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Abstract

Targeted CSN2 codon-67 genotyping supports A2-oriented breeding and herd management.
We compared Kompetitive Allele-Specific PCR (KASP) with a locally implemented gel-
based tetra-primer amplification refractory mutation system PCR (T-ARMS PCR) workflow
in a balanced, non-population-representative Holstein—Friesian panel using re-audited
Sanger-supported reference classifications. Both assays distinguish His67-associated (Al-
type) from Pro67-associated (A2-type) 3-casein classes rather than complete CSN2 alleles.
The paired analysis included 96 independent samples. KASP produced 90 reference-
concordant, four reference-discordant, and two no-call outcomes (93.8% all-record reference-
concordant yield), whereas T-ARMS PCR produced 77 reference-concordant, six reference-
discordant, and 13 ambiguous outcomes (80.2%). Concordance among callable/evaluable
results was 95.7% and 92.8%, respectively. In the primary comparison, KASP showed a
13.5 percentage point higher yield (95% CI, 4.2-22.9 percentage points; p = 0.015), mainly
because it generated fewer non-interpretable outcomes. All callable KASP discordances
involved Pro67/Pro67 reference samples called His67/Pro67. Because no independent
DNA dilution, new DNA extraction, repeat KASP run, or new Sanger sequencing was
performed, their cause and reproducibility remain unresolved. Formal repeatability and
between-run reproducibility were not systematically evaluated; therefore, this comparison
is not a formal assay validation and does not define T-ARMS PCR performance beyond the
tested local configuration. Discordant, ambiguous, or high-impact classifications require
independent repeat testing or sequencing confirmation.

Keywords: CSN2 codon-67 polymorphism; Al-type 3-casein; A2-type (3-casein; dairy
cattle; Holstein—Friesian; KASP genotyping; T-ARMS PCR; Sanger sequencing; method
comparison; genotyping workflow
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1. Introduction

Targeted CSN2 codon-67 genotyping is increasingly used in dairy cattle breeding,
herd management, product differentiation, and molecular testing. The CSN2 gene lies
in the bovine casein cluster on chromosome 6 and encodes [3-casein, which accounts for
approximately 45% of total casein [1-6]. Its polymorphism is therefore relevant to milk
composition and breeding applications.

Milk protein polymorphisms are useful genetic markers in dairy cattle selection pro-
grams. Variants in milk protein genes can support breeding strategies aimed at improving
milk composition, product traceability, and herd-level genetic management [7-9]. Sev-
eral 3-casein allelic variants have been described, including A1, A2, A3, and B, among
others [3,8,10-12]. The commonly targeted codon-67 polymorphism determines whether
[3-casein contains histidine (His67) or proline (Pro67) [3,13,14]. Importantly, the His67 and
Pro67 states are each shared by multiple CSN2 allelic variants; therefore, a single-site assay
distinguishes Al-type from A2-type [3-casein classes but does not uniquely identify every
CSN2 allele [12,15]. Throughout this manuscript, A1A1, A1A2, and A2A2 are retained
as operational shorthand for the His67 /His67, His67 /Pro67, and Pro67 /Pro67 codon-67
classes, respectively, unless a specific multi-site CSN2 allele is explicitly discussed.

The A1/A2 3-casein distinction has also been discussed in relation to the potential
release of 3-casomorphin-7 (BCM-7) during gastrointestinal digestion [16-18]. However,
the relationship between Al 3-casein consumption, BCM-7 release, and human health
outcomes remains debated, and current evidence does not support broad causal con-
clusions or public health recommendations [14,17,19-21]. Therefore, the present study
focuses on targeted CSN2 codon-67 classification as a breeding, herd management, product
differentiation, and molecular testing issue rather than as a human health risk assessment.

Consumer interest in A2 milk and the commercial value of products derived from
animals carrying the Pro67-associated A2-type state have encouraged the incorporation of
targeted CSN2 codon-67 genotyping into dairy cattle breeding and herd management strate-
gies [4,9,22]. Recent studies use codon-67 genotyping to characterize breed-specific class
distributions, identify operational A2A2 (Pro67 /Pro67) animals, and support breeding de-
cisions aimed at increasing the frequency of the Pro67-associated state [5,23]. Consequently,
accurate, reproducible, scalable, and practically implementable codon-67 classification is
important for molecular diagnostics, marker-assisted selection, and routine dairy cattle
genotyping [5,13,15,24].

Direct DNA sequencing remains a reference approach for detecting nucleotide substi-
tutions and confirming allelic variants [25,26]. Sanger sequencing provides high analytical
confidence, but it is relatively labor-intensive and less practical for routine large-scale
screening [5,27]. For this reason, several alternative molecular approaches have been
developed and applied for CSN2 polymorphism detection, including polymerase chain
reaction—restriction fragment length polymorphism (PCR-RFLP), allele-specific polymerase
chain reaction (AS-PCR), high-resolution melting (HRM) analysis, TagMan probe-based as-
says, Kompetitive Allele-Specific PCR (KASP), and other single-nucleotide polymorphism
(SNP) genotyping platforms [10,28-31]. These methods differ in cost, throughput, equip-
ment requirements, interpretability, scalability, and suitability for routine implementation
in breeding programs [15].

Among PCR-based approaches, tetra-primer amplification refractory mutation system
PCR (T-ARMS PCR) represents a low-infrastructure strategy for single-nucleotide poly-
morphism genotyping. It uses two outer primers and two allele-specific inner primers to
generate a control fragment and allele-specific products of different sizes in one reaction,
followed by agarose-gel discrimination [29,32]. T-ARMS PCR has been applied to CSN2
codon-67 classification and remains attractive for small- to medium-scale testing where con-

https:/ /doi.org/10.3390/ dairy7040067


https://doi.org/10.3390/dairy7040067

Dairy 2026, 7, 67

30f25

ventional PCR and electrophoresis are available [23,29,33]. However, performance depends
strongly on the specific primer design, inner-to-outer primer balance, annealing conditions,
template quality, and detection workflow. Recent ARMS-integrated high-resolution melting
work further illustrates that ARMS-based discrimination can also be implemented as a
closed-tube workflow without post-PCR gel electrophoresis [34].

In contrast, KASP is a fluorescence-based genotyping platform designed for scalable
SNP detection. It relies on allele-specific primer extension and fluorescence-based signal
discrimination, enabling software-assisted genotype calling in larger sample sets [30,35,36].
KASP offers a closed-tube workflow, scalable throughput, and compatibility with routine
genotyping pipelines, but it requires fluorescence detection instrumentation and commer-
cial assay components [30,35,36]. Comparative platform studies and livestock applications
further show that assay design, DNA quality, cluster separation, and analysis workflow
can materially affect KASP performance [37-43]. Therefore, the choice between T-ARMS
PCR, KASP, and confirmatory sequencing should be guided by analytical performance,
laboratory infrastructure, throughput, cost structure, interpretation risk, and the practical
needs of the breeding or diagnostic workflow [15].

Direct same-sample comparison of gel-based and fluorescence-based CSN2 codon-
67 workflows remains relevant to dairy laboratories [15,28,29]. We therefore compared
KASP with one locally implemented gel-based T-ARMS PCR workflow using re-audited
Sanger-supported classifications in a Holstein—Friesian panel. This was a paired, laboratory-
specific method comparison. Because formal repeatability, between-run reproducibility,
and independent retesting of discordant records were not evaluated, the study should not
be interpreted as a formal validation of either assay or as a general comparison of KASP
and ARMS amplification principles.

The primary objective was to compare the paired all-record reference-concordant
classification rates of KASP and the evaluated, locally implemented, gel-based T-ARMS
PCR workflow in the 96 independent primary sample records. Secondary objectives
were to describe callability, concordance among callable or evaluable results, class-specific
discordances, non-interpretable outcomes, plate-stratified patterns, and practical work-
flow characteristics.

