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Abstract 

Background:  Native long-read DNA sequencing simultaneously captures genetic 
variants and epigenetic modifications from single molecules, but preserving molecular 
length and base modifications currently depends on cold-chain infrastructure that lim-
its access to well-resourced settings.

Results:  We demonstrate that ensilication, the encapsulation of DNA within silica 
matrices, preserves DNA at ambient temperature for 30 days with sequencing perfor-
mance equivalent to conventional − 80 °C freezing. Across three Genome-in-a-Bottle 
reference genomes, ensilicated and frozen samples show no significant differences 
in read length (N50 ~ 8,000–11,000 bp), variant-calling accuracy, or genome-wide CpG 
methylation. Single-read methylation calls benchmarked against an independent 
bisulfite-sequencing reference confirm that ensilication introduces no detectable bias, 
with per-read accuracy differing by less than 0.4% between preservation conditions. 
Ensilicated DNA tolerates repeated handling better than frozen samples and maintains 
fragment integrity under accelerated weathering. In two patients with rare genetic 
disorders, ambient-preserved DNA resolves a de novo variant in the segmentally dupli-
cated GTF2I locus and detects methylation patterns consistent with KDM2A-related 
disorder.

Conclusions:  Ensilication enables diagnostic-quality native long-read sequencing 
without cold-chain infrastructure, supporting ambient storage and transport while pre-
serving both sequence and methylation information.

Background
Long-read DNA sequencing technologies have transformed our ability to detect genetic 
variants and epigenetic modifications simultaneously from native DNA molecules, 
enabling comprehensive analysis of complex genomic regions, structural variants, and 
regulatory states [1]. These capabilities have proven particularly valuable for diagnosing 
rare genetic disorders, where critical diagnostic information inaccessible to short-read 
methods includes structural variants, short tandem repeats, mobile element insertions, 
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variants in segmentally duplicated loci, and disease-specific methylation signatures [2–
5]. However, the full potential of native DNA sequencing requires maintaining molecu-
lar length, sequence fidelity, and base modifications, and current best practices rely on 
cold-chain storage to preserve these properties.

DNA degrades through multiple pathways during storage and handling. Mechanical 
fragmentation reduces molecular length, hydrolytic and oxidative damage introduce 
sequence errors, and loss of epigenetic modifications erases regulatory information. 
These degradation pathways have direct diagnostic consequences. Loss of molecular 
length prevents resolution of structural variants in segmentally duplicated genes like 
SMN1 [6–8] and PMS2 [9], where reads must span paralogs to assign variants correctly. 
Sequence errors generate false positive variants that complicate clinical interpretation. 
Loss of native methylation patterns eliminates detection of episignatures that distinguish 
disorders such as Kabuki syndrome [10, 11], Fragile X syndrome [12, 13], and imprinting 
defects [12]. Low-temperature storage mitigates all three pathways, and clinical work-
flows therefore depend on cold-chain infrastructure. However, while DNA in solution 
can remain intact at elevated temperatures for extended periods under favorable condi-
tions, no ambient-temperature preservation method has been systematically investigated 
for maintaining diagnostic-quality long-read sequencing performance across molecular 
length, variant calling, and methylation simultaneously. This infrastructure dependence 
restricts advanced genomic diagnostics to well-resourced facilities with reliable power, 
backup systems, and specialized shipping capability, limiting access in resource-limited 
settings and complicating field-based research in infectious disease surveillance and bio-
diversity studies.

Silica-based encapsulation has been validated for DNA preservation under extreme 
accelerated conditions [14–16], and a recent multi-site evaluation demonstrated diag-
nostic concordance between ensilicated and frozen FFPE tumor DNA using deep short-
read whole-genome sequencing [17]. However, short-read library preparation includes 
enzymatic damage repair steps that can mask chemical modifications introduced dur-
ing storage. Native long-read sequencing, which omits these repair steps, provides a 
more stringent test of preservation fidelity because any chemical damage inflicted by the 
encapsulation and release chemistry would be directly visible in the sequencing reads. 
Whether ensilication preserves the full information content required for native long-
read sequencing, including molecular length, sequence fidelity, and epigenetic modifica-
tions at the level of individual reads, has not been evaluated. Here we show that DNA 
encapsulated in silica matrices and stored at ambient temperature for 30  days main-
tains sequencing performance equivalent to − 80  °C freezing across molecular length, 
sequence fidelity, and genome-wide methylation patterns. Using Genome-in-a-Bottle 
(GIAB) trio reference samples, we demonstrate equivalent performance between ambi-
ent-preserved and frozen DNA in read length distributions, single-read error profiles, 
variant calling accuracy, and methylation preservation at both the consensus and indi-
vidual-read level. Ambient-preserved samples exhibited resistance to degradation during 
repeated handling and accelerated weathering conditions. To demonstrate clinical feasi-
bility, we performed native long-read sequencing on ambient-preserved patient samples, 
resolving a de novo variant in the segmentally duplicated GTF2I locus and detecting the 
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KDM2A methylation pattern. These results establish that diagnostic-quality native long-
read sequencing is achievable without cold-chain infrastructure.

