, B50 and B45) to obtain a Hom-SNPs-(Unk&Ref-
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B# PVC)-file, one for each of the forty-one Unknown and reference sample pair. A shared Hom-SNPs
file was generated by combining the Hom-SNPs-(Unk&Ref-B# PVC)-files of all the forty-one
unknown and reference pairs. Shared Hom-SNPs identified between the Unknown and each of the
reference forty-one samples were then subjected to variety identification analysis where in A, Post
removal of Data noise(*C, S1 and S2), 5,806 were the most uniquely shared Hom-SNPs between the
Unknown sample (Masena, Biol, plantl, B40) and the Masena reference sample (Plant2, Biol, B50).
In addition, between one or two Hom-SNPs were uniquely shared with five other reference samples.
The presence of the uniquely shared Hom-SNPs between the unknown sample and with five other
reference samples indicates the presence of another class of data-noise we refer to as Persisting-Data-
noise. B, The Persisting-Data-noise referred to as subclass False-Unique(F1) and False-Unique(F2)
was originally identified as True-Unique(U1 and U2) from the Unknown and Masena Reference (B-
50) PVA comparison. Post removal of Data-noise(*C, S1 and S2) and the False-Unique (F1 and F2),
the uniquely shared Hom-SNPs were found to be 5,806 between the Unknown sample (Masena, Biol,
plantl, B40) and the Masena reference sample (Plant2, Biol, B50). Similar results were obtained when
the analysis was undertaken with six reference blueberry varieties (figure-insert).

Identifying the nature of the Persistent-data-noise was important to its removal for variety
identification with no data noise. On examining the read mapping and variant track files
corresponding to the Reference samples B08, B24, B27, B33 and B34 with the Persisting-Data-noise
(Figure 4A), we identified the cause of the Persisting-Data-noise to be due to the presence of
erroneously called Hom-SNPs of the classes True-Unique(U1) and True-Unique(U2) in the Unknown
(Masena B40) but correctly called as Het-SNPs in the Masena Reference B50 (Figure 512). The PVC-
analysis between the Unknown (Masena B40) and the Masena Reference B50 (Figure 2B) sample
would have erroneously identified a number of SNPs to be Hom-SNPs in the Unknown sample,
leading to their inclusion as the Not-Common or Unique? Hom-SNPs of the sub-classes True-
Unique(U1) and True-Unique(U2), thus leading to the Persisting-Data-noise. As expected, further
filtering of the Persisting-Data-noise Hom-SNPs captured in File-C (Combined Hom-SNPs
Persisting-Data-noise was undertaken from the file obtained by deducting the Data-noise captured
in File-B (Combined Hom-SNPs Data-noise from File-A (Combined Hom-SNPs). Post filtering of
the Persistent-data-noise indicated the highest number of uniquely shared Hom-SNPs (5,806) to be
between the Unknown (Masena B40) and the Masena Reference sample B50 (Figure 4B) with zero
uniquely shared Hom-SNPs between the Unknown and any of the other Reference samples. Similar
results were obtained using the limited set of six Reference samples including the Masena Reference
B50 and the Eureka Reference B45 (Figure 4B Insert).

4. Discussion

Variety identification is important in plant breeding, as it provides plant breeders a method to
protect the variety generated thus providing benefits to growers and producers/funders of the
breeding programs. A number of technologies based on variation present in the DNA have been used
in plant identification [20] making use of single nucleotide polymorphisms (SNPs) [8,15,21]. Here, we
present a protocol (Figure 3 and Figure S13), developed using commercial tetraploid blueberry
(Vaccinium, spp.), using next generation sequencing (NGS) to identify SNPs and utilising Hom-SNPs
to identify a plant variety compared to the Hom-SNPs of a set of Reference samples.