2. Materials and Methods
2.1. Sample Origin, Ethical Approval, and Reference Classification Panel

The genomic DNA samples used in the present method comparison study were se-
lected from the larger Holstein—-Friesian CSN2 genotyping dataset described by Sdndorova
et al. [5], which comprised more than 2700 animals. This original dataset was previously
investigated for CSN2 (3-casein polymorphisms, A2 milk selection, and the biological rel-
evance of the A2 (3-casein variant in dairy cattle [5,44]. The original animal population,
herd management conditions, sample collection procedure, DNA extraction protocol, and
related production data have been described in detail in these previous publications. The
present study reuses the archived DNA and previously generated Sanger-supported as-
signments as the reference source for a distinct paired comparison of KASP and T-ARMS
PCR outcomes.

Animal owners provided informed consent for the use of biological samples and
production records for research purposes. Ethical approval for sample collection and data
use was obtained from the Institutional Animal Welfare Body of the Hungarian University
of Agriculture and Life Sciences, Szent Istvdan Campus (Approval: MATE SZIC MAB, issued
on 10 July 2024). According to the official certification, the study was outside the scope of
Directive 2010/63/EU and therefore did not require an experimental animal permit.
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For the present study, previously collected and genotyped archived genomic DNA
samples were selected to establish a Sanger-supported CSN2 codon-67 reference panel. The
96 primary sample records were not a random or population-representative subset of the
original herd-level dataset. They were selected purposively to create a balanced method
comparison panel with representation of the three operational codon-67 classes: A1Al,
A1A2, and A2A2. Eligible samples required sufficient remaining DNA, acceptable DNA
quality, and an unambiguous previously assigned Sanger-supported reference classification.
Panel composition was therefore determined by DNA availability and quality, reference
class clarity, and balanced class representation. No additional invasive sampling or animal
procedures were performed for this method comparison study.

The Sanger-supported CSN2 codon-67 reference classifications were obtained from our
previously published CSN2 genotyping work [5] and were re-audited before concordance
analysis, as described below. To distinguish independent biological samples from technical
assay records, the dataset structure and terminology were defined before analysis. A “pri-
mary sample record” is the genotyping record of an independent biological DNA sample
included in the paired method comparison. “Bridge sample record” and “positive control
record” refer to technical monitoring records used for descriptive inter-plate consistency
and assay control assessment, respectively. “Assay-level genotyping record” refers to any
record generated and evaluated in the complete technical dataset.

The complete technical dataset comprised 116 assay-level genotyping records: 96 primary
sample records, 8 bridge sample records, and 12 positive control records. The 96 primary
records represented independent Holstein—Friesian animals selected from the larger CSN2
dataset described by Sandorova et al. [5] and formed the primary analysis set. Bridge sample
and positive control records were summarized descriptively. Because the primary method
comparison panel was intentionally balanced across genotype classes, its codon-67 class
proportions should not be interpreted as population-level frequencies (Table 1).

The primary sample size was determined pragmatically by the availability of archived
DNA with unambiguous Sanger-supported classifications and the aim of obtaining approxi-
mately equal representation of the three operational codon-67 classes; no formal prospective
power or precision calculation was performed. The 96-record panel provided 31-33 in-
dependent records per reference class, allowing class-specific assay behavior, discordant
calls, no-call outcomes, and ambiguous T-ARMS PCR patterns to be evaluated across
Al1Al, A1A2, and A2A2 categories. Because the comparison was paired, each primary
record contributed matched KASP and T-ARMS PCR outcomes against the same re-audited
Sanger-supported reference classification. The panel was intended for laboratory-specific
method comparison and not for estimation of population-level codon-67 class frequencies.

The 8 bridge sample records and 12 positive control records were included for technical
monitoring purposes only. Their numbers were chosen pragmatically to monitor inter-
plate consistency and positive control performance across the workflow, rather than to
support separate inferential comparisons. Accordingly, these records were summarized
descriptively and were not included in the primary paired statistical analysis. Formal
within-run repeatability and between-run reproducibility were not systematically evaluated
according to a predefined replicate testing design; the bridge sample records should
therefore be interpreted only as limited descriptive inter-plate monitoring.

Supplementary Table S1a,b defines the dataset components and outcome categories;
Figure 1 summarizes the analytical workflow.
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Table 1. Structure of the CSN2 codon-67 method comparison dataset and definition of analytical

record types.
Included in Primary
Dataset Component Unit Represented n Role in Analysis Inferential
Comparison?
Independent Main paired comparison
Primary biological =~ Holstein—Friesian DNA of KASP and T-ARMS
samples/primary  samples with re-audited 96 PCR against Yes
sample records Sanger-supported CSN2 Sanger-supported
codon-67 classification reference classifications
. Technical repeat records e

Bridge sample included for descriptive 3 Descr1pt1v§ m'ter—plate No

records . oo monitoring

inter-plate monitoring
Known

. Sanger-supported I
Positive control codon-67 classification 12 Descriptive assay No

records . control assessment

controls included on
assay plates
No; only the
Total assay-level Pr1g1ary records + Complete technical % pr1cr1nary sample
enotyping records bridge records + 116 dataset records were used
& positive control records for inferential

comparison

Note: Abbreviations: KASP, Kompetitive Allele-Specific PCR; T-ARMS PCR, tetra-primer amplifica-
tion refractory mutation system PCR.

Re-audited Sanger-supported reference classifications
Operational A1A1 / A1A2 /[ A2A2 codon-67 classes

¥

Method-comparison dataset
n = 116 assay-level genotyping records

g { !

| Primary sample records | | Bridge-sample records | l Positive-control records

n=96 n=8 n=12

1 [ T ]

Primary paired method comparison
96 independent primary sample records Descriptive technical monitoring
I Bridge-sample and positive-control records
I KASP genotyping l | T-ARMS PCR genotyping
{ ‘ Technical summaries
KASP outcome classification T-ARMS PCR outcome classification G PEE S e g i e
id 1 inter
« Concordant « Concordant C LhEY ERiloteerats
¥ Ditcordint ADiccomitnt + Positive-control concordance
* No-call / repeat-required + Ambiguous / non-interpretable + Plate/control-stratified outcome summary
[ I
v

Primary comparative analysis
* All-record reference-concordant yield
» Callable / evaluable-call concordance
+ Exact 95% confidence intervals
* Exact McNemar test

1
i Bridge-sample records provide descriptive inter-plate
| consistency monitoring only and do not constitute a
: formal repeatability or reproducibility study.

H

« Cohen's kappa

Figure 1. Analytical workflow of the CSN2 codon-67 comparison. The 96 independent primary
samples were used for paired comparison of KASP and the locally implemented gel-based T-ARMS
PCR workflow. Bridge and positive control records were summarized descriptively. Discordant,
no-call, and ambiguous outcomes were classified as not reference-concordant under the primary
all-record analysis; callable/evaluable results were also analyzed separately. Bridge records did not
constitute a formal repeatability or reproducibility study. The 96-sample panel was purposively
balanced across the three operational codon-67 classes and was not population-representative. Arrows
indicate the direction of the analytical workflow.
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Sanger-Supported Codon-67 Reference Classification Verification and Re-Audit

In the previous CSN2 genotyping workflow described by Sdndorova et al. [5], selected
animals were genotyped for (3-casein variants by Sanger sequencing targeting exon 7 and
additional informative sequence positions. Representative chromatogram evidence and
sequence-based assignments were reported in that study. For the present comparison, the
codon-67 state was extracted from those sequence-supported records. Chromatograms
had been quality-trimmed using a minimum Phred score threshold of Q20 and aligned to
the bovine CSN2 reference sequence. Heterozygous calls required clearly resolved double
peaks at the target position, whereas homozygous calls required a clear single-base signal.
Samples with ambiguous sequence quality had been re-amplified and re-sequenced in the
original genotyping workflow.

In the present method comparison study, the previously generated Sanger chro-
matograms and sequence-based codon-67 assignments were used as pre-existing sequence-
supported reference classifications. These classifications were assigned and re-audited
without using the KASP or T-ARMS PCR results; however, no new or external reference
sequencing was performed for the present comparison. Before the formal comparison with
KASP and T-ARMS PCR outcomes, the chromatograms corresponding to all method com-
parison panel records were re-inspected to verify the previously assigned CSN2 codon-67
reference classifications. This re-audit was performed by two independent evaluators who
assessed the diagnostic nucleotide position and the surrounding sequence region without
using the KASP or T-ARMS PCR results for classification assignment. Disagreements,
if present, were resolved by consensus review based only on the Sanger chromatogram
evidence and alignment to the bovine CSN2 reference sequence.