Results
Ensilication preserves molecular length, sequence fidelity, and genome‑wide methylation 

patterns equivalent to −80 °C freezing

We compared DNA preservation by ensilication to conventional − 80 °C storage across 
molecular length, sequence fidelity, and epigenetic modifications using three GIAB ref-
erence samples (HG002, HG003, HG004). Samples were stored for 30 days under each 
condition and processed using Oxford Nanopore’s Native Ligation Sequencing Kit V14. 
Electrophoretic analysis of high-molecular-weight DNA confirmed that both frozen and 
ensilicated samples maintained fragment size profiles comparable to the pre-storage 
input (Additional file 1: Figs. S1-S3). DNA recovery after de-encapsulation and frozen 
sample after thawing was 90–100% of input mass as measured by Qubit fluorometry. 
This is consistent with recovery reported in an independent multi-site evaluation of 
ensilication [17].

Read length density distributions were closely matched between ensilicated and fro-
zen samples across all three genomes (Fig. 1a), with N50 values ranging from 8,094 to 
10,807  bp and showing no significant differences between conditions (Mann–Whit-
ney U test, p = 1.0) (Fig. 1b, Table 1). Median read lengths (p = 0.1) and quality scores 
(p = 0.7) were also equivalent, with both methods yielding median Q-scores in the 17 
to 20 range (Fig. 1d). N50 differences between conditions ranged from 507 to 1035 bp 
across the three samples, within the range of flowcell-to-flowcell variability typical of 
ONT sequencing for pre-extracted DNA samples [4]. Median read lengths were higher 

Fig. 1  Ensilication maintains sequencing integrity comparable to conventional freezing across multiple 
quality metrics. a Read length density distributions comparing frozen (black) and ensilicated (teal) DNA 
preparations across three distinct GIAB reference samples: HG002, HG003, and HG004. b Cumulative base 
percentage plotted against read length, with N50 values indicated for both frozen and ensilicated conditions. 
c Log–log k-mer rank frequency distributions comparing frozen and ensilicated samples. d Mean Q-score 
density distributions demonstrating equivalent sequencing quality between frozen and ensilicated samples
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in ensilicated samples in all three cases (Table 1), opposite in direction to the N50 dif-
ferences. This pattern is consistent with tail-driven flowcell variability rather than a sys-
tematic preservation effect on input fragment length. K-mer rank frequency analysis 
produced nearly identical distributions between preservation methods (Fig. 1c). At the 
single-read level, per-read mismatch rates (2.6–2.93%), median identity (99.00–99.08%), 
and the substitution spectrum were indistinguishable between conditions, with no 
enrichment of C > A transversions (oxidative damage) or C > T transitions (deamination) 
in ensilicated samples (Additional file 1: Table S1, Additional file 1: Fig. S4). Coverage 
uniformity was comparable, with Gini coefficients of 0.159–0.192 for frozen and 0.175–
0.220 for ensilicated samples (Additional file 1: Fig. S5).

Variant calling against GIAB v4.2.1 benchmarks [18] showed high concordance for 
both SNP and small indel detection. SNP F1 scores exceeded 0.99 across all three 
samples for both storage methods, and indel F1 scores were comparable between con-
ditions (Fig.  2a). Structural variant analysis using Truvari (v4.1.0) against the GIAB 
Tier 1 SV truth set [19] showed precision, recall, F1 scores, and genotype concord-
ance all exceeding 0.9 for both conditions (Fig. 2b, c). To test whether variant calling 
accuracy was robust to mixing preservation conditions within a family, we computed 
Mendelian violation rates across all eight combinations of frozen and ensilicated DNA 
in the HG002/HG003/HG004 trio. Violation rates ranged from 0.166% to 0.180% with 

Table 1  Summary of sequencing metrics for frozen and ensilicated DNA samples

Genome Storage condition N50 [bp] Median length 
[bp]

Median Q-score

HG002 Frozen 9729 1634 18.3

Ensilicated 9222 2452 18.7

HG003 Frozen 10,807 2028 18.6

Ensilicated 10,179 2579 18.9

HG004 Frozen 9129 2029 18.4

Ensilicated 8094 2068 18.1

Fig. 2  Ensilication preserves variant calling performance comparable to conventional freezing. a SNP (left) 
and indel (right) F1 scores, precision, and recall for GIAB reference samples HG002, HG003, and HG004 stored 
by freezing or ensilication, benchmarked against GIAB v4.2.1 small variant truth sets. b Structural variant 
concordance between ensilicated and frozen samples for all three genomes, with frozen samples used as the 
reference because GIAB SV truth sets are only available for HG002. c Structural variant performance of both 
ensilicated and frozen HG002 samples benchmarked independently against the GIAB Tier 1 SV truth set



Page 5 of 19Ferrasse et al. Genome Biology          (2026) 27:194 	

no systematic difference between preservation conditions (Additional file 1: Fig. S6). 
The indel-SNP performance gap is characteristic of the sequencing platform rather 
than preservation method.

