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The Micrapis subgenus, which includes the black dwarf honey bee (Apis andreniformis) and the red dwarf honey bee (Apis florea), re
mains underrepresented in genomic studies despite its ecological significance. Here, we present high-quality de novo genome assem
blies for both species, generated using a hybrid sequencing approach combining Oxford Nanopore Technologies long reads with 
Illumina short reads. The final assemblies are highly contiguous, with contig N50 values of 5.0 Mb (A. andreniformis) and 4.3 Mb (A. flor
ea), representing a major improvement over the previously published A. florea genome. Genome completeness assessments indicate 
high quality, with BUSCO scores exceeding 98.5% using the Hymenoptera database and k-mer analyses supporting base-level accuracy. 
Repeat annotation revealed a relatively low repetitive sequence content (∼6%), consistent with other Apis species. Using RNA sequen
cing data, we annotated 12,189 genes for A. andreniformis and 12,207 genes for A. florea, with ∼98% completeness in predicted pro
teomes. These genome assemblies provide a valuable resource for comparative and functional genomic studies, with the potential to 
offer new insights into the genetic basis of dwarf honey bee adaptations.
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Introduction
Honey bees (Apis spp.) are among the most ecologically and eco
nomically significant insects the world over (Hristov et al. 2020; 
Khalifa et al. 2021; Papa et al. 2022). Renowned for their role in pol
lination, honey production, and as models for studying social be
havior, these eusocial insects are indispensable to agricultural 
systems and natural ecosystems (Gill 1990; Zayed and Robinson 
2012; Hoover and Ovinge 2018). The taxonomic standing of several 
species and subspecies in the genus Apis has been disputed for 
several decades. There are currently 8 recognized honey bee spe
cies that exhibit varying sizes, nest structures, and ecological 
niches; however, some evidence suggests the recognition of 11 
species (Engel 1999; Michener 2007; Crane 2009; Hepburn and 
Radloff 2011). As part of the so-called “Honey Bee-nome” project, 
we aim to sequence all recognized species and subspecies within 
the genus Apis, with the goal of better understanding this complex 
system and identifying potential cryptic species. While the west
ern honey bee Apis mellifera is the most extensively studied and 
globally distributed species, other honey bee species, including 
those in the subgenera Apis, Megapis, and Micrapis, exhibit remark
able diversity in their behaviors and adaptations, many of which 
remain underexplored.

The subgenus Micrapis consists of the dwarf honey bees (Fig. 1), 
black A. andreniformis and red A. florea, which live throughout 
south and southeast Asia (Oldroyd and Wongsiri 2009). Apis florea 
have been shown to contribute to the pollination of a diverse 
range of flora, playing an essential role in maintaining the bio
diversity and ecosystem stability of its native regions (Abrol 
2010; Ali et al. 2017; Shwetha et al. 2020). Colonies of A. florea 
are known to build their nests oriented in a northeast-southwest 
direction, potentially to maximize sunlight exposure (Ramyarani 
and Nagaraja 2024). Recently, this species has expanded its geo
graphic range to include Malta and Sudan, with incursions also re
ported in Australia (El-Niweiri et al. 2019; Uzunov et al. 2024). 
These bees are the only species known to host the parasitic mite 
Euvarroa sinhai, and given the capacity of E. sinhai to parasitize A. 
mellifera, there are concerns about how the spread of A. florea 
may impact A. mellifera (Kapil and Aggarwal 1989; Mossadegh 
1990).

Substantially less is known of A. andreniformis, likely because it 
has a smaller distribution than its sister species. Additionally, A. 
andreniformis was initially considered a subspecies of A. florea, sug
gesting that some previous work discussing A. florea may be de
scribing the biology and behavioral characteristics of A. 
andreniformis (Hepburn and Radloff 2011). Their size and life 
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history are similar, suggesting that they may have a comparable 
ecological impact (Otis 1996). Apis andreniformis is host to 
Euvarroa wongsirii, a poorly studied parasite (Lekprayoon and 
Tangkanasing 1991). However, despite their ecological import
ance, both species of dwarf honey bee remain underexplored 
compared to the widely studied western honey bee.