The re-audit was not intended to generate new Sanger sequencing data, but to con-
firm that all retained records had unambiguous chromatogram evidence at the codon-67
His/Pro-discriminating nucleotide position and in the surrounding sequence region. Only
records with unambiguous Sanger chromatogram interpretation were retained in the ref-
erence panel. The Sanger-supported codon-67 reference classification was not modified
based on KASP or T-ARMS PCR outcomes; instead, KASP and T-ARMS PCR results were
evaluated against the re-audited Sanger-supported reference classifications.

The four callable KASP-discordant records, the two KASP no-call/repeat-required
records, the six clearly discordant T-ARMS PCR records, and the T-ARMS PCR no-call/non-
interpretable record are documented in Supplementary Figure S4. Representative weak
band and additional band T-ARMS PCR outcomes are shown separately in Supplemen-
tary Figures S1 and S2. Supplementary Figure S4 documents the available pre-existing
chromatogram evidence supporting the retained reference classifications in these criti-
cal comparison records. During revision, the software-generated non-diagnostic refer-
ence/alignment tracks were removed from the displayed panels after a graphical base
inconsistency was identified outside the diagnostic position; the chromatogram traces
and sample base calls were not modified. Supplementary Figure S4 does not represent
newly generated Sanger sequencing or independent analytical retesting. For reverse strand
chromatograms, codon-67 classification was based on alignment to the CSN2 reference
sequence and the corresponding reverse complement nucleotide at the diagnostic position.

2.2. T"ARMS PCR

Tetra-primer amplification refractory mutation system PCR (T-ARMS PCR) was per-
formed to interrogate the CSN2 codon-67 His/Pro polymorphism. The four primer se-
quences were based on sequences reported by Vigolo et al. and related published T-ARMS
work [29,45]. The reaction chemistry, primer concentrations, thermal cycling program, and
electrophoretic conditions were established locally and did not reproduce the complete
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published protocol. The assay should therefore be regarded as a local gel-based implemen-
tation using Vigolo-reported primer sequences, rather than as a replication or independent
validation of the complete Vigolo protocol. It generated one common control fragment and
two smaller allele-specific products intended to distinguish the His67-associated (Al-type)
and Pro67-associated (A2-type) nucleotide states by agarose gel electrophoresis. Accord-
ingly, the results apply to this specific local configuration and should not be generalized to
T-ARMS PCR or ARMS-based assays overall.

Four primers were used: the Pro67-associated forward inner primer FA2
(5-TAGTCTATCCCTTCCCTGGACCCATTCC-3"), the His67-associated reverse inner
primer RA1 (5-AGGGATGTTTTGTGGGAGGCTGTCAT-3'), the forward outer primer
NFO (5-TCTGCAGGAACTCAGGAAGAGGTGGA-3'), and the reverse outer primer NRO
(5'-AAGACTGGAGCAGAGGCAGAGGAAGGT-3') [29,45]. The FA2 oligonucleotide se-
quence reported here is the sequence synthesized and used in the present experiments.
During revision, in silico re-examination of the reported FA2 sequence against X14711.1
indicated non-target differences at X14711.1:g.8093 and X14711.1:2.8099. The available
experimental records do not establish whether these bases were intentionally engineered
mismatches, inherited typographical inconsistencies in the published sequence, or reflect
a different original reference convention. Because this uncertainty could have influenced
allele-specific amplification, it is explicitly considered when interpreting the performance
of the evaluated T-ARMS PCR implementation.

PCR reactions were carried out in a final volume of 20 uL using 2 x QIAGEN Multiplex
PCR Master Mix (QIAGEN GmbH, Hilden, Germany). Each reaction contained 10 pL of
2x Master Mix, 45 ng of genomic DNA, 0.4 uL of each inner primer FA2 and RA1, and
0.2 pL of each outer primer NFO and NRO from 10 uM primer stock solutions. The
final concentrations were therefore 0.20 uM for each inner primer and 0.10 uM for each
outer primer, corresponding to a 2:1 inner-to-outer primer concentration ratio. This ratio
was treated as a fixed local implementation condition; alternative primer ratios were not
compared, so the present study cannot establish that the selected ratio was optimal. The
tested ratio should therefore be interpreted as part of the evaluated local configuration
rather than as an optimized T-ARMS setting. The final volume was adjusted with nuclease-
free water.

Before the primary method-comparison runs, the working annealing temperature
was assessed in a pilot gradient PCR using a GeneExplorer Thermal Cycler (Hangzhou
Bioer Technology, Hangzhou, China). One Sanger-supported reference sample from each
operational codon-67 class (A1A1, A1A2, and A2A2) was tested at 64.0, 65.1, 66.2, 67.3,
68.4, and 70.0 °C. The inner-to-outer primer concentration ratio was fixed at 2:1. The pilot
program comprised initial denaturation at 95 °C for 15 min, 40 cycles of 94 °C for 30 s,
gradient annealing for 40 s, and 72 °C for 40 s, followed by a final extension at 72 °C for
10 min. Pilot products were separated on a 1% agarose gel at 130 V for 70 min using an
ENDURO 300 V Power Supply (Labnet International, Inc., Edison, NJ, USA), a 100 bp-plus
DNA ladder, and GelGreen staining. Based on visual comparison of the expected class-
specific band patterns across the gradient, 68.4 °C was selected as the working annealing
temperature. A subsequent small follow-up run at 68.4 °C included four Sanger-supported
samples from each operational codon-67 class and one no-template control. This pre-
comparison experiment was a limited annealing-temperature assessment rather than a
factorial optimization study: alternative primer ratios and replicated combinations of
reaction parameters were not tested (Supplementary Figure S5). It documents the selected
working temperature but does not establish the optimal parameter combination or the best
achievable performance of T-ARMS PCR.
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For the primary method comparison runs, amplification was performed in a Gene-
Explorer Thermal Cycler (Hangzhou Bioer Technology, Hangzhou, China) with initial
denaturation at 95 °C for 15 min, followed by 35 cycles of 94 °C for 30 s, 68.4 °C for
30 s, and 72 °C for 30 s, and a final extension at 72 °C for 10 min. Each run included a
no-template control. The final 68.4 °C annealing temperature was selected from the pilot
gradient described above, whereas the 2:1 inner-to-outer primer ratio was retained as a fixed
local implementation condition. The pilot and primary thermal programs differed in cycle
number and annealing/extension duration; these settings were not evaluated as experimental
factors. No systematic comparison of alternative primer ratios or factorial optimization of
temperature, primer balance, cycle number, and template input was performed. Accordingly,
the primary comparison evaluates this fixed assay configuration only.

For the primary method-comparison runs, PCR products were separated by elec-
trophoresis on 1.5% agarose gels at 110 V for 1 h using an ENDURO 300 V Power Supply
(Labnet International, Inc., Edison, NJ, USA). A GeneRuler 100 bp DNA Ladder (Thermo
Scientific, Waltham, MA, USA) was used as the molecular size marker. Gels were visualized
under UV illumination using a Bio-Rad GelDoc™ XR Imaging System (Bio-Rad Laborato-
ries, Hercules, CA, USA). The separate pilot-gradient and follow-up gels are documented
in Supplementary Figure S5.

Codon-67 classes were assigned according to the presence of the common internal-
control fragment and the allele-specific bands. Based on the X14711.1 primer coordinates,
the predicted products were 586 bp for the internal control fragment, 384 bp for the His67-
associated fragment, and 255 bp for the Pro67-associated fragment. The previously reported
256 bp designation was corrected to 255 bp during revision. Operational A1A1 calls showed
the 586 and 384 bp products, operational A2A2 calls showed the 586 and 255 bp products,
and operational A1A2 calls showed all three products.