Preservation of both genetic and epigenetic information is essential for comprehensive 
genomic analysis. Comparison of per-CpG methylation fractions (beta values) between 
storage conditions showed strong agreement, with Pearson correlation coefficients of 
0.93 to 0.95 across all three samples (Fig. 3a). To evaluate methylation preservation at 
the level of individual sequencing reads rather than consensus estimates, we performed 
single-read ROC analysis using established EMSeq whole-genome bisulfite sequencing 

Fig. 3  Ensilication preserves CpG methylation patterns comparable to conventional freezing. a Density 
scatter plots comparing per-CpG methylation fractions (beta values) between frozen and ensilicated samples 
for GIAB reference samples HG002, HG003, and HG004, with Pearson correlation coefficients indicated. b 
Methylation calibration diagrams evaluating per-read 5mC probability scores for frozen and ensilicated 
samples against EMSeq whole-genome bisulfite sequencing ground truth. Top panels show observed 
methylation fraction versus predicted probability for each sample, with the dashed diagonal representing 
perfect calibration. Frozen and ensilicated calibration curves are indistinguishable across the full probability 
range. The systematic deviation above the diagonal reflects known overestimation of methylation probability 
by the basecaller, independent of preservation method. Bottom panels show the distribution of predicted 
probabilities, confirming identical model confidence profiles between conditions. c Heatmaps showing 
Pearson correlation between ONT methylation profiles for frozen and ensilicated samples and EMSeq WGBS 
data from the EpiQC study [20]
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profiles from the EpiQC study [20] as ground truth. CpG sites were classified as methyl-
ated (EMSeq beta > = 0.80) or unmethylated (EMSeq beta < = 0.20), and individual ONT 
read-level 5mC calls were scored against these labels. Single-read AUC values were 
0.86–0.93 across the three samples (Fig. 3b). Per-read methylation accuracy, sensitivity, 
and specificity were equivalent between conditions, differing by less than 0.4% across all 
samples and all metrics (Additional file 1: Table S2). Cross-platform correlation between 
ONT and EMSeq methylation profiles was also equivalent for frozen and ensilicated 
conditions (Pearson r > = 0.89, Fig. 3c), comparable to previously reported ONT-EMSeq 
concordance [20]. To assess whether the small fraction of discordant CpG sites between 
frozen and ensilicated conditions (6.4–10.6% of sites with |delta beta|> 0.20) reflected 
preservation-induced changes, we stratified discordant sites by genomic context and 
sequencing depth. Discordant sites were enriched in low-coverage, open-sea regions 
and depleted in CpG islands (Additional file  1: Tables S3-S4). A binomial sampling 
null model explained 85% of observed discordance, with a uniform 15% excess across 
all three samples consistent with technical overdispersion in ONT methylation calling 
rather than a preservation effect (Additional file  1: Fig. S7). At matched coverage lev-
els, frozen and ensilicated samples showed equivalent discordance against the EMSeq 
reference, confirming that ensilication does not introduce measurable methylation bias 
beyond the inherent variability of the sequencing platform (Additional file 1: Table S5).

Ensilication provides robust protection for ultra‑long DNA under routine handling 

and accelerated weathering

Having established that ensilication maintains DNA quality equivalent to freezing after 
30 days of static storage, we next investigated whether this protection extends to condi-
tions that more closely reflect real-world laboratory use. For frozen samples, repeated 
freeze–thaw cycles during routine access are unavoidable and can progressively frag-
ment DNA. We compared the effects of 19 freeze–thaw cycles on frozen samples against 
19 hydration-dehydration cycles with vortexing on ensilicated samples across all three 
GIAB reference genomes. N50 analysis revealed that freeze–thaw cycling reduced read 
lengths by 2.0–2.8  kb across the three frozen samples, while ensilicated samples sub-
jected to hydration-dehydration stress showed smaller reductions of 0.2–2.0 kb (Fig. 4a). 
This difference was consistent across all three genomes, suggesting that the silica matrix 
provides mechanical protection during repeated sample access that is not available to 
DNA in solution.