The accurate identification of a plant sample using SNPs from NGS, involves best practice
procedures, starting from sample collection to sequence data analysis [22]. Care should be taken to
source reliable plant material whose variety identity is known and hence can be used as Reference
samples. Extracting DNA of good quality and of high molecular weight, critical for good quality NGS
data, is dependent on using a workable DNA extraction protocol with the type of tissue which is
easily accessible for harvest. The need to try several DNA extraction procedures with some
modifications is not uncommon for recalcitrant species [23-28]. Once harvested, appropriate
storage of the plant tissue immediately post-harvest, during travel and storage is important to
maintain sample/DNA integrity. We harvested blueberry leaf material as the tissue type for DNA

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1158.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2025 d0i:10.20944/preprints202505.1158.v1

21 of 27

extraction. Leaves samples were immediately frozen under liquid nitrogen, kept frozen under dry-
ice during transport and stored or processed under a -80C temperature regime. Using a standard
CTAB-based method, large amounts of good quality high molecular weight DNA with no/low
impurities was obtained and was successfully used for sequencing library preparation. The Illumina
library kit, DNA Illumina DNA PCR-free Prep, was used to factor out any amplification bias causing
the overrepresentation on one of the two alleles in mapped sequence reads at a Het-SNP location,
thus avoiding the incorrect assigning of a Hom-SNP as a Het-SNP or vice versa.

SNPs between any two varieties are made up of Common SNPs and Not-common SNPs.
Distinguishing two varieties depends on identifying and using the Not-common SNPs between the
pair, which comprise of different types of Hom-SNP combinations (Hom-SNP vs Het-SNP, for
example AA vs AT) or different Hom-SNP types (Hom-SNP vs Hom-SNP for example AA vs GG).
Het-SNPs in both samples will be Common SNPs and so cannot be used to distinguish two varieties.
However, it is important to ensure a Het-SNP is not erroneously called a Hom-SNP or conversely a
Hom-SNP when called is a correct call. In the case of the outcrossing autotetraploid [29,30] blueberry
samples used in this study, both the alleles of a Het-SNP should be equally represented with a 50%
allele frequency or 50 mapped reads of each allele out of a total mapped-read depth coverage of 100.
Assuming good quality sequence data is obtained, in practice, the equal representation of both the
nucleotides of a Het-SNP bases in mapped reads is affected by the non-equal sampling of sister
chromatids at various stages of the sample preparation including, DNA sampling, library
preparation steps, sampling the library for sequencing and sequencing bias. The non-equal sampling
will ultimately be exemplified in a disproportionate or the non-coincident representation of the Hom-
SNP bases in the mapped sequence reads. Hence, the non-equal sampling can result in a dis-
proportionate allele frequency of the Het-SNP, lower than the ideal 50%, and in some cases only one
allele is represented at a 100% allele frequency leading to the Het-SNP variant being erroneously
called as a Hom-SNP.

At a given Het-SNP position and read mapping coverage from 2 and above, there are only two
instances of read mapping where all the reads have one or the other allele leading to two erroneous
Hom-SNP calls. Increasing the read mapping coverage increases the instances of reads mapped with
both alleles of a Het-SNP, thereby reducing the probability of an erroneous Hom-SNP call closer to
zero. In sequencing a Het-SNP position using a collapsed reference genome sequence, the frequency
of false calling it as a Hom-SNP, due to the dis-proportionate Het-SNP allele frequency, can be
calculated (Table 2). For example, at a given Het-SNP position with read mapping depth of 2 and A/C
alleles there are 4 possible variant call outcomes, mapped reads with either AA or CC alleles leading
to Hom-SNP calls and AC or CA alleles leading to Het-SNPs calls. Consideration of mapped-read
depth, critical for a high confidence call made at the beginning of the variant calling, resulted in
computing the minimum mapped read depth of 20 required to reduce an erroneous Hom-SNP call
close to zero (Table 2 and Table 3). Correctly identifying a heterozygous position relies on the
sequencing reads with both alleles mapping at a specific location in its representative proportion, and
this probability increases close to 100% at a specific read mapping depth. (Table 2 and Table 3). This
demonstrates the need to have high coverage especially for large or heterozygous genomes even
when the analysis is based only on homozygous variants (Table 1). As the blueberry cultivars we
used are autotetraploids, the probability of all four nucleotide classes occurring at a position in the
tetraploid genome is low, and as the reference genome sequence used is a diploid, the ~600 Mb
monoploid blueberry genome size was used to calculate the required data size of 30X. Hence, samples
were sequenced above 18 Gb and equivalent to a minimum of 30X the genome size of ~600 Mb
monoploid blueberry genome [31], above the minimum mapped read depth requirement of 20 to
account for some data loss at the raw sequence data trimming step. The sequence data yield obtained
for the 77 blueberry samples post quality trim (0.01 quality trim, CLC Genomics), ranged from least
data yield of 15.2 Gb (25.41 times genome size of 600 Mb) to highest data yield of 40.6 Gb (67.62 times
genome size of 600 Mb) (Figure S2). For the Genotyping by Sequencing (GBS) method, a minimum
read depth of 15 is suggested for polyploid species so as to be 95% sure that all four alleles are
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sequenced [32,33]. The dis-proportionate allele frequency of the Het-SNP also indicates the difficulty
of identifying Het-SNP below the ideal 50% frequency, and the importance of undertaking a variant
titration to define minimum allele frequency required for Het-Variant calling.