Dwarf honey bees are morphologically and behaviorally dis
tinct from western honey bees. Dwarf honey bees only live in spe
cific regions in Asia, whereas western honey bees have a 
cosmopolitan distribution (Otis 1996). Workers of the dwarf honey 
bees are significantly smaller, about half the size of western honey 
bee workers (Oldroyd 2021). They also exhibit smaller colony 
sizes, a simplicity that extends to their nesting behavior; both spe
cies construct single, exposed combs in open-air settings, typical
ly hanging from thin branches of low shrubs (Rinderer et al. 1996; 
Oldroyd 2021). This nest structure contrasts with the enclosed 
nests of western honey bees (Seeley and Morse 1976).

Comparative genomics across honey bee species is critical for 
understanding the genetic basis of their distinctive traits, includ
ing morphology and ecological adaptations. Individual genomes 
of the western honey bee, Apis mellifera, have led to the identifica
tion of new subspecies, a better understanding of evolutionary 
lineages, and the discovery of a significant number of genes in
volved in adaptations and colony-level quantitative traits 
(Dogantzis and Zayed 2019). Genomics can enhance our under
standing of invasive honey bee parasites and mitigate their im
pacts by selecting bees with resilient traits, elucidating the 
effects of parasites on bee health, and identifying biomarkers for 
rapid diagnostics (Grozinger and Zayed 2020). The dwarf honey 
bees have relatively few parasites that are otherwise invasive 
and highly damaging to western honey bee colonies worldwide. 
They are not hosts to Varroa mites, and Tropilaelaps mites have 
only been observed in A. florea colonies in India several decades 
ago (Abrol and Kakroo 1997). Therefore, dwarf honey bee genomic 
resources are timely and may be valuable in our collective efforts 
to control invasive parasites. While a high-quality nuclear gen
ome assembly is available for the western honey bee (Wallberg 
et al. 2019), the genomes of the dwarf honey bees remain poorly 
characterized. The nuclear genome of A. florea was previously se
quenced using legacy 454 sequencing technology (Fouks et al. 
2021). This assembly has relatively low coverage (20.5×) and is 
highly fragmented, with 18,378 contigs and a contig N50 of only 
24.9 kb, making it suboptimal for genomic analysis. The nuclear 
genome of A. andreniformis has not been sequenced. To address 
this gap, we combined Oxford Nanopore Technologies (ONT) long- 
read sequencing with Illumina short-read sequencing to sequence 
the nuclear genomes and transcriptomes of both species, generat
ing high-quality genome assemblies and transcript-level gene an
notations for both dwarf honey bees. These assemblies provide a 
valuable resource for comparative genomic analyses, offering 

new insights into the genetic underpinnings of traits unique to 
dwarf honey bees.

Materials and methods
Sample collection
Genome sequencing was performed using specimens of A. andre
niformis and A. florea collected from managed colonies in 
Singapore. Specifically, 1 female worker A. andreniformis pupa 
(Aa1SG1, diploid) was collected from a colony in Frankel, and 1 fe
male worker A. florea pupa (Af1SG1, diploid) was collected from a 
colony in Admiralty.

To complement genome sequencing, additional samples from 
the same colonies were collected for RNA sequencing. These 
included 

• Two female worker A. andreniformis pupae (diploid, samples 
Aa1SG2 and Aa1SG3)

• One female worker A. florea pupa (diploid, Af1SG2) and 1 male 
A. florea pupa (haploid, Af1SG3)

Pupae were extracted from comb cells with forceps after re
moving the wax cell capping with forceps. After collection, all spe
cimens were flash-frozen in liquid nitrogen and stored at −80 °C 
until extraction. They were then shipped in a cryo-shipper from 
Singapore to Colorado.

