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Figure 1 (Color online) Workflow for sampling and DNA extraction from museum bee specimens. Abdominal gut tissue and a metathoracic leg were
dissected from the bee specimen, cleaned, and subjected to differential incubation strategies. Following incubation, DNA was extracted and purified
from the lysates using a silica column-based method. The extracted DNA was stored at —20°C for subsequent sequencing. The remaining tissue was air-

dried and archived together with the corresponding original specimen as a traceability voucher. This figure was created with BioRender.com
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Figure 2 (Color online) Sequence classification based on K-mer analysis. It validates and filters preliminary classification results as follows:
sequences directly annotated to the genus or species level of honey bee gut microbiota are retained, whereas those assigned to other microbes (genus or
species level) are excluded. For sequences that can only be annotated to higher taxonomic ranks (e.g., family, order) or remain unannotated, a
K-mer-based analysis is further applied, retaining only those sequences in which 250% of the K—mers originate from honey bee gut microbiota
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Figure 3 (Color online) DNA yield, fragment length distributions, and characteristic terminal damage patterns. (a) DNA concentration distributions
from initial extractions of abdominal and hind leg tissues (only initial extractions are shown). *, Significant difference at P<0.05. (b) Comparison of
DNA concentrations between the initial and re-extraction steps. **, Highly significant difference at P<0.01. (c) Sequence length distribution of all
samples. The dark green line shows the actual distribution of sequence lengths, and the other lines indicate trend curves (gray: abdominal tissues; brown:
hind leg tissues; solid line: first extraction; dashed line: re-extraction). (d) Terminal nucleotide substitution rates at fragment ends from the FO2 sample
(5’ ends on the left, 3" ends on the right of the fragments). Red curves represent C-to-T substitution rates, blue curves represent G-to-A substitution rates,

and gray curves represent all other substitution types, for example, A-to-G (since paired-end reads were overlapped and merged before being used for
sequence alignment, C-to-T DNA damage patterns were observed at both the 5’ and 3’ termini)
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Figure 4 (Color online) Endogenous sequence content and genome-coverage characteristics. (a) Endogenous sequence content for each sample in the
initial extraction (blue) and the re-extraction (purple). (b) Endogenous sequence content per sample after combining data from both extractions (initial
+re-extraction; W=37, P=0.65). (c) Estimated saturation curves showing theoretical sequencing depth as total sequencing output increases, based on
available data (brown: T21; gray: F02; solid lines: initial extraction; dashed lines: re-extraction). Theoretical sequencing depth was calculated as
(expected number of unique reads X mean read length/genome size) x endogenous proportion (mean read length=40 bp; genome size=217.69 Mb).
Deduplicated endogenous proportions (initial/re-extraction) were: F02=0.34/0.32 and T21=0.35/0.29. (d) Relationship between genome coverage and
mean sequencing depth (depth >20x was capped at 20x; brown: hind leg; gray: abdomen). The smooth curve shows the theoretical saturation trend
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Figure 5 (Color online) Characteristics of gut microbial sequences and community composition in historical bee specimens. (a) Number of non-4pis
cerana sequences and gut microbial sequences in abdominal samples (dusty blue: non-A. cerana sequences; sage green: gut microbial sequences). (b)
Correlation between honey bee-derived sequence content and gut microbial sequence content across samples (Pearson correlation: 7=0.92, P=0.0037).
(c) Length distribution of sequencing reads mapped to the gut microbial reference genomes (the dark green line represents the actual count distribution
of sequence lengths, and the gray curve indicates the corresponding fitted trend). (d) Terminal substitution frequencies in DNA damage pattern analysis
for Lactobacillus panisapium F02. Red curves represent C-to-T substitutionrates, blue curves represent G-to-A substitutionrates, and gray curves
represent all other substitution types, for example, A-to-G (since paired-end merged reads were used for sequence alignment, C-to-T DNA damage
patterns were observed at both the 5’ and 3’ termini.). (¢) Cumulative abundance of the top six genera across eight specimens. (f) Heatmap showing the
relative abundance distribution of six bacterial genera with relative abundance >5% in at least one specimen. Rows (genera) are sorted by cumulative
abundance in descending order, with high-abundance genera at the top. Data are row-scaled (Z-score transformed), with colors representing the relative
variation of each high-abundance genus across specimens: red indicates abundance above the mean for that genus, and blue indicates abundance below
the mean
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Museum-omics opens a new avenue for investigating honey bee
host-microbiome coevolution
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Museum specimens are irreplaceable archives of historical genetic diversity, yet their potential to yield both host and symbiotic
microbial DNA has remained largely unexplored. Here, we developed a coordinated host-microbiome DNA extraction and
analysis pipeline using 16 historical dry-pinned specimens of Apis cerana collected between 1955 and 1988. We compared
traditional hind leg tissue with abdominal gut tissue in terms of DNA yield, degradation patterns, endogenous mapping rates for
both the honeybee host and core gut bacteria, and the feasibility of repeated extraction from the same specimen.

Our results show that both tissue types yielded reliable genomic sequences with typical ancient DNA damage signals, including
short fragment lengths (39—49 bp) and elevated C—T substitutions at the 5’ ends, confirming their historical origin. Abdominal gut
tissue yielded significantly more DNA than hind legs (0.49 + 0.42 ng total DNA, mean = SD vs. 0.10 + 0.07 ng; Wilcoxon test,
P=0.02). However, endogenous honeybee DNA content varied widely among samples (0.23%—-60.8%), and the highest DNA
concentrations often corresponded to very low endogenous content because of historical exogenous contamination. Thus, DNA
yield alone is not a reliable indicator of sequencing success. Re-extraction from the same tissue consistently generated additional
usable data, with the second extraction contributing 11.2% of the total DNA even when the first extraction yielded only trace
amounts, making repeated extraction a valuable strategy for precious museum material.

Crucially, abdominal gut tissues harbored significantly higher proportions of sequences assigned to core honeybee gut bacterial
genera, including Lactobacillus, Bifidobacterium, Gilliamella, Apibacter, Snodgrassella, and Apilactobacillus, whereas hind leg
samples contained negligible microbial reads (<0.1%). The gut-derived microbial sequences also showed the expected short-
fragment size distributions and clear deamination damage patterns, indicating that they are endogenous to the historical specimens
rather than modern contaminants.

Our extraction protocol minimizes physical damage to the specimen: after processing, the abdomen and hind leg can be air-dried
and reattached beneath the original specimen using triangular mounts. Although only trace amounts of DNA are obtained initially,
repeated extractions from the same abdominal gut tissue substantially increase total data output and provide sufficient valid reads
for both host genomic and microbial community analyses. Based on these findings, we recommend prioritizing abdominal gut
tissue when the goal is to recover high-depth host genomic data together with the associated gut microbiome. For studies focused
solely on the host genome while minimizing specimen damage, a single hind leg remains a suitable choice.

In conclusion, this study demonstrates for the first time that dry-pinned insect museum specimens, especially abdominal gut
tissue, can reliably yield both host and gut microbial genetic information. Our work provides a robust framework for studying
honeybee coevolution and for leveraging museum collections through a hologenomic lens, with broad applicability to other
insects in which gut symbionts play important ecological roles.

Apis cerana, historical specimens, museum-omics, gut microbiota, coevolution
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