To evaluate stability over longer time scales at ambient temperature, we employed 
an accelerated weathering protocol in which samples were incubated at 55 °C and 70% 
relative humidity for 21 days. Based on a previously established temperature coefficient 
(Q10 = 6.9) for DNA degradation in a similar encapsulation material [21], this exposure 
approximates 10,000  days of storage at 23  °C, though this extrapolation assumes con-
sistent degradation mechanisms across temperatures. We compared ensilicated DNA 
against dried desalted DNA, an alternative room-temperature preservation strategy that 
removes water to limit hydrolytic damage. Both sample types initially displayed char-
acteristic fragment size peaks around 48,500 bp. After 21 days of accelerated weather-
ing, ensilicated samples maintained fragment size distributions in the 1,000–48,500 bp 
range, while dried DNA showed progressive fragmentation with a pronounced shift 
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toward smaller fragments below 1000 bp (Fig. 4b). These preliminary stability data sug-
gest that ensilication may offer advantages for long-term ambient storage, though sys-
tematic validation under diverse real-world environmental conditions is needed before 
definitive conclusions can be drawn.

Ensilicated DNA supports variant resolution in structurally complex loci and episignature 

detection

Reference samples provide gold-standard benchmarking but represent idealized 
genomic contexts. Clinical diagnostics frequently require resolving variants in struc-
turally complex regions where paralogs complicate read assignment, or interpreting 
variants of uncertain significance where epigenetic functional data provides critical evi-
dence. To test whether ensilicated DNA preserves the information content necessary for 
such diagnostic scenarios, we performed native long-read sequencing on ambient-pre-
served samples from patients with rare genetic disorders.

Validation in a segmentally duplicated locus: de novo GTF2I variant in a participant 

with autism spectrum disorder

The participant is an adult male with autism spectrum disorder and intellectual disabil-
ity. Language regression was noted in early childhood. Current findings include absent 
speech, repetitive behaviors, sensory hypersensitivity, macrocephaly, and sleep distur-
bances. Karyotype, Fragile X testing, and chromosomal microarray were unremarkable 
(Fig. 5a and b).

Clinical trio genome sequencing identified a de novo heterozygous missense variant in 
GTF2I (general transcription factor IIi, MIM [22] 601,679) (NM_032999.4:c.1157C > T; 
p.Pro386Leu; GRCh38 chr7:74,732,515 C > T), absent from gnomAD v4.1.0 [23, 24] and 

Fig. 4  Stability of ensilicated DNA under repeated handling and accelerated weathering. a Estimated N50 
values before and after 19 cycles of hydration-dehydration with vortexing (ensilicated) or 19 freeze–thaw 
cycles (− 80 °C) across GIAB reference samples HG002, HG003, and HG004. b Fragment size distributions of 
dried desalted DNA (top) and ensilicated DNA (bottom) at days 0, 7, 14, and 21 of accelerated weathering at 
55 °C and 70% relative humidity
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predicted to be deleterious (CADD [25] 28). This variant is listed in ClinVar [26] as of 
uncertain significance (VCV003359229.2). GTF2I is located within the Williams-Beuren 
syndrome critical region (WBS, MIM [22] 194,050). Because GTF2I resides within the 
7q11.23 segmental duplication block and has a closely related paralog/pseudogene 

Fig. 5  Clinical synopsis and phased long-read evidence for a heterozygous GTF2I variant. a Pedigree with 
the participant indicated by the arrow. b Lifespan phenotype summary. c IGV view of ONT native-DNA 
reads aligned to GRCh38 at GTF2I (7q11.23; vertical line at chr7:74,732,515). Reads are partitioned by phase, 
with Proband Haplotype 1 (top) carrying the reference base and Proband Haplotype 2 (bottom) carrying 
the alternate base. Red mismatches mark the alternate allele, and the inset shows base counts. The phasing 
confirms a single-haplotype heterozygous SNV in GTF2I at a segmentally duplicated locus. Created with 
BioRender.com
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(GTF2IP1), accurate read assignment is a known challenge [27]. To verify locus speci-
ficity, we used ONT long-read sequencing. ONT reads covering unique paralog-distin-
guishing motifs confirmed the variant’s position (read depth of 63 ×, 16 alternate reads 
(VAF 0.25)) in GTF2I (not GTF2IP1) (Fig.  5c), with phasing consistent with heterozy-
gosity and trio short-read genome data supporting a de novo origin. EpiSign [28] meth-
ylation profiling revealed a mildly abnormal pattern that partially overlapped with the 
Williams–Beuren syndrome epigenome signature; however, the overall results were 
inconclusive and negative for other conditions tested. In future analyses of this case, we 
plan to evaluate ONT-derived methylation signals using newer long-read classifiers to 
enable quantitative episignature interpretation.