Trimmed data with more than the desired data size of 20X the 600 Mb genome size ensured the
use of optimum data size (Figure S2) and the optimal mapping and variant detection parameters
were determined using mapping and variant detection titration steps (Figure S3). The fraction of the
reference genome sequence covered ranging from 0.86 to 0.91 and with the mapped read depth above
20X for most samples, ensured the sequence data size used is comparable between samples (Figure
S4). Variability in SNPs identification caused by batch effects from tissue sampling replicates
(comparing within Replicate Technical, Replicate Biological Libraryl and Replicate Biological
Library2 and Replicate Biological Library3), and sequencing library preparations (comparing
Replicate Biological Libraryl and Replicate Biological Library2 each with Replicate Biological
Library3), was assessed by PVC-analysis between pairs of Masena samples or pairs of Eureka
samples.

The varieties, Masena and Eureka were selected as Reference samples for the PVC-analysis to
identify Hom-SNPs that are commonly shared (Common Hom-SNPs) and not-commonly shared
(Not-common Hom-SNPs). Assuming every Hom-SNP is identified from PVC-analysis, when the
two varieties are the same all the variants should be Common Hom-SNPs and none to be Not-
common Hom-SNDPs, while for varieties that are different the number of Common Hom-SNPs is
expected to be lower than the Not-common Hom-SNPs which may be considered as unique SNPs.
However, capturing all the Hom-SNPs in a sample is limited by the sequence data quality and read
depth of the NGS data, accuracy of read mapping, and accuracy of the variant calling. Both Common
and Not-Common Hom-SNPs were identified by PVC-analysis between Masena vs Masena, Eureka
vs Eureka and Masena vs Eureka (Table S5 and Table S6 and Figures 56 and S7). The Common Hom-
SNPs averaging 66.1% and 68.6% between Masena vs Masena and Eureka vs Eureka replicates,
respectively, indicates some variability in the sequence data within these Reference samples (Table
S1). Interestingly, the rest of the ~35% to ~36% of the Hom-SNPs must represent missing data as these
were identified between the same Reference variety and hence cannot be considered as genuine Not-
common or genuine Unique Hom-SNPs (Figure S8 and Table S5 and Table S6). PVC-analysis between
Masena B40 and Masena B50, identified 29.51% missing data (Figure 2A) and ~35% (average) from
all combinations between these two Reference samples, Masena and Eureka (Figure S8). Examining
the read-mapping scenarios, the missing data was mainly of subclass Data-noise(*C) due to only
failing the read mapped threshold of 20, or Data-noise(S1) due to also failing the variant quality
filters, and Data-noise(S2) due to variants linked with InDels or no reads mapped (Figure 2B and C).
Twenty-five percent of the Common Hom-SNPs between the Masena B40 vs Masena B50 PVC-
analysis were identified at read-mapping depth between 20 to 30, while 72% were identified at read-
mapping depth between 30 to 60. A small number of the Not-Common Hom-SNPs classified as True-
Unique(U1) occurring due to the Hom-SNP same as the genomic reference genome sequence and
True-Unique(U2) occurring due to erroneously calling a Het-SNP as a Hom-SNP, cannot be Unique
Hom-SNPs between the same variety, and hence classified as False-Unique(F1) and False-Unique(F2).
Not-Common Hom-SNPs at 61.49% were identified between the Reference samples Masena B40 vs
Eureka B45 combination (Figure 2A) and ~64.1% (average) identified from all combinations between
the Reference samples Masena and Eureka (Figure S8). These PVC-analysis identified Not-common
or Unique? Hom-SNPs between Masena and Eureka, after sub-classification contained missing data
corresponding to Data-noise (*C), Data-noise(S1) and Data-noise(S2) and also the genuinely or truly
Unique Not-Common Hom-SNPs labelled as True-Unique(U1) and True-Unique(U2) (Figure 2B and
20).