For T-ARMS PCR quality classification, WB indicated weak bands, AB indicated ad-
ditional bands, SM indicated smeared or non-specific amplification, and NC indicated
no interpretable call. Gel images were evaluated using predefined interpretation cate-
gories. A codon-67 call was considered evaluable only when the internal control band
and the expected allele-specific band pattern were clearly visible. Weak allele-specific
amplification, additional non-specific bands interfering with class interpretation, smeared
amplification, or lack of an interpretable banding pattern were classified as ambiguous
outcomes. Ambiguous outcomes were not forced into codon-67 categories. They represent
non-interpretable banding patterns under the predefined criteria and were not treated as
confirmed incorrect codon-67 calls.

Gel images were first scored using predefined interpretation categories by the primary
evaluator. The complete set was subsequently re-scored independently by a second laboratory
evaluator who was blinded to the Sanger reference classifications, KASP results, and initial
T-ARMS PCR calls. The blinded re-scoring yielded the same final genotype and quality
category assignments, and the original calls were retained without modification. This proce-
dure assessed interpretation consistency only. Ambiguous and discordant samples from the
primary comparison were not re-amplified using modified primer ratios, additional anneal-
ing temperature conditions, new DNA dilutions, or newly extracted DNA. Representative
primary comparison gel images are provided in Supplementary Figures S1 and S2.

The coordinate-based amplicon-size check and the FA2 alignment observations were
performed as an in silico audit during revision; they did not involve post hoc replacement
of any experimental result. The original gel classifications and the primary concordance
analysis were retained unchanged.
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2.3. KASP Genotyping

KASP genotyping was performed for targeted detection of the CSN2 codon-67 poly-
morphism. The custom assay was commercially designed, synthesized, and supplied by
LGC Genomics [46] (Hoddesdon, Hertfordshire, UK) using the bovine CSN2 reference
sequence X14711.1 and target position g.8101 specified by the authors. The submitted target
flanking sequence was 5'-GATTTGTTTTCCTTCTTTCCAGGATGAACTCCAGGATAAAA
TCCACCCCTTTGCCCAGACACAGTCTCTAGTCTATCCCTTCCCTGGACCCATCCIA/C]
TAACAGCCTCCCACAAAACATCCCTCCTCTTACTCAAACCCCTGTGGTGGTGCCGCC
TTTC-3'. Initial assay design checks were performed by the provider; reference concordance

was evaluated against the re-audited Sanger-supported classifications.

In the X14711.1 forward strand orientation, the C nucleotide forms the CCT codon
encoding proline and was assigned as the Pro67-associated (A2-type) state, whereas the
A nucleotide forms the CAT codon encoding histidine and was assigned as the His67-
associated (Al-type) state. Thus, the assay discriminates the codon-67 His/Pro classes
rather than uniquely identifying the complete CSN2 A1 or A2 alleles. Because the assay
was supplied as a proprietary commercial KASP assay, the allele-specific primer sequences
and internal design parameters are not reported.

Fluorescence clusters were reported using the operational labels A1A1, A1A2, and
A2A2, corresponding to His67/His67, His67 /Pro67, and Pro67 /Pro67, respectively. Positive
controls verified fluorescence channel orientation, whereas Sanger-supported reference
classifications were used for post hoc concordance assessment. The KASP assay is therefore
a targeted codon-67 SNP assay and not a full CSN2 haplotyping or comprehensive (3-casein
variant-detection method. It cannot independently resolve alleles such as A3, B, I, or other
variants that share the same codon-67 state but differ elsewhere in CSN2.

Genomic DNA concentration and purity were assessed using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Prior to KASP genotyping,
DNA samples were diluted to a working concentration of 5 ng/pL. Each KASP reaction was
prepared in a final volume of 10.14 puL, consisting of 5 uL of 2x KASP Master Mix (LGC
Genomics, Hoddesdon, UK), 0.14 uL of KASP primer mix, and 5 pL of diluted genomic DNA,
corresponding to 25 ng of DNA per reaction. No-template controls were included on the
KASP plates for assay monitoring and were not included in the 116-record analytical dataset.

Reactions were prepared in LightCycler 8-Tube Strips (white) and sealed with original
Roche LightCycler 96 caps compatible with the Roche LightCycler 96 Real-Time PCR
System (Roche Diagnostics, Mannheim, Germany). Prior to amplification, the strips were
briefly centrifuged at 5000 g for 30 s using a Thermo Scientific Pico 17 centrifuge (Thermo
Electron LED GmbH, Osterode am Harz, Germany) to collect the reaction mixture at the
bottom of each tube and remove potential air bubbles.

KASP amplification and fluorescence detection were performed using a Roche Light-
Cycler 96 Real-Time PCR System (Roche Diagnostics, Mannheim, Germany). The cycling
protocol consisted of a pre-read step at 30 °C for 60 s, enzyme activation at 94 °C for 15 min,
followed by 10 touchdown cycles of denaturation at 94 °C for 20 s and annealing/extension
at 61 °C for 60 s, with the annealing temperature decreasing by 0.6 °C per cycle. This was
followed by 35 amplification cycles at 94 °C for 20 s and 55 °C for 60 s, and a final post-read
step at 30 °C for 60 s.

Endpoint fluorescence was recorded in the two standard KASP reporter channels,
6-carboxyfluorescein (FAM) and hexachlorofluorescein (HEX), which provide allele-specific
signal discrimination after competitive allele-specific amplification. Fluorescence data
were analyzed using LightCycler® 96 Software version 1.1 (Roche Diagnostics, Mannheim,
Germany). Codon-67 classes were assigned based on allele-specific fluorescence clustering,
and samples were classified as A1A1, A1A2, or A2A2 according to their relative FAM and
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HEX fluorescence signal distribution. Positive controls were used to verify fluorescence
channel-to-allele orientation. Primary sample classification calls were exported from the
KASP cluster analysis before concordance assessment and were not modified after com-
parison with the Sanger-supported codon-67 reference classifications. Cluster plots were
visually inspected to confirm separation of classification clusters and to identify potential
ambiguous calls. Final classification calls were tabulated in Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) and subsequently compared with T-ARMS PCR and
the re-audited Sanger-supported codon-67 reference classifications.

For KASP outcome classification, quality control acceptable (QC OK) indicated an
interpretable fluorescence cluster call. Discordant (DIS) indicated a callable result differing
from the re-audited reference and remained in the callable result denominator; no-call
(NC) or repeat-required (REP) indicated a non-evaluable outcome. Reported assay details
include the target, reference sequence, flanking sequence, reaction conditions, instrument,
fluorescence channels, and assignment strategy.

In callable primary records, the exported KASP classification calls showed distinct
FAM/HEX signal ratio ranges: A2A2, 0.186-0.540; A1A2, 0.708-0.960; and A1A1, 2.586—4.448.
Medjian ratios were 0.232, 0.811, and 3.373, respectively. These empirical ranges document the
endpoint fluorescence distribution in the present primary method comparison dataset and
were not used as post hoc reclassification thresholds.

Retrospective Record-Level Review of Callable KASP-Discordant Outcomes

After completion of the primary comparison, the four callable KASP-discordant
records were reviewed retrospectively using the available original records. The review
considered the sample identifiers and plate/well assignments reported in the analytical
dataset, the original exported KASP calls, endpoint FAM and HEX values and FAM/HEX
ratios, position within the recorded fluorescence clusters, the corresponding T-ARMS PCR
outcomes, plate control summaries, and the existing re-audited Sanger chromatograms.
This review was descriptive and was intended to document the direction and available
technical context of the discordances; it did not constitute independent analytical retest-
ing. No new working DNA dilution, separate aliquot, new DNA extraction, repeat KASP
run, or new Sanger sequencing was performed. Original primary-analysis calls were re-
tained unchanged. Consequently, the review could not determine the technical cause or
reproducibility of the discordant outcomes.

2.4. Statistical and Concordance Analysis

Classification calls obtained by KASP and the evaluated T-ARMS PCR implementation
were recorded in Microsoft Excel (version: LTSC 2021, 64-bit)(Microsoft Corporation,
Redmond, WA, USA) and compared with the re-audited Sanger-supported codon-67
reference classifications. The primary comparison used the 96 independent primary sample
records. Bridge sample and positive control records were excluded from inferential testing
and retained only for descriptive technical monitoring summaries.