Recent evidence supports a monogenic GTF2I-related neurodevelopmental disorder 
[27]. A multicenter case series identified eight unrelated individuals with heterozygous 
GTF2I alterations, including de novo nonsense, splice-site, missense, in-frame dele-
tion, and intragenic deletion variants, as well as one case with reduced GTF2I expres-
sion. Affected individuals shared global developmental delay or intellectual disability 
with frequent autistic features and facial dysmorphism partly reminiscent of Williams–
Beuren syndrome. RNA sequencing confirmed aberrant splicing or decreased expres-
sion for several variants, consistent with a haploinsufficiency mechanism. The study also 
highlighted technical challenges due to homology with GTF2IP1 and demonstrated that 
long-read sequencing can aid in variant confirmation. These findings provide human 
genetic validation that deleterious GTF2I variation can underlie isolated neurodevelop-
mental disease and align with prior functional models of GTF2I dosage sensitivity [29].

Genetic variant confirmation and methylation changes detection in a KDM2A case

The participant is a pre-adolescent female evaluated for dysmorphic features, general-
ized hypotonia, global development delay, feeding difficulties with early failure to thrive, 
autism spectrum disorder, and attention-deficit/hyperactivity disorder with behavioral 
dysregulation. Prior chromosomal microarray, exome sequencing, and genome sequenc-
ing were nondiagnostic.

Genetic re-analysis identified a de novo heterozygous KDM2A (lysine demethylase 
2 A, MIM [22] 605,657) variant, NM_012308.3:c.1772  T > C (p.Met591Thr), confirmed 
by Sanger sequencing. This participant was included in a KDM2A cohort study [30], 
establishing its clinical relevance within a syndromic neurodevelopmental disorder. 
Using ONT long-read sequencing, we confirmed the variant’s position (read depth of 
14 ×, 8 alternate reads (VAF 0.57)). We then used native DNA cytosine methylation calls 
from the same ONT dataset to visualize representative loci implicated in the KDM2A 
methylation signature and compared the proband qualitatively with ambient-preserved 
control specimens without KDM2A variants (Fig. 6). The proband exhibited hypermeth-
ylated CpG islands, including CYP26C1 CpG255, RB1 CpG85, and HS3ST3B1 CpG267. 
The qualitative pattern aligned with the KDM2A-positive cluster described in the cohort 
analysis [30]. Due to the limited scope of our ONT subset, these methylation findings 
are presented descriptively to demonstrate feasibility rather than to provide classifier-
grade output. Future work could leverage emerging ONT-based methylation classifiers 
to enable quantitative classification [31, 32].
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Discussion
Our results demonstrate that ensilication preserves DNA at ambient temperature for 
30 days with sequencing performance equivalent to conventional − 80 °C freezing across 
molecular length, variant calling, and genome-wide methylation. This equivalence holds 
at both the consensus level and at the level of individual sequencing reads. Per-read mis-
match rates, substitution spectra, and single-read methylation accuracy were indistin-
guishable between preservation conditions across all three GIAB reference genomes. 

Fig. 6  Clinical course, haplotype-resolved confirmation, and representative DNA-methylation CpG islands for 
a KDM2A variant. a Pedigree and phenotype timeline. The participant (arrow, filled symbol) carries a de novo 
KDM2A c.1772 T > C variant (parents Ref./Ref.) and presents with neurodevelopmental features consistent 
with KDM2A-related disorder. b IGV view of Oxford Nanopore native-DNA reads aligned to GRCh38 at KDM2A 
(chr11:67,245,397). Reads are partitioned by phase, with Proband Haplotype 1 carrying the reference allele 
and Haplotype 2 carrying the alternate allele. Base counts support a heterozygous single-nucleotide variant 
present on a single haplotype. c, Representative native-DNA methylation tracks at three CpG sites showing 
methylation changes suggestive of KDM2A-related disorder (CYP26C1 CpG255, RB1 CpG85, HS3ST3B1 
CpG267). The participant exhibits focal hypermethylation relative to two controls (IGV convention: red, 
methylated; blue, unmethylated; dashed boxes indicate comparison windows), providing orthogonal 
functional support for the KDM2A variant. Created with BioRender.com
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Mendelian concordance analysis across all combinations of frozen and ensilicated sam-
ples in the HG002/HG003/HG004 trio confirmed that preservation method does not 
introduce genotyping errors detectable through inheritance-based validation.

The methylation results warrant detailed consideration because native epigenetic 
information is among the most sensitive indicators of sample integrity and because con-
sensus-level comparisons can mask read-level differences. We therefore evaluated meth-
ylation preservation at the single-read level against an independent bisulfite sequencing 
reference rather than using frozen ONT data as ground truth. Per-read 5mC calling 
accuracy differed by less than 0.4% between frozen and ensilicated conditions across all 
three samples, and single-read ROC AUC values were indistinguishable at the precision 
reported. Discordant CpG sites between conditions were concentrated in low-coverage, 
open-sea regions and were largely explained by a binomial sampling null model, with a 
uniform 15% excess across all three samples attributable to technical overdispersion in 
ONT methylation calling rather than a preservation-specific effect. At matched coverage 
levels, frozen and ensilicated samples showed equivalent discordance against the EMSeq 
reference, confirming that any residual methylation differences reflect the inherent vari-
ability of the sequencing platform rather than preservation-induced changes.