For varietal identification, the blueberry sample Masena B40 was treated as the Unknown
sample and compared by PVC-analysis to each of the forty Reference blueberry samples including
the Masena Reference sample B50 collected as a Biological Rep (Table 51). The Common Hom-SNPs
and the Not-common Hom-SNPs were identified (Figure S9) and post combining the PVC-analysis
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derived Hom-SNPs variants of all Unknown/Reference pair combinations, the Unknown sample was
identified to be the same or similar to the Masena Reference sample B50 with 18,673 uniquely shared
Hom-SNPs (Figure S11). However, Hom-SNP variants uniquely shared between the Unknown and
Reference samples other than the Masena Reference B50, are considered as Data-noise. The Data-
noise identified is actually the missing-data present from the PVC-analysis between the Unknown
sample and each of the Reference samples. Following the subclassified of the missing data into sub-
classes, Data-noise(*C, S1 & S2) and the True-Unique(U1 & U2) (Figure S10) and removal of the Hom-
SNPs corresponding to the Data-noise (*C, S1 & S2) reduced the number of instances of variants
uniquely shared between the Unknown and Reference samples other than with the Masena Reference
B50 (Figure 4A). However, even after filtering out the Data-noise, the occurrence of some instances
of variants uniquely shared only between the Unknown and Reference samples other than with the
Masena Reference B50, is also due to data noise of another class we label as Persisting-Data-noise
(Figure 4A). Examining the read-mapping at location of the Hom-SNPs corresponding to the
Persisting-Data-noise (Figure S12), indicated these to be the False-Unique Hom-SNPs between the
Unknown sample and the Reference sample Masena Sample B50 (Figure 2B). Filtering out the False-
Unique Hom-SNPs resulted in the complete elimination of data-noise and the only sample to have
uniquely shared Hom-SNPs with the Unknown sample was the blueberry Reference sample Masena
sample B50 (Figure 4B). The False-True-Unique Hom-SNPs are the Not-common Hom-SNPs between
varieties which are the same, and these represent errors in variant calling where a Het-SNP is
erroneously called a Hom-SNP even at coverage above 20. The “Variety identification Protocol 1"
(Figure 3), outlines the method development process for variety identification including the concept
around identifying the Data-noise and the Persistent-data-noise which needs to be removed for
variety identification. Once developed, a shorter process for variety identification via “Variety
identification Protocol 2” (Figure 3) or “Variety identification Protocol 3” can be implemented (Figure
S13).

The missing data identified from all combinations between the Masena samples at 36.52%
(average) (Figure 2C) is mainly due to areas of coverage under 20 which can occur at the PVC-analysis
stage between any pair of samples and can be reduced by using sequence data with mapping
coverage over 20 in these regions. Missing data at 25% was reported for genotyping by sequencing
(GBS) approach in maize [34], which could be reduced to half or even lower using imputations
approaches [34,35] but at the expense of increased genotyping error rate which was found to be
0.7% [36]. We identified an error rate of 0.29% identified as False-True-Unique Hom-SNPs identified
from the PVC-analysis between 55 Masena sample combinations (Figure 2C). Kmer based
heterozygosity was reported to be 1.27% [31]. Based on the heterozygosity between 0.85% to 1%,
equating to 5.1 to 6.0 M Het-SNP sites in the blueberry genome (600 Mb), we estimate 17,400 of the
Het-SNPs to be erroneously called as Hom-SNPs corresponding to a 0.29% error rate.