For each record, an alternative method result was considered concordant when it
matched the Sanger-supported operational codon-67 class. Class-specific concordance
was assessed for the operational A1A1, A1A2, and A2A2 categories, corresponding to
His67 /His67, His67 /Pro67, and Pro67/Pro67, respectively.

For KASP, classification calls identical to the Sanger-supported reference classification
were concordant, interpretable calls that differed were discordant, and NC or REP outcomes
were non-evaluable and excluded from callable result analyses. For T-ARMS PCR, matching
clear calls were concordant, differing clear calls were discordant, and WB, AB, SM, or
NC outcomes were classified as ambiguous and excluded from evaluable call analyses.

https:/ /doi.org/10.3390/ dairy7040067


https://doi.org/10.3390/dairy7040067

Dairy 2026, 7, 67

11 of 25

In addition to the three-class comparison, binary A2A2 versus non-A2A2 summaries
were prepared for both methods in the 96 primary sample records. Binary results were
reported both conservatively, with no-call or ambiguous outcomes treated as not reference-
concordant in the all-record analysis, and conditionally among callable or evaluable results.

The all-record reference-concordant yield was defined as the proportion of all records
that produced a classification matching the Sanger-supported reference. Discordant, no-
call, and ambiguous outcomes were classified as not reference-concordant under this
conservative all-record rule. Concordance among callable/evaluable results was calculated
separately. KASP callable results excluded NC/REP outcomes but retained discordant calls;
T-ARMS evaluable results excluded ambiguous outcomes.

Exact 95% binomial confidence intervals were calculated for the main primary method
comparison indicators, including all-record reference-concordant yield, discordance, no-call
and ambiguous outcome proportions, and concordance among callable or evaluable calls,
using the Clopper-Pearson method [47].

Agreement between each genotyping method and the Sanger-supported reference
classifications was quantified descriptively using Cohen’s kappa [48]. Because no-call
and ambiguous categories describe outcome quality rather than codon-67 classes, kappa
was calculated only among callable or evaluable results. Primary kappa values used the
96 independent primary records. Values from the complete 116-record technical dataset
were retained only as secondary descriptive measures because bridge and positive control
records were not independent biological observations. Given the intentionally balanced
panel, kappa was interpreted within the method comparison framework rather than as a
population-level agreement estimate [49].

To compare all-record reference-concordant yield between KASP and T-ARMS PCR,
an exact McNemar test was used for the 96 primary sample records. For each record,
each method was classified according to whether it produced a codon-67 classification
concordant with the Sanger-supported reference; discordant, no-call, and ambiguous
outcomes were classified as not reference-concordant under the primary all-record rule. The
exact paired comparison was implemented as an exact binomial test on the discordant pairs,
under the null hypothesis that the two methods were equally likely to produce a reference-
concordant classification when the other method did not [50]. This approach allowed direct
comparison of paired reference-concordance outcomes while avoiding overinterpretation
of repeated bridge sample and positive control records. The same classification logic
was summarized for the complete 116-record technical dataset as a secondary descriptive
analysis. The binary paired analysis addressed all-record reference concordance with
the Sanger-supported reference and did not imply absolute correctness, a resolved error
mechanism, or formal validation of either alternative assay. Exact binomial confidence
intervals were reported to describe the precision of the observed method comparison
panel estimates, in line with precision-based approaches recommended for qualitative test
performance studies [51-54].

The absolute paired difference in all-record reference-concordant yield between KASP
and T-ARMS PCR was calculated as (b — c)/n, where b represents primary sample records
concordant by KASP but not reference-concordant by T-ARMS PCR, c represents primary
sample records not reference-concordant by KASP but concordant by T-ARMS PCR, and
n represents the 96 primary sample records. Because the number of discordant paired
cells was limited, the 95% confidence interval for the paired difference was estimated
using a nonparametric percentile bootstrap procedure [55]. This approach was chosen to
preserve the paired record structure and avoid reliance on large-sample approximations.
Paired primary sample records were resampled with replacement, the paired difference
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was recalculated for each bootstrap replicate, and the 2.5th and 97.5th percentiles of the
bootstrap distribution were used as the 95% confidence interval.

Plate-associated differences were evaluated as part of the plate- and control-stratified
analysis. Plate 1 and Plate 2 were compared using Fisher—Freeman—Halton exact tests for
three-category outcome distributions because of the small number of discordant, no-call,
and ambiguous outcomes [56]. Binary comparisons of concordant versus non-concordant
outcomes were performed using Fisher’s exact test [57]. Bridge samples and positive controls
were summarized descriptively because of their limited sample size and their role as technical
monitoring and assay control records. These plate-stratified analyses were exploratory sample-
level comparisons and were not intended to estimate between-run reproducibility.

All statistical analyses were performed in R version 4.5.1 (R Core Team, 2025) [58]. Exact
binomial confidence intervals and exact paired binomial comparisons were calculated using
the binom.test function from the stats package. Fisher’s exact tests were calculated using the
fisher.test function from the stats package. Cohen’s kappa coefficients were calculated using
the kappa2 function from the irr package (version 0.84.1) [48,59]. Before bootstrap resampling,
the random number generator was initialized using set.seed (2026). Nonparametric percentile
bootstrap confidence intervals were calculated using 10,000 bootstrap resamples of the paired
primary sample records [55]. RStudio Desktop version 2025.09.1 + 401 was used only as the
integrated development environment (Posit Team, 2025) [60].

2.5. Practical Workflow Assessment

The practical applicability of the evaluated T-ARMS PCR implementation, KASP
genotyping, and Sanger sequencing was compared descriptively using workflow-related
parameters, including instrumentation requirements, post-PCR processing, interpretation,
and workflow characteristics relevant to potential throughput and scalability. This com-
parison was not designed as an economic evaluation. Standardized micro-costing, labor
and instrument time measurements, equipment depreciation, maintenance, repeat testing
costs, quality control failures, data handling, fixed costs, and institutional overhead were
not evaluated. Consequently, no conclusions are drawn regarding total per-sample cost,
cost-effectiveness, or the economic superiority of any method.

3. Results
3.1. Sanger-Supported Codon-67 Reference Panel

The complete technical dataset consisted of 116 assay-level codon-67 genotyping
records: 96 primary samples, 8 bridge sample records, and 12 positive control records.
The 96 primary samples formed the independent primary dataset for inferential method
comparison. Across the complete technical dataset, the three operational codon-67 classes
comprised 38 His67/His67 (A1A1), 39 His67 /Pro67 (A1A2), and 39 Pro67/Pro67 (A2A2)
records (Table 2). These counts describe the intentionally balanced technical dataset and
are not population frequencies.

3.2. KASP and T-ARMS PCR Genotyping Outcomes

Across the complete 116-record technical dataset, KASP produced 110 concordant,
4 discordant, and 2 no-call results, whereas T-ARMS PCR produced 96 concordant, 7
discordant, and 13 ambiguous results. In the 96 independent primary sample records, KASP
yielded 90 concordant, 4 discordant, and 2 no-call results, whereas T-ARMS PCR yielded
77 concordant, 6 discordant, and 13 ambiguous results. KASP discordances occurred only
in Sanger-supported A2A2 records, and KASP no-calls occurred only in A1A1 records.
T-ARMS PCR non-concordant outcomes were most frequent in the A2A2 reference class.
The 13 ambiguous primary outcomes were non-interpretable banding patterns under the
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predefined scoring criteria, not forced or confirmed incorrect genotype classifications. Class-
specific outcomes for both the complete technical dataset and the primary analysis set are
summarized in Table 3.

Table 2. Composition of the complete codon-67 technical dataset.

Category n Assay Record Proportion (%)
A1A1 class 38 32.8
A1A2 class 39 33.6
A2A2 class 39 33.6
Total records 116 100.0

Notes: Values describe assay-level records in the intentionally balanced technical dataset and are
not population frequencies. A1A1, A1A2, and A2A2 are operational shorthand for His67/His67,
His67/Pro67, and Pro67/Pro67 codon-67 classes, respectively, and do not imply comprehensive CSN2
allele resolution.