DNA extraction and sequencing
Genomic DNA was extracted from 1 female A. andreniformis pupa 
(Aa1SG1) and 1 female A. florea pupa (Af1SG1) using the 
Quick-DNA Tissue/Insect Kit (Zymo Research), according to the 
manufacturer’s instructions. Both individuals were sequenced 
using both ONT long-read and Illumina short-read sequencing. 
For ONT long-read sequencing, a genomic library was prepared 
with the Native Barcoding Kit 24 V14 kit (SQK-NBD114.24) and se
quenced on an R10.4.1 PromethION flow cell (FLO-PRO114M). For 
Illumina sequencing, a genomic library was prepared using the 
Ovation Ultralow System V2 kit (Tecan) and sequenced on an 
Illumina NovaSeq 6000 (University of Colorado Genomics Core) 
at the University of Colorado Anschutz Medical Campus. 
Paired-end 2 × 150 bp reads were generated.

RNA extraction and sequencing
RNA was extracted from 2 female A. andreniformis pupae, 1 female 
A. florea pupa, and 1 male A. florea pupa using a TRIzol/column- 
based method. In brief, whole pupae (30 to 110 mg) were homoge
nized in 1 ml TRIzol (ThermoFisher) and then centrifuged at 
12,000 × g for 5 min at 4 °C to remove cell debris. The supernatant 
was incubated for 5 min at room temperature, then mixed with 
200 µL of chloroform, and incubated for an additional 3 min. It 

Fig. 1. The dwarf honey bees: a) A. andreniformis and b) A. florea. Photos by Sirachai Shin Arunrugstichai.
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was subsequently centrifuged at 12,000 × g for 5 min at 4 °C. The 
upper, aqueous phase was combined with a 1:1 ratio of 100% etha
nol and then purified according to the Direct-zol RNA Miniprep Kit 
(Zymo Research).

All individuals were sequenced using both ONT long-read and 
Illumina short-read sequencing. For ONT sequencing, an RNA 
library was prepared with the PCR cDNA Barcoding Kit (SQK- 
PCB111.24) and sequenced on an R9.4.1 PromethION flow cell 
(FLO-PRO002). For Illumina sequencing, an RNA library was pre
pared using the KAPA mRNA HyperPrep kit (KK8581) and se
quenced on an Illumina NovaSeq 6000 (University of Colorado 
Genomics Core) at the University of Colorado, Anschutz. 
Paired-end 2 × 150 bp reads were generated.

Genome assembly and polishing
High-quality genome assemblies for A. andreniformis and A. florea 
were generated using a combination of ONT long reads and 
Illumina short reads. The assembly process was conducted in sev
eral steps, including base-calling, demultiplexing, de novo assem
bly, initial polishing, and additional polishing using the short 
reads.

ONT raw signals in POD5 format were base called using Dorado 
v0.7.2 (ONT Public License v1.0) using the super high accuracy 
model (SUP) to ensure high-quality base calls and –kit-name 
SQK-NBD114-24 to enable barcode classification in-line with 
base calling. Reads were demultiplexed using Dorado’s demux 
function and flags –no-classify and –emit-fastq to produce 
FASTQ files for each barcode. Read statistics for demultiplexed 
reads were obtained using NanoStat v1.6.0 (De Coster et al. 2018).

De novo assemblies of the draft genomes for A. andreniformis and 
A. florea were conducted using Flye v2.9.5 (Kolmogorov et al. 2019) 
with options –nano-hq to indicate high-quality reads and the gen
ome size estimate set to 230 Mb (−genome-size 230 m) for both 
bees. The mean coverage of each genome was calculated using 
Flye v2.9.5 (Kolmogorov et al. 2019). Draft assemblies were polished 
using Medaka v2.0.0 (ONT Public License v1.0), providing the raw 
ONT reads for each bee and the model r1041_e82_400bps_
sup_v5.0.0 as input. Further polishing was conducted using Pilon 
v1.24 (Walker et al. 2014), which leveraged Illumina short reads to 
correct small indels and base call mismatches.