Analysis of the substitution spectrum provided direct evidence that ensilication does 
not introduce chemical damage to DNA. Oxidative damage characteristically elevates 
C > A transversions through 8-oxoguanine formation, and cytosine deamination elevates 
C > T transitions. Neither signature was enriched in ensilicated samples relative to fro-
zen controls. This finding is consistent with the proposed mechanism of silica encap-
sulation, in which the low-water-activity microenvironment restricts hydrolytic and 
oxidative access to the nucleobases.

Beyond static storage, ensilicated DNA showed greater resilience than frozen DNA to 
repeated handling, with smaller N50 reductions after 19 access cycles across all three 
genomes. This has practical implications for biobanking workflows where samples must 
be accessed multiple times without aliquoting. Accelerated weathering experiments 
further suggested long-term ambient stability, though the extrapolation from 21  days 
at 55  °C to years of room-temperature storage rests on assumptions about consistent 
degradation mechanisms across temperatures that require empirical validation through 
real-world longitudinal studies.

The clinical cases demonstrate that ambient-preserved DNA supports variant resolu-
tion in a segmentally duplicated locus and detection of disease-associated methylation 
patterns in patients with rare genetic disorders. These cases establish feasibility rather 
than a controlled comparison between preservation methods. A definitive assessment of 
clinical equivalence would require parallel sequencing of the same patient samples pre-
served under multiple conditions, which was beyond the scope of this study.

Several limitations should be noted. The present study evaluated ensilication using 
high-molecular-weight genomic DNA from lymphoblastoid cell lines and two clini-
cal blood-derived samples. An independent study demonstrated that ensilication also 
preserves FFPE tumor DNA with complete diagnostic concordance across matched 
tumor-normal pairs, and that frozen FFPE samples accumulated more artifactual C > T 
mutations than ensilicated samples, likely due to continued hydrolysis by co-stored 
fixation byproducts [17]. Extension to additional sample types including fresh tissue, 
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cell-free DNA, and microbial communities will be necessary to establish broader appli-
cability. The 30-day ambient storage period, while sufficient to demonstrate equivalence 
to freezing, does not address the multi-year timescales relevant to biobanking. Long-
term stability studies under varied temperature, humidity, and handling conditions will 
be needed to establish performance boundaries. We did not compare ensilication against 
DNA stored in solution at ambient temperature. Such a comparison is not straightfor-
ward, as aqueous storage introduces confounding variables at both extremes. At elevated 
temperatures used in accelerated weathering, evaporation alters solute concentrations in 
ways that can accelerate degradation. At cryogenic temperatures, freeze concentration 
at ice crystal boundaries creates localized microenvironments with elevated solute and 
DNA concentrations that may promote damage through mechanisms distinct from bulk 
solution chemistry [17]. These confounds highlight the difficulty of establishing a clean 
aqueous baseline and underscore the advantage of a preservation method that removes 
DNA from solution entirely. Real-time comparisons at room temperature over extended 
periods would avoid these artifacts and are an important direction for future work.

Conclusions
Ensilication preserves DNA integrity at ambient temperature for 30 days equivalent to 
conventional −80  °C freezing across molecular length, sequence fidelity, and genome-
wide methylation patterns, as demonstrated at both the consensus and single-read 
level. Ambient-preserved DNA supports diagnostic-quality variant calling in structur-
ally complex loci and detection of disease-associated methylation patterns. Systematic 
validation across longer time scales, diverse environmental conditions, and additional 
sample types will define the boundaries of this approach and inform practical imple-
mentation. Beyond logistics, ambient DNA preservation has implications for how we 
approach genomic data management. Preserving the physical molecule at room tem-
perature may be more economical than long-term digital storage of raw sequencing 
data, with the added advantage that preserved samples can be re-interrogated as assay 
platforms improve rather than committing to a single technological snapshot [33]. As 
sequencing platforms continue to become more portable and accessible, the geographic 
scope of genomic medicine need no longer be strictly defined by infrastructure limita-
tions in sample preservation.

Methods
Study cohort

We evaluated two participants enrolled in the Undiagnosed Diseases Network (UDN) 
using Oxford Nanopore Technologies (ONT) long-read whole-genome sequencing 
(lrWGS) from whole-blood DNA: Case 1 with a candidate variant in GTF2I, and Case 
2 with a research-solved candidate in KDM2A that we used as a positive control for our 
post-encapsulation workflow.
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Genomic DNA encapsulation and library preparation

Genomic DNA (3  µg) was dissolved in 1000 µL nuclease-free water (Thermo Fisher; 
catalog number: AM9916) in a 1.5 mL Eppendorf LoBind tube. Encapsulation particles 
from Cache DNA, Inc. (3 mg) were added, and the suspension was mixed by turning the 
tube upside down 3 times. Ensilication reagents from Cache DNA, Inc. were then added, 
and the mixture was shaken for 48 h at 1600 rpm using a Bioshake iQ (Bulldog Bio; cata-
log number: 1808–0506).