Table 3. Class-specific KASP and T-ARMS PCR outcomes relative to Sanger-supported codon-
67 reference classifications in the complete technical dataset and in the 96 independent primary
sample records.

Analvsic Iéff;;;“g; KASP KASP KASP T-ARMS  T-ARMS  T-ARMS
y n Concordant  Discordant No-Call n Concordant  Discordant Ambiguous
Set Class (Sanger- o o o o o o
S n (%) n (%) (%) n (%) n (%) n (%)
upported)

Complete

technical AlAl 38 36 (94.7) 0(0.0) 2(5.3) 36 (94.7) 1(2.6) 1(2.6)
dataset

Complete

technical Al1A2 39 39 (100.0) 0(0.0) 0(0.0) 33 (84.6) 0(0.0) 6 (15.4)
dataset

Complete

technical A2A2 39 35 (89.7) 4 (10.3) 0(0.0) 27 (69.2) 6 (15.4) 6 (15.4)
dataset

Complete

technical Total 116 110 (94.8) 4(3.4) 2(1.7) 96 (82.8) 7 (6.0) 13 (11.2)
dataset

Primary
sample AlAl 32 30 (93.8) 0(0.0) 2(6.3) 30 (93.8) 1(3.1) 1(3.1)
records

Primary
sample Al1A2 31 31 (100.0) 0(0.0) 0(0.0) 25 (80.6) 0(0.0) 6 (19.4)
records

Primary
sample A2A2 33 29 (87.9) 4(12.1) 0(0.0) 22 (66.7) 5(15.2) 6(18.2)
records

Primary

sample Total 96 90 (93.8) 4(4.2) 2(2.1) 77 (80.2) 6 (6.3) 13 (13.5)
records

Notes: Percentages are calculated within each Sanger-supported operational codon-67 class or, for
total rows, within the corresponding analysis set. A1A1, A1A2, and A2A2 denote His67/His67,
His67 /Pro67, and Pro67/Pro67 classes. The complete technical dataset included primary, bridge
sample, and positive control records; only primary samples formed the primary inferential analysis
set. KASP no-call/repeat-required and T-ARMS PCR ambiguous outcomes were classified as not
reference-concordant in the conservative all-record analysis.
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KASP had a higher estimated all-record reference-concordant yield than the evaluated
T-ARMS PCR implementation. When all 96 primary records were retained and discordant,
no-call, and ambiguous outcomes were classified as not reference-concordant, KASP yielded
reference-concordant classifications in 90/96 records (93.8%), compared with 77/96 (80.2%)
for T-ARMS PCR. Among callable or evaluable results, concordance was 90/94 (95.7%) for
KASP and 77/83 (92.8%) for T-ARMS PCR. Exact 95% binomial confidence intervals for the
primary indicators are shown in Table 4.

Table 4. Exact 95% binomial confidence intervals for the main primary reference-concordance and
outcome metrics.

Method Parameter Result (Ratio; %, 95% CI)
All-record
KASP reference-concordant yield 90/96; 93.8% (86.9-97.7)

among primary samples

Discordant among primary

KASP sample records 4/96; 4.2% (1.1-10.3)
KASP No-call among primary 2/96;2.1% (0.3-7.3)
sample records
KASP Concordance among 90/94; 95.7% (89.5-98.8)
callable primary results
All-record
T-ARMS PCR reference-concordant yield 77 /96; 80.2% (70.8-87.6)
among primary samples
T-ARMS PCR Discordant among primary 6/96; 6.3% (2.3-13.1)
sample records
T-ARMS PCR Ambiguous among 13/96; 13.5% (7.4-22.0)

primary sample records
T-ARMS PCR Evaluable clear-call rate 83/96; 86.5% (78.0-92.6)

Concordance among
evaluable primary calls

T-ARMS PCR 77/83; 92.8% (84.9-97.3)

The estimated difference between methods was larger for all-record reference-
concordant yield than for concordance among callable or evaluable results. This indicates
that the main observed difference in this panel was the higher KASP call rate and lower
proportion of non-interpretable outcomes, rather than a large difference after a clear result
had been obtained.

Under the primary paired classification, KASP was reference-concordant while T-ARMS
PCR was not reference-concordant in 19 records, whereas T-ARMS PCR was reference-
concordant while KASP was not reference-concordant in 6 records. The exact McNemar
test gave p = 0.015, and the estimated paired difference in all-record reference-concordant
yield was 13.5 percentage points higher for KASP (bootstrap 95% CI: 4.2-22.9 percentage
points; Table 5). Cohen’s kappa among callable/evaluable primary records was 0.936 for
KASP and 0.891 for T-ARMS PCR. This paired result describes reference concordance under
the primary all-record rule and does not establish an intrinsic method advantage or the cause
of individual discordances.
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Table 5. Primary paired comparison of KASP and T-ARMS PCR relative to the re-audited Sanger-
supported codon-67 reference classifications and descriptive agreement statistics.

Parameter Result
Both methods produced a reference-concordant 71
classification, primary all-record analysis
KASP reference-concordant; T-ARMS PCR not 19
reference-concordant under the all-record definition
KASP not reference-concordant under the all-record 6
definition; T-ARMS PCR reference-concordant
Neither method produced 0

a reference-concordant classification

Absolute paired difference in all-record
reference-concordant yield

13.5 percentage points higher for KASP

Bootstrap 95% CI for paired difference 4.2-22.9 percentage points
Exact McNemar test, primary analysis p =0.015
Cohen’s kappa, KASP callable calls, primary records only 0.936

Cohen’s kappa, T-ARMS PCR evaluable calls, primary
records only

0.891

Notes: Discordant, no-call, and ambiguous outcomes were classified as not reference-concordant
in the primary all-record comparison. The paired difference was calculated as (b — c)/n, where b
and c are the discordant paired cells and n = 96. The 95% confidence interval was estimated using
10,000 paired bootstrap resamples. Kappa values were calculated only among callable or evaluable
classification calls; complete-dataset kappa values are secondary descriptive measures.

3.2.1. Direction and Retrospective Record-Level Review of KASP Discordances

Retrospective record-level review of the four callable KASP-discordant primary
records documented that all four had Sanger-supported A2A2 reference classifications and
exported A1A2 KASP calls, whereas T-ARMS PCR classified all four as A2A2. Two discor-
dant records occurred on each assay plate; thus, the discordances were not confined to one
plate, although the small number of records precludes formal inference about plate effects.

The FAM/HEX ratios of the four callable KASP-discordant records were 0.8345, 0.8440,
0.7755, and 0.8947. These values fell within the observed heterozygous cluster range rather
than at the Pro67/Pro67-to-heterozygous cluster boundary. The original exported KASP
calls therefore corresponded to clear heterozygous-like fluorescence patterns for samples
with Sanger-supported Pro67/Pro67 reference classifications. The retrospective review was
limited to available original records and did not include a new DNA dilution, independent
aliquot, new DNA extraction, repeat KASP run, or new Sanger sequencing. It could
therefore document the direction and fluorescence pattern of the discordance but could
not determine its technical cause, reproducibility, or whether it reflected a sample-specific
or assay-related factor. Original calls were retained without mechanistic reclassification
(Supplementary Table S2 and Figure S3).

3.2.2. Binary A2A2 Versus Non-A2A2 Classification

In the binary A2A2 versus non-A2A2 summary, KASP yielded A2A2 calls in 29/33
Sanger-supported A2A2 records and yielded no A2A2 calls among non-A2A2 reference
records; two non-A2A?2 reference records were no-calls. T-ARMS PCR yielded A2A2 calls
in 22 /33 A2A2 reference records, non-A2A2 calls in five A2A2 reference records, and six
ambiguous outcomes among A2A?2 reference records.

When non-evaluable outcomes were classified as not reference-concordant, the reference-
positive all-record yield for A2A2 records and the reference-negative all-record yield for
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non-A2A2 records were 87.9% (29/33) and 96.8% (61/63) for KASP, and 66.7% (22/33) and
87.3% (55/63) for T-ARMS PCR, respectively. Among callable or evaluable primary records,
reference-based sensitivity and specificity were 87.9% and 100.0% for KASP and 81.5% and
98.2% for T-ARMS PCR, respectively. Positive and negative predictive values are reported
only as panel-specific descriptive quantities for this intentionally balanced panel and must
not be interpreted as population-level estimates (Supplementary Tables S3 and S4).