Illumina short reads were first trimmed for adapter sequences, 
low-quality bases, and contaminants using the bbduk.sh script 
from BBMap v38.05 (https://sourceforge.net/projects/bbmap) 
and the following parameters: -Xmx32 g ktrim = r k = 31 mink = 11 
hdist = 1 tpe tbo qtrim = r trimq = 10. Trimmed reads were aligned 
to their corresponding long-read draft assemblies using BWA- 
MEM v0.7.5 (Li and Durbin 2009), with alignments filtered to exclude 
low-quality and unmapped reads (-q 10 -F 4) and sorted with 
SAMtools v1.16.1 (Li et al. 2009; Danecek et al. 2021). The resulting 
BAM files were used in Pilon v1.24, as described above, to polish as
semblies at the per-base level, correcting small base pair errors and 
indels. All software was executed using default settings unless 
otherwise specified.

After polishing, VSEARCH v2.14.1 (Rognes et al. 2016) was used 
with the –sortbylength function to sort all contigs by length, and 
the parameters –maxseqlength 1000000000 and –minseqlength 
3000 were used to remove contigs shorter than 3 kb for each gen
ome. These small contigs were removed because they often 
represent assembly artifacts, contamination, or unresolved re
petitive sequences that provide little biological information 
(Murigneux et al. 2020; Rhie et al. 2021). Regardless, this filtering 
step removed only 0.16% of total sequence length for A. andrenifor
mis and 0.27% for A. florea, confirming minimal impact on genomic 

content. Before submission to GenBank, the final assemblies 
underwent contamination screening using NCBI’s Foreign 
Contamination Screen Tool Suite v0.5.4 (Astashyn et al. 2024). 
This process consisted of 2 sequential steps: (i) screening for vec
tor and adapter contamination using FCS-adaptor and (ii) identi
fying and removing foreign contaminants such as bacterial and 
viral sequences using FCS-GX, with Apis-specific taxonomic filter
ing (NCBI taxonomy ID 7464 for A. andreniformis and taxonomy ID 
7463 for A. florea). The cleaned assemblies were then submitted to 
GenBank.

Quality assessment
The quality of each genome was assessed based on 3 criteria: as
sembly contiguity, genome completeness, and k-mer comparison 
to short reads.

Assembly contiguity was evaluated using QUAST v5.2.0 
(Mikheenko et al. 2018) to generate metrics such as N50, L50, total 
assembly length, and the number of contigs.

Genome completeness was assessed using BUSCO v5.7.1 
(Manni et al. 2021) with OrthoDB v10 (Kriventseva et al. 2019) to 
evaluate the presence or absence of universal single-copy ortholo
gous genes. Detected BUSCO genes were classified as single-copy, 
duplicated, or fragmented. The following lineage-specific 
OrthoDB databases were used: 

• “hymenoptera_odb10” (creation date: 2024-01-08; 40 gen
omes; 5991 BUSCOs)

• “insecta_odb10” (creation date: 2024-01-08; 75 genomes; 1367 
BUSCOs)

• “arthropoda_odb10” (creation date: 2024-01-08; 90 genomes; 
1013 BUSCOs)

• “metazoa_odb10” (creation date: 2024-01-08; 65 genomes; 
954 BUSCOs)

To assess potential diploid assembly duplications, we also 
tested purge_dups v1.2.6 (Guan et al. 2020) for duplicate removal, 
which identified minimal duplications (0.13% of the genome for A. 
florea and 0.26% for A. andreniformis).

Completeness statistics were compared to 2 existing Apis gen
ome assemblies: A. mellifera Amel_HAv3.1 (NCBI RefSeq assembly 
accession GCF_003254395.2) (Wallberg et al. 2019) and A. florea 
Aflo_1.1 (NCBI RefSeq assembly accession GCF_000184785.3) 
(Fouks et al. 2021).

K-mer analysis was performed using Meryl v1.4.1 (Rhie et al. 
2020) and Merqury v1.3 (Rhie et al. 2020) to compare k-mers be
tween the short-read data and the polished genome assemblies. 
Meryl was used to generate k-mer databases from the Illumina 
paired-end short reads. Merqury was used to compare these 
k-mer databases to the genome assemblies, providing estimates 
of k-mer completeness (i.e. the percentage of short-read k-mers 
present in the assembly) and assembly quality values. While the 
short reads in this study were only used for genome polishing, 
this approach nonetheless highlighted the concordance between 
the Illumina data and the final assemblies. All software was exe
cuted using default settings.