The suspension was pelleted with a microcentrifuge for 10 s and the supernatant was 
carefully removed. The pellet was washed with 0.1% Tween-20 and stored for 30 days at 
ambient temperature until further processing. For DNA retrieval, 300 µL of de-encapsu-
lation buffer (Cache DNA, Inc.) was added, and the mixture was incubated at ambient 
temperature for 5 min. De-encapsulated DNA was purified using a Multi-screen 96-well 
filter plate (Millipore Sigma; catalog number: MSNU03010). Briefly, 300 µL of the sam-
ple was added to a well and filtered to dryness. A volume of 150 µL of nuclease-free 
water was then added and also filtered to dryness. Finally, a volume of 55 µL of resuspen-
sion buffer (20 mM Tris + 0.01% Tween-20) was added, and the sample was mixed for 
5 min on a Bioshake iQ shaker. The purified DNA was used directly for library prepa-
ration with the Ligation Sequencing Kit V14 (Oxford Nanopore Technologies; catalog 
number: SQK-LSK114) following the manufacturer’s protocol. Access to ensilication and 
de-encapsulation reagents can be addressed to Cache DNA, Inc.

Nanopore sequencing

Genomic DNA libraries were prepared using the Oxford Nanopore Ligation Sequencing 
Kit V14 (SQK‑LSK114) on PromethION with R10.4.1 flow cells (FLO‑PRO114M). Three 
µg of high‑molecular‑weight DNA were transferred to a 1.5 mL DNA LoBind tube and 
brought to 47  µl with nuclease‑free water (Thermo Fisher Scientific, Cat. 10,977,015). 
DNA repair and end‑prep were performed in a 0.2  mL PCR tube with the NEBNext 
Companion Module for Oxford Nanopore Ligation Sequencing (NEB, Cat. E7180L) 
following the manufacturer’s instructions, incubating at 20  °C for 5 min and 65  °C for 
5 min, then cooling to 4 °C on a thermocycler. The reaction was purified by SPRI using 
AMPure XP on a magnetic rack with two 80% ethanol washes and eluted in 61 µl nucle-
ase‑free water (Beckman Coulter, Cat. A63881). Sequencing adapters (LA) were ligated 
in ONT Ligation Buffer (LNB) with NEB Quick T4 DNA Ligase from the module, fol-
lowed by clean‑up using ONT Long Fragment Buffer (LFB) to enrich fragments ≥ 3 kb 
and elution in 25  µl Elution Buffer (EB). Library yield was quantified fluorometrically 
(Qubit Fluorometer with dsDNA kit, Thermo Fisher Scientific, Cat. Q32853) and sup-
ported multiple reloads per flow cell. For loading, 32 µl of library were combined with 
Sequencing Buffer (SB) and Library Solution (LIS) to a final 200 µl mix. Flow cells were 
primed with Flow Cell Flush (FCF) and Flow Cell Tether (FCT), and 200 µl of the library 
were loaded per the manufacturer’s recommendations. Sequencing was run on a Prome-
thION 48 under MinKNOW control for 72 h; the run was paused at 24 h, the flow cell 
washed (Flow Cell Wash Kit, EXP‑WSH004) and reloaded, then resumed.
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Genome‑in‑a‑Bottle small variant benchmarking

Small variants (SNVs and indels) were called from each aligned BAM using DeepVari-
ant v1.6.0 (docker image google/deepvariant:1.6.0) with the ONT_R104 model and GPU 
acceleration, parallelized across 32 shards. Variant calls were benchmarked against GIAB 
v4.2.1 truth sets [18] for each sample (HG002, HG003, HG004) using hap.py v0.3.12 
(docker image jmcdani20/hap.py:v0.3.12) with the vcfeval engine (RTG Tools). Evalu-
ation was restricted to GIAB high-confidence regions (HG00{2,3,4}_GRCh38_1_22_
v4.2.1_benchmark_noinconsistent.bed) with –pass-only, counting only PASS-filtered 
variant calls. Hap.py decomposes complex variants and performs haplotype-aware com-
parison, classifying each call as true positive, false positive, or false negative, from which 
precision, recall, and F1 score were computed separately for SNVs and indels. Additional 
benchmarking was performed for HG002 against the CMRG small variant benchmark 
v1.00 (HG002_GRCh38_CMRG_smallvar_v1.00) and the CMRG tandem repeat bench-
mark v1.0 (HG002_GRCh38_TandemRepeats_v1.0).