To make the direction of class-level reference discordances explicit, method-specific
confusion summaries for the 96 primary sample records are provided in Supplementary
Table S5. KASP produced no A2A2 calls among non-A2A2 reference records; all four
callable KASP discordances occurred in Sanger-supported A2A2 records and were called
A1A2. In contrast, T-ARMS PCR produced one A2A2 call among non-A2A?2 reference
records and five clear non-A2A2 calls among Sanger-supported A2A2 records, in addition
to thirteen ambiguous outcomes.

3.3. Plate-, Bridge-Sample-, and Control-Stratified Analyses

Plate-stratified results did not indicate confinement of the KASP discordances to a single
plate: each plate had 45 concordant, 2 discordant, and 1 no-call result. However, the small
number of discordant and no-call outcomes limits formal inference on plate effects. No evidence
of a plate-associated outcome difference was observed in the Fisher-Freeman—Halton exact test
(p = 1.000); however, the study was not designed or powered to evaluate between-run effects.

For T-ARMS PCR, each plate had three discordant calls. Ambiguous outcomes were
more frequent on Plate 2 than on Plate 1 (eight versus five), but neither the three-category
outcome distribution nor the binary concordant/non-concordant comparison differed
significantly (p = 0.746 and p = 0.609, respectively; Table 6).

Table 6. Plate-stratified primary-sample outcomes and descriptive bridge sample and positive control
summary for KASP genotyping and T-ARMS PCR relative to Sanger-supported reference classifications.

Cat KASP KASP KASP No T-ARMS T-ARMS T-ARMS
ategory " Concordant Discordant Call Concordant Discordant Ambiguous
Plate 1 48 45 2 1 40 3 5
Plate 2 48 45 2 1 37 3 8
Bridge 8 8 0 0 7 1 0

samples

Positive 12 12 0 0 12 0 0

controls

Total 116 110 4 2 96 7 13

Notes: Plate rows contain 48 independent primary samples each. Bridge and positive control records
were summarized descriptively and excluded from plate-level inference. Plate distributions used
Fisher-Freeman-Halton tests; binary concordance used Fisher’s exact test.

All positive control records were concordant for both methods. Bridge samples were
fully concordant for KASP and 7/8 concordant for T-ARMS PCR.

The composition of ambiguous T-ARMS PCR outcomes was further summarized by
plate and Sanger-supported reference classification in Supplementary Table S6. Among the
13 ambiguous primary records, weak band patterns were the most frequent category (8/13),
followed by additional band patterns (4/13) and one non-interpretable call. No smeared
amplification category was observed among the primary sample records. Ambiguous
outcomes were more frequent on Plate 2 than on Plate 1, consistent with the plate-stratified
summary, but this difference was not statistically significant.
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3.4. Practical Workflow Comparison

The descriptive workflow comparison distinguished the practical laboratory roles
of the three approaches evaluated in the present study (Table 7). The evaluated T-ARMS
PCR implementation used conventional PCR and gel electrophoresis infrastructure and
may therefore be applicable in laboratories without fluorescence detection instrumentation.
However, it required post-PCR processing and visual or semi-manual interpretation, and it
produced a higher proportion of ambiguous outcomes under the tested conditions.

Table 7. Practical workflow and implementation requirements of the evaluated T-ARMS PCR
implementation, KASP genotyping, and Sanger sequencing for targeted CSN2 codon-67 genotyping.

Parameter

T-ARMS PCR

KASP Genotyping

Sanger Sequencing

Main role in this study

Conventional PCR-targeted
genotyping workflow

Fluorescence-based targeted
genotyping workflow

Source of pre-existing
reference classifications;
potential confirmatory
method

Detection principle

Tetra-primer allele-specific

Competitive allele-specific
PCR with endpoint

Sequence-based nucleotide

PCR with gel electrophoresis fluorescence discrimination identification
targeting X14711.1:g.8101
Post-PCR processing Required Not required I:Egﬁlefjir?; Svacf:lf f{;l‘:]e
Thermal cycler, gel PCR and sequencing platform

Required equipment

electrophoresis system, and
gel documentation system

Real-time PCR instrument
with fluorescence detection

or service, together with
chromatogram-analysis
software

Interpretation

Visual or semi-manual
band-pattern interpretation

Software-assisted
cluster-based classification
with visual cluster inspection

Chromatogram and sequence
alignment interpretation

Workflow-derived throughput
potential

More limited under the
evaluated gel-based workflow

Greater potential under the
evaluated closed-tube
workflow

More limited under a
conventional sequencing
workflow

Main practical advantage

Uses conventional PCR and
gel electrophoresis
infrastructure

Closed-tube workflow with
software-assisted calling and
fewer non-interpretable
outcomes under the tested
conditions

Provides sequence-level
information suitable for
reference classification,
discordant-result
investigation, and broader
variant assessment

Main practical limitation

Requires post-PCR handling
and manual interpretation
and showed a higher
ambiguity rate under the
tested conditions

Requires fluorescence
detection instrumentation and
commercial assay components

and does not provide

comprehensive CSN2 allele
resolution

Requires an additional
sequencing workflow,
sequence data interpretation,
and access to an in-house or
external sequencing platform
or service

Potential implementation
context

Targeted testing in
laboratories with conventional
PCR and gel electrophoresis
infrastructure

Larger-scale targeted CSN2
codon-67 genotyping where
compatible fluorescence
detection is available

Reference classification,
independent confirmation of
discordant or high-impact
results, rare variant
assessment, and cases
requiring broader sequence
information

Notes: The table provides a qualitative, implementation-oriented workflow comparison. The Sanger-
supported reference classifications used in the present study were derived from pre-existing sequenc-
ing records; no new Sanger sequencing was performed as part of the current method comparison. A
comprehensive economic evaluation was not performed, and the table should not be interpreted as
establishing total per-sample costs, cost-effectiveness, or the economic superiority of any method.
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KASP provided a closed-tube fluorescence workflow with software-assisted classifica-
tion and no post-PCR electrophoresis, providing greater potential for higher-throughput
implementation where compatible fluorescence detection instrumentation and commercial
assay components are available. Sanger sequencing provided sequence-level reference
information and remains appropriate for reference classification, discordant result investi-
gation, rare variant assessment, and other cases requiring broader sequence information.
Because comprehensive cost accounting was not performed, the present comparison does
not establish the relative total cost or cost-effectiveness of these workflows.

4. Discussion

For A2-oriented breeding, the practical value of a targeted CSN2 codon-67 test de-
pends on both agreement with the reference classification and the production of an inter-
pretable result. In this paired, laboratory-specific comparison, KASP had a higher all-record
reference-concordant yield than the evaluated locally implemented gel-based T-ARMS
PCR workflow when discordant, no-call, and ambiguous outcomes were classified as not
reference-concordant (93.8% versus 80.2%). Concordance was more similar among callable
or evaluable results (95.7% versus 92.8%). The principal observed difference was therefore
the higher KASP call rate and lower frequency of non-interpretable outcomes rather than
a large difference after a clear classification had been obtained. These findings do not
constitute formal validation of either assay and should not be interpreted as evidence of
the intrinsic superiority of one amplification principle over another.

Direct numerical comparison with previous CSN2 studies is limited by differences in
assay targets, reference comparators, sample selection, analytical denominators, and the
treatment of unsuccessful or indeterminate results. Giglioti et al. [61] reported complete
genotyping and 100% agreement between LNA-probe real-time PCR and thAmp genotyp-
ing in 38 samples, but compared two alternative assays and did not report a separate no-call
category. Kulibaba et al. [62] reported complete agreement between optimized AS-PCR
systems and an ACRS-PCR comparator, while also showing that non-optimized annealing
conditions could produce false heterozygous patterns in known A2A2 samples. Albiero
et al. [63] reported 100% sensitivity and specificity for binary A2A2 identification using
protein-based assays in previously genotyped animals, but that endpoint is not directly
equivalent to three-class DNA-genotyping concordance. Vigolo et al. [29] confirmed their
evaluated PCR results by sequencing but did not report an ARMS-PCR no-call or failure
rate using a denominator directly comparable with the present analysis. Consequently, the
present all-record and callable/evaluable estimates should be interpreted according to their
explicitly defined outcome categories rather than as direct numerical benchmarks against
these studies.