Whole-genome alignments
To validate assembly contiguity and chromosomal organization, 
we performed whole-genome alignments using D-GENIES 
(Cabanettes and Klopp 2018). Pairwise alignments were con
ducted between our dwarf honey bee assemblies and the A. melli
fera reference genome (Amel_HAv3.1), as well as between the 2 
dwarf species and against the previously published A. florea 
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assembly (Aflo_1.1). D-GENIES was configured to use MashMap 
v2.0 (Jain et al. 2018) as the alignment algorithm, which is opti
mized for highly similar sequences. Dot plots were generated to 
visualize collinear relationships and detect large-scale genomic 
rearrangements between species.

Repeat annotation
RepeatMasker v4.1.7 (Smit et al. 2013–2015, www.repeatmasker. 
org) was used to softmask repeats in the polished assemblies and 
generate repeat statistics for each genome. RepeatMasker was con
figured with Tandem Repeats Finder v4.0.9 (Benson 1999), RMBlast 
v2.14.0 (www.repeatmasker.org/rmblast), and all 9 library parti
tions from Dfam Database v3.8 (Storer et al. 2021). RepeatMasker 
was executed with default parameters, except for -pa 8, -species 
Eukaryota, -noisy, and -xsmall. The soft-masked assemblies were 
used for repeat content analysis, while the unmasked assemblies 
were used for gene annotation to allow the detection of potential 
transposable element-derived sequences.

Transcriptome assembly and annotation
The transcriptomes of A. andreniformis and A. florea were charac
terized using long-read ONT cDNA sequencing data and short- 
read Illumina RNA sequencing data.

Long-read cDNA sequencing data were base-called using 
Dorado v0.7.2 (ONT Public License v1.0) with the super high accur
acy (SUP) model and the –no-trim option to retain untrimmed 
reads, which are necessary for cDNA-specific downstream ana
lyses. Demultiplexing was performed using Dorado’s demux func
tion with –no-trim enabled. Read quality and length distributions 
were assessed using NanoStat v1.6.0 (De Coster et al. 2018).

To refine the ONT reads, Pychopper v2.5.0 (ONT Public License 
v2.0) was used to identify and trim full-length cDNA reads, with -k 
PCB111 specified for the barcode kit. High-confidence full-length 
reads were merged with rescued reads to generate the final pro
cessed cDNA dataset. ONT reads from the male A. florea sample 
(Af1SG3) were excluded from further analyses due to poor 

sequencing quality, an N50 of only 196 bp, and high barcode re
tention. The remaining 3 samples—2 A. andreniformis females 
and 1 A. florea female—demonstrated sufficient quality and cover
age for downstream analyses, with N50 values exceeding 1,100 bp 
and total yields ranging from 31 to 40 Gb. Processed cDNA reads 
were aligned to the genome using Minimap2 v2.22 with the -x 
splice option.

Illumina RNA-seq reads were preprocessed using the bbduk.sh 
script from BBMap v38.05 (https://sourceforge.net/projects/ 
bbmap) and the following parameters: -Xmx32 g ktrim = r k = 31 
mink = 11 hdist = 1 tpe tbo qtrim = r trimq = 10, to remove adapter 
sequences and low-quality bases. A Hisat2 genome index was gen
erated for each species using Hisat2 v2.1.0 (Kim et al. 2019), and 
preprocessed reads were mapped to the genome assembly with 
default sensitivity and the –dta flag to optimize alignments for 
transcript assembly. BAM files were sorted and indexed using 
SAMtools v1.16.1 (Li et al. 2009; Danecek et al. 2021), and the 2 
Illumina RNA-seq BAM files were merged for each species.