Structural variant benchmarking

Structural variants were called from each aligned BAM using Sniffles2 v2.2 with 
default parameters. SV calls were benchmarked for HG002 against the GIAB Tier 1 
SV truth set v0.6 (HG002_SVs_Tier1_v0.6.vcf.gz) [19] and corresponding high-con-
fidence regions (HG002_SVs_Tier1_v0.6.bed) using Truvari v4.1.0. Truvari matching 
parameters were: maximum reference distance 500  bp (–refdist 500), minimum size 
50  bp (–sizemin 50), size filter 30  bp (–sizefilt 30), maximum size 50,000  bp (–size-
max 50,000), minimum size similarity 70% (–pctsize 0.7), sequence similarity disabled 
(–pctseq 0.0), reciprocal overlap disabled (–pctovl 0.0), PASS-only calls (–passonly). 
Additional SV benchmarking was performed against the CMRG SV benchmark v1.00 
(HG002_GRCh38_CMRG_SV_v1.00).

Single‑read methylation calibration

Per-read 5mC probabilities were evaluated against an EMSeq consensus truth set con-
structed for each GIAB sample. EMSeq bedGraph files were filtered to autosomal and 
chrX CpG sites with total coverage > = 10 reads. Sites with EMSeq beta > = 0.80 were 
labeled methylated (truth = 1), sites with beta < = 0.20 were labeled unmethylated 
(truth = 0), and intermediate sites were excluded. For each ONT BAM (Dorado v1.4.0, 
aligned with minimap2 v2.28, -ax map-ont -y -K5g), per-read 5mC probabilities were 
extracted from the MM and ML auxiliary tags using pysam (v0.21.0) across all primary, 
non-supplementary, mapped alignments on autosomes and chrX. For each modified 
CpG position within a read, the ML tag probability (unsigned 8-bit integer, 0–255) was 
mapped to a reference coordinate via get_reference_positions(full_length = True) and 
matched to the EMSeq truth set. ML probabilities were normalized to [0, 1] by divid-
ing by 255 and binned into 20 equal-width intervals. Within each bin, the mean pre-
dicted probability and observed fraction methylated (fraction of observations with truth 
label = 1) were computed. Bins with fewer than 100 observations were excluded. Per-
read accuracy, sensitivity, and specificity were computed by binarizing ML probabilities 
at a threshold of 128 (p > 0.50 = methylated).
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Pairwise Pearson correlation matrix of CpG methylation

Per-CpG methylation values were obtained for nine datasets: GIAB trio samples (HG002, 
HG003, HG004) each assayed by three methods (ONT frozen, ONT ensilicated, and 
EMseq WGBS). ONT methylation was called by modkit v0.3 pileup with –combine-
strands –cpg –bedgraph, which reports the fraction of reads carrying the 5mC mod-
ification at each CpG dinucleotide (beta, range 0–1) and the total read depth. EMseq 
methylation was obtained from ENCODE/GIAB bedGraph files reporting methylation 
percentage (0–100), methylated read count, and unmethylated read count per CpG site; 
the percentage was divided by 100 to convert to the 0–1 beta scale. For each of the 36 
unique pairwise combinations of the nine datasets, the two bedGraph files were inner-
joined on genomic position (chromosome, start, end) using pandas v2.2.2, retaining only 
CpG sites present in both files with no minimum coverage filter at this stage. The Pear-
son product-moment correlation coefficient was then computed between the two beta-
value vectors at the overlapping sites using scipy v1.13.1 pearsonr, which returns both 
the correlation coefficient r and the two-sided p-value testing the null hypothesis that 
the two vectors are uncorrelated. Specifically, for paired beta values (xi, yi) across n over-
lapping sites, r = sum[(xi—xmean)(yi—ymean)]/sqrt[sum(xi—xmean)2 × sum(yi—ymean)2]. 
The resulting r values were assembled into a symmetric 9 × 9 matrix with 1.0 along the 
diagonal.

Variant and methylation review

Loci of interest (GTF2I, KDM2A) were inspected in IGV [34] (version 2.19.2). CpG 5mC 
tracks were generated from native signals using the study pipeline and viewed alongside 
CpG-island annotations. For each locus, we report local coverage, variant-supporting 
read counts, approximate variant allele fraction, and the presence or absence of nearby 
structural variants within the inspected window.

Exploratory methylation analysis

To illustrate the KDM2A episignature in native nanopore data, we visualized representa-
tive sites previously implicated in the signature (for example, CYP26C1 CpG255, RB1 
CpG85, and HS3ST3B1 CpG267) and compared the proband qualitatively against ensili-
cated controls without KDM2A variants. Given the small sample size, these analyses are 
descriptive.
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