Prior to NGS, prevailing molecular marker technologies had limited use in understanding the
genetic diversity in the blueberry group [37-39]. Microsatellite markers were used in a limited
manner for genetic analysis of the various groups of blueberry [40]. The use GBS aided in identifying
SNPs for genetic diversity and population structure analysis and phenological traits [33].
Microsatellite markers have also been used for genetic diversity analysis varietal identification,
although requiring cumbersome non NGS approaches [41,42]. The protocol developed here (Figure
3 and Figure S13), is economical as the generated sequence data of the Reference samples can be
reused and is also forward compatible as sequence data of additional Reference samples can be added
to expand the sequence data of Reference sample cohort. The cost of SNP genotyping per data point
using NGS has reduced [10,43] and thus utilising this approach is suited for variety identification.
High throughput approaches using NGS sequencing and reduced representation approaches such as
GBS [16,44,45] or SNP array-based approaches such as Axiom, Infinium, and MassARRAY iPLEX
[17] are appropriate for screening large samples for genetic diversity and other genetic studies.
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5. Conclusions

The SNPs data for the 41 blueberry samples should allow any blueberry variety within this
cohort of blueberry samples to be identified. All varieties were easily associated with one of the
genotypes in this group of varieties. Additional varieties can be added to expand the Reference
sample cohort for the application of the technique to unknown samples that need to be considered.
Use of this protocol to identify varieties in specific regions would need to include all know varieties
from that region. The SNP data can also be used to identify variety-specific SNPs which are not
present in any of the other blueberry varieties within this cohort of forty-one Reference samples. The
variety-specific SNPs could be used to develop a cost-competitive assay test to identify blueberry
varieties within a given cohort. This would be useful in the screening of larger numbers of samples
in applications such as policing the sale of protected varieties on sale in a retail environment. The
concept of identifying and removal of data-noise is not restricted to the use of the CLC Genomics
Workbench and can be developed and applied using any software programs including command-
line approaches. This approach should be useful for almost any plant species for which variety
identification is required providing a robust genetic approach to variety identification in support of
protection of biosecurity, food safety and intellectual property.
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paper posted on Preprints.org, Figure S1: QC data for the extracted blueberry DNA; Figure S2: Short read paired
end trimmed sequence read data for 77 Blueberry DNA samples; Figure S3: Titration analysis of mapping and
SNP variant detection using of blueberry PE reads mapped to a reference genome; Figure S4: Fraction of the
genome covered and average mapped coverage by paired end reads of blueberry samples; Figure S5:
Heterozygous SNPs and homozygous SNPs across several blueberry samples with variable sequence data size;
Figure S6: High confidence common homozygous SNPs between Eureka samples within technical and biological
libraries and between different biological libraries; Figure S7: High confidence common homozygous SNPs
between Eureka samples within technical and biological libraries and between different biological libraries;
Figure S8: PVC-analysis between Massena and between Eureka blueberry samples to identify Common and Not-
common Hom-SNPs; Figure S9: PVC-analysis between the unknown (Masena, B40) and forty blueberry varieties
including Masena (B50) to identify Common and Not-Common Hom-SNPs; Figure S10: PVC-analysis and
classification of the Not-common-Hom-SNPs between the unknown (Masena, B40) and forty-one blueberry
varieties (BO1 to B39, Masena B50 and Eureka B45); Figure S11: Identification of an Unknown blueberry sample
using uniquely shared Hom-SNPs without filtering data-noise; Figure S12: Nature of the Persisting-data-noise
in the variety identification analysis; Figure S13: Schematic of Variety Identification: Alternate Protocol 3; Table
S1: Details of blueberry varieties/cultivars; Table S2: QC metrics of all 77 blueberry DNA samples; Table 53: QC
of the sequence data of all blueberry samples; Table S4: Mapping titration of short read (Illumina @ 150bp paired
end reads) of five blueberry varieties using V. darrowii genome sequence (Yu et.al. NCBI 2021) as the reference;
Table S5: Statistical analysis of the percentage common Hom-SNPs from pairwise analysis for Masena technical
and biological replicates; Table S6: Statistical analysis of common H-SNPs from pairwise analysis for Eureka
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The following abbreviations are used in this manuscript:

Tec-rep Technical replicate

Bio-rep Biological replicate

pPVC Paired variant comparison

SNP Single nucleotide polymorphism
LF Length fraction

SF Similarity fraction

MF Minimum allele frequence

MC Minimum read count

Hom-SNP Homozygous SNP
Het-SNP  Heterozygous SNP
MFAA Most frequent alternative allele
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