Genome annotation was performed using BRAKER3 (Gabriel 
et al. 2024), an automated gene prediction pipeline that integrates 
RNA-seq and protein homology evidence to generate gene models. 
Annotation was performed on the unmasked genome assemblies 
to enable the detection of transposable element-derived 
genes and isoforms. Gene prediction was performed using 
GeneMark-ETP (Brůna et al. 2024) and AUGUSTUS (Stanke et al. 
2008), incorporating extrinsic evidence to refine gene structures. 
TSEBRA (Gabriel et al. 2021) was used to select the most well- 
supported transcript isoforms. StringTie2 (Kovaka et al. 2019) 
was used for transcriptome assembly. To improve homology- 
based predictions, we utilized the Arthropoda protein dataset 
from OrthoDB v12 (Tegenfeldt et al. 2025), which was downloaded 
from https://bioinf.uni-greifswald.de/bioinf/partitioned_odb12/ 
Arthropoda.fa.gz. DIAMOND (Buchfink et al. 2015) was used to in
corporate and align the Arthropoda protein sequences. Gene an
notation outputs were further processed with GffRead (Pertea 
and Pertea 2020) for format conversion and filtering.

Table 1. Sequencing statistics of raw reads for A. andreniformis and A. florea.

Species (sample) Sequencing type Number of raw reads Number of bases Estimated coverage SRA accession

A. andreniformis (Aa1SG1) ONT long read 11,909,664 54.0 Gb 235× SRR32174174
Illumina short read 54,425,614 16.4 Gb 71× SRR32174718

A. florea (Af1SG1) ONT long read 10,129,152 42.6 Gb 176× SRR32174175
Illumina short read 50,980,281 15.4 Gb 67× SRR32174721

This table shows the number of raw reads (or read pairs for Illumina) and the total number of gigabases generated. For Illumina reads, estimated coverage is based on 
the number of sequence bases and an assumed genome size of ∼230 Mb. For ONT long reads, estimated coverage is based on the mean coverage reported by Flye 
during the initial assembly step. All reads have been uploaded to NCBI SRA and can be downloaded using the listed accession numbers.

Table 2. Assembly contiguity statistics for the A. andreniformis and A. florea genomes compared to previously published Apis genomes.

Assembly Sequencing technology Total 
ungapped 

length

GC 
content

No. of contigs Contig N50 Contig L50

Aa1SG1 ONT + Illumina for polishing 216.8 Mb 33.7% 333 contigs 5.0 Mb 14
Af1SG1 ONT + Illumina for polishing 221.6 Mb 33.7% 601 contigs 4.3 Mb 16
Aflo_1.1 454 shotgun sequencing 211.3 Mb 33.5% 6,983 scaffolds & 

18,378 contigs
Scaffold N50: 2.9 Mb, 
contig N50: 24.9 kb

Scaffold L50: 22, 
contig L50: 2,398

Amel_HAv3.1 PacBio; 10× Chromium; 
Phase Genomics HiC; 
Bionano

223.9 Mb 32.5% 16 chr, 176 scaffolds, 
and 227 contigs

Scaffold N50: 
13.6 Mb, contig N50: 

5.4 Mb

Scaffold L50: 7, 
contig L50: 13

Assembly statistics for our genomes (Aa1SG1 for A. andreniformis and Af1SG1 for A. florea) were generated using QUAST on the polished assemblies. For the published 
assemblies (Aflo_1.1 and Amel_HAv3.1), assembly statistics were obtained from their publicly available NCBI genome pages.
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In addition to our own ONT cDNA and Illumina RNA-seq data
sets, we incorporated publicly available A. mellifera whole-body 
RNA-seq data (BioProject PRJNA1263005; Kwon et al. 2024), which 
consisted of 3 pooled adult samples (10 individuals per pool, total
ing 30 bees from SRA accession numbers SRR33569126, 
SRR33569127, and SRR33569128). As described above, reads were 
trimmed and aligned to each dwarf honey bee genome using 
Hisat2 v2.1.0 (Kim et al. 2019) and then merged into a single 
BAM file per species using SAMtools v1.16.1 (Li et al. 2009; 
Danecek et al. 2021). These BAMs were included as extrinsic evi
dence in BRAKER3 alongside our original datasets.