The direction of the four callable KASP discordances is relevant to A2-oriented breed-
ing decisions. All four records had Sanger-supported Pro67/Pro67 reference classifications
but were called His67/Pro67 by KASP; no non-Pro67 /Pro67 reference record received a
Pro67/Pro67 KASP call. Thus, the observed errors represented under-calling of the oper-
ational A2A2 class, which could exclude suitable animals from A2-oriented breeding or
production groups, rather than false inclusion of non-A2A2 animals. The four records fell
within the heterozygous fluorescence-cluster range rather than at the cluster boundary, so
visual cluster inspection alone would not necessarily have identified them as questionable.

The cause and reproducibility of these KASP discordances remain unresolved. The
original calls were retained, and the existing Sanger chromatograms were independently re-
audited, but no new DNA dilution, separate aliquot, DNA extraction, repeat KASP run, or new
Sanger sequencing was performed. Potential contributors include sample-handling or labeling
error, cross-contamination, DNA concentration or quality effects, sequence variation near
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an assay-binding site, or non-specific allele amplification [35,37—43]. However, the available
records cannot distinguish among these possibilities, and the four observations cannot be used
to infer a stable KASP error rate or a specific analytical mechanism. Independent repeat testing
and sequencing confirmation remain necessary for discordant, borderline, or high-impact
classifications [64—66].

The ambiguity burden observed with the evaluated T-ARMS PCR implementation
should likewise be interpreted in relation to the tested assay configuration. Tetra-primer
ARMS PCR performance can be affected by primer architecture, the relative concentrations
of inner and outer primers, annealing temperature, cycle conditions, template quality, and
interpretation of allele-specific bands [62,67-72]. In the present study, 68.4 °C was selected
through a six-temperature pilot gradient using one reference sample from each operational
codon-67 class and was subsequently examined in a small follow-up run. However, the
2:1 inner-to-outer primer ratio was fixed; alternative primer ratios were not compared;
the pilot and primary thermal programs differed; and the parameters were not examined
in a replicated factorial design. Ambiguous or discordant primary records were also not
re-amplified under modified conditions. The weak band and additional band outcomes
therefore characterize this specific locally implemented primer and detection workflow
under the tested conditions; they do not define the best achievable performance of T-ARMS
PCR. The in silico FA2 alignment findings further support an assay-specific interpretation,
although their contribution to the observed outcomes was not experimentally tested.

The ARMS-integrated HRM assay described by Lee et al. [34] provides additional sup-
port for this distinction. That assay combined allele-specific amplification with closed-tube
melting analysis and discriminated the three codon-67 classes without post-PCR gel elec-
trophoresis. This demonstrates that post-PCR handling and gel-related interpretation are
not intrinsic requirements of the ARMS principle and may be reduced through alternative
primer architectures and detection systems. The present findings therefore compare KASP
with the specific locally implemented gel-based T-ARMS PCR workflow evaluated here,
not with ARMS-based approaches generally.

The present comparison is also complementary to the authors’ earlier sequence-
supported CSN2 workflow [5]. The earlier approach was designed to distinguish multiple
alleles, including A1, A2, A3, B, and I, whereas the KASP and T-ARMS PCR assays eval-
uated here classify only the codon-67 His/Pro state. Because multiple CSN2 alleles can
share His67 or Pro67, the operational A1A1, A1A2, and A2A2 labels used in this study
should be understood as His67/His67, His67 /Pro67, and Pro67 /Pro67 classes rather than
complete allele assignments [12,15,29,73-76]. Targeted codon-67 assays may be appropriate
for routine screening where the broader allelic spectrum has already been characterized,
whereas sequencing or multi-marker analysis remains preferable for comprehensive allele
identification, rare variants, unresolved discordances, and other high-impact cases.

The binary Pro67 /Pro67 versus non-Pro67 /Pro67 analysis further illustrates the practi-
cal effect of non-evaluable outcomes. When such outcomes were treated as non-concordant
decisions, the reference-positive and reference-negative decision yields were 87.9% and
96.8% for KASP and 66.7% and 87.3% for the evaluated T-ARMS PCR implementation.
These differences again primarily reflected callability. In practical terms, the evaluated gel-
based workflow can be implemented with conventional PCR and electrophoresis equipment
but requires post-PCR processing and visual band interpretation. KASP requires fluores-
cence detection instrumentation and commercial assay components but provides closed-
tube processing, software-assisted calling, and greater potential scalability [15,29,34-36].
Sanger sequencing or broader sequence-based analysis remains appropriate for reference
confirmation and cases requiring information beyond the targeted nucleotide [5,15,25,27].
Because standardized micro-costing, labor and instrument time measurement, repeat-
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testing costs, equipment depreciation, and institutional overhead were not evaluated, the
present comparison does not establish total per-sample cost, cost-effectiveness, or the
economic superiority of any workflow.

Several limitations define the scope of these findings. The panel was purposively bal-
anced across the three operational codon-67 classes and was not population-representative;
it therefore cannot be used to estimate population frequencies or prevalence-dependent
predictive values. Selection required sufficient archived DNA, acceptable DNA quality,
and unambiguous pre-existing Sanger evidence, which may limit generalizability to rou-
tine samples with lower or more variable DNA quality. Formal within-run repeatability,
between-run reproducibility, and multi-laboratory reproducibility were not systematically
assessed. The four KASP-discordant records were not independently retested, and the
T-ARMS PCR implementation was not evaluated through replicated factorial optimiza-
tion or retesting of ambiguous records. Complete CSN2 haplotyping, production traits,
product purity, consumer outcomes, and comprehensive economic outcomes were outside
the scope of the study. These limitations restrict the conclusions to a paired, laboratory-
specific comparison of targeted genotyping workflows and preclude formal assay validation
claims [54,64-66].

Future studies should include predefined within-run and between-run replicate de-
signs, independent retesting of discordant and high-impact classifications, replicated eval-
uation of the adapted T-ARMS primer set across primer ratios, annealing temperatures,
cycle conditions, and template inputs, prevalence-based sample panels, broader CSN2
variant coverage, and multi-laboratory assessment. The present data suggest that KASP
may offer greater potential for scalable targeted codon-67 screening where compatible
fluorescence instrumentation is available, whereas optimized ARMS-based workflows may
remain suitable for other laboratory settings. Neither approach should be considered uni-
versally superior, and discordant, ambiguous, borderline, or economically consequential
classifications should be independently repeated or confirmed by sequencing.

5. Conclusions

Under the primary all-record definition, KASP showed a higher reference-concordant
yield and fewer non-interpretable outcomes than the specific locally implemented gel-based
T-ARMS PCR workflow in this Holstein—Friesian panel. The difference primarily reflected
the higher KASP call rate; concordance among callable/evaluable results was more similar.
Because the panel was purposively balanced and both assays target only the codon-67
His/Pro state, the results should not be interpreted as estimates of population-level class
frequencies or as comprehensive CSN2 allele assignments. The findings do not constitute
formal assay validation, do not establish the intrinsic superiority of KASP over T-ARMS
PCR or other ARMS approaches, do not define the performance achievable after further
T-ARMS optimization, and apply only to targeted CSN2 codon-67 His/Pro classification
under the tested laboratory conditions. Systematic repeatability testing, independent
retesting of the four KASP-discordant records, factorial T-ARMS PCR optimization, multi-
laboratory assessment, and comprehensive economic evaluation were not performed.
Consequently, no claim is made regarding the cost-effectiveness or economic superiority
of either genotyping workflow. The cause and reproducibility of the four KASP reference
discordances therefore remain unresolved. KASP may offer greater potential for scalable
targeted screening where fluorescence instrumentation is available, while optimized ARMS
workflows may suit other settings. Discordant, ambiguous, borderline, or high-impact
classifications require independent repeat testing or sequencing confirmation.
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