For A. andreniformis, BRAKER3 was run using 2 ONT cDNA BAM 
files (1 per sample), a merged Illumina RNA-seq BAM file from our 
species-specific data, the merged A. mellifera Illumina RNA-seq 
BAM file, and protein sequences from Arthropoda as extrinsic evi
dence. For A. florea, BRAKER3 was run with 1 ONT cDNA BAM file 
(from sample Af1SG2), a single species-specific merged Illumina 
RNA-seq BAM file, a merged species-specific Illumina RNA-seq 

BAM file, the merged A. mellifera BAM file, and Arthropoda protein 
sequences.

To avoid isoform inflation in BUSCO analyses of predicted pro
teomes, we generated a non-redundant protein set by retaining 
only the longest isoform per gene. BUSCO analyses were repeated 
on these non-redundant proteomes, which reduced inflated du
plication estimates and yielded rates consistent with the genome- 
level BUSCO results.

To compare gene content across Apis species, we performed 
ortholog analysis using OrthoFinder v3.1.0 (Emms and Kelly 2019). 
Input protein FASTA files included BRAKER3-predicted proteomes 
for A. andreniformis and A. florea, as well as the published proteome 
for A. mellifera (i.e. GCF_003254395.2_Amel_HAv3.1_protein.faa.gz). 
OrthoFinder was run with MSA-based orthogroup inference 
(-M msa -og). We used the output gene counts to summarize (i) total 
orthogroups, (ii) orthogroups shared by all 3 species, (iii) pairwise- 
exclusive orthogroups, and (iv) species-specific orthogroups. All soft
ware was executed using default settings unless otherwise specified.

Table 3. Genome completeness statistics for the A. andreniformis and A. florea genomes compared to previously published Apis genomes.

Assembly Complete [single, duplicated] Fragmented Missing

Hymenoptera
Aa1SG1 98.5% [98.4%,0.1%] 0.7% 0.8%
Af1SG1 98.6% [98.5%,0.1%] 0.6% 0.8%
Aflo_1.1 96.8% [96.6%,0.2%] 1.8% 1.4%
Amel_HAv3.1 98.8% [98.6%,0.2%] 0.3% 0.9%

Insecta
Aa1SG1 99.7% [99.7%,0.0%] 0.1% 0.2%
Af1SG1 99.6% [99.6%,0.0%] 0.1% 0.3%
Aflo_1.1 99.2% [99.1%, 0.1%] 0.4% 0.4%
Amel_HAv3.1 99.5% [99.4%, 0.1%] 0.1% 0.4%

BUSCO analysis was performed using the OrthoDB v10 datasets for Hymenoptera (5,991 genes) and Insecta (1,367 genes), with results shown below. Additional 
analyses using datasets for Arthropoda (1,013 genes) and Metazoa (954 genes) are summarized in Supplementary Table 1 in Supplementary File 1.

Fig. 2. Bar chart showing the completeness of A. andreniformis and A. florea genome assemblies compared to previously published Apis genomes, based on 
BUSCO analysis against the Hymenoptera database.
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Results and discussion
Genome sequence data summary
Sequencing statistics are summarized in Table 1. In brief, 
for A. andreniformis, long-read sequencing using ONT (Native 

Barcoding V14 Kit sequenced on R10.4.1 PromethION flow cells) 

yielded 54.0 Gb of raw reads (read length N50 of 6,657 bp; mean 

read quality of 15.9). Using an estimated genome size of ∼230 Mb 

gave an initial coverage estimate of 235×. De novo assembly using 

Flye (Kolmogorov et al. 2019) yielded a reported mean coverage of 

235×. Whole-genome sequencing using Illumina yielded 16.4 Gb 

(54,425,614 150 bp read pairs; mean quality score of 38.5), producing 

an estimated short read coverage of 71×. Pilon (Walker et al. 2014) 

was used to polish the long-read genome assembly with these 
Illumina short reads. All raw sequencing reads were uploaded to 
the NCBI Sequence Read Archive (SRA), which revealed that the 
ONT reads contained <0.01% bacteria and other contaminants. In 
contrast, the Illumina reads contained many unidentified reads 
(32.43%, likely derived from adapter sequences) and contaminants 
(e.g. 6.84% bacteria). Therefore, the bbduk.sh script from BBMap 
was used to filter and trim the short reads before aligning them to 
the long-read assembly.

For A. florea, we generated 42.6 Gb of long reads using ONT se
quencing (read length N50 of 6,132 bp; mean read quality of 15.7). 
This amount provided a coverage estimate of 185×, based on the 
assumed genome size of ∼230 Mb. De novo assembly using Flye 

Fig. 3. D-GENIES dot plot showing collinear relationships between A. andreniformis (Aa1SG1) and A. mellifera (Amel_HAv3.1). The x axis represents A. 
mellifera chromosomes, and the y axis represents A. andreniformis contigs. Diagonal straight lines indicate collinearity between the genomes, with dark 
green lines indicating regions that share greater than 75% sequence identity.
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(Kolmogorov et al. 2019) resulted in a reported mean coverage 
of 176×, which is slightly less than our initial estimate. 
Whole-genome sequencing using Illumina yielded 15.4 GB 
(50,980,281 read pairs; mean quality score of 38.4), producing an 
estimated short-read coverage of 67×, which we used for base- 
level polishing of the long-read assembly. As observed with A. an
dreniformis, the ONT reads for A. florea showed <0.01 contami
nants, whereas the Illumina reads contained 2.47% bacteria and 
required trimming prior to alignment. Final assemblies were add
itionally screened using NCBI’s Foreign Contamination Screen 
(Astashyn et al. 2024) to remove any remaining vector or microbial 
contaminants before submission to GenBank.

Assembly quality and completeness
We generated high-quality genome assemblies for A. andreniformis 
and A. florea using ONT long-read sequencing, followed by 
Illumina short-read polishing. The final A. andreniformis assembly 
(Aa1SG1) consisted of 333 contigs totaling 216.8 Mb, a contig N50 
of 5.0 Mb, and a GC content of 33.7% (Table 2). The A. florea assem
bly (Af1SG1) had a slightly larger total length of 221.6 Mb, with 601 
contigs and a contig N50 of 4.3 Mb. Compared to the previously 
published A. florea assembly, Aflo_1.1 (Fouks et al. 2021), which 
was sequenced using 454 shotgun sequencing, our assemblies 
show significant improvements in contiguity and completeness. 
The Aflo_1.1 assembly comprises 6,983 scaffolds and 18,378 

Fig. 4. D-GENIES dot plot showing collinear relationships between A. florea (Af1SG1) and A. mellifera (Amel_HAv3.1). The x axis represents A. mellifera 
chromosomes, and the y axis represents A. florea contigs. Diagonal straight lines indicate collinearity between the genomes, with dark green lines 
indicating regions that share greater than 75% sequence identity.
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contigs, with a contig N50 of 24.9 kb, which isorders of magnitude 
lower than our assemblies (Table 2).

Genome completeness estimates using BUSCO confirm the 
high quality of our assemblies. When evaluated against the 
Hymenoptera dataset, A. andreniformis (Aa1SG1) and A. florea 
(Af1SG1) achieved completeness scores of 98.5 and 98.6%, respect
ively, with low levels of fragmentation (0.6 to 0.7%) or missing 
genes (0.8%; Table 3, Fig. 2). BUSCO analysis using the broader 
Insecta dataset showed even higher completeness estimates of 
99.7% for both species (Table 3). K-mer analysis using Merqury 
further supported the completeness and base-level accuracy of 
our assemblies. Since Illumina short reads were used exclusively 
for polishing rather than assembly, the k-mer completeness esti
mates primarily reflect how well the short-read data align with 
the final genomes. K-mer completeness was estimated at ∼94% 
for both species (see Supplementary Table 2 and Figs. 1 and 2 in 
Supplementary File 1), suggesting that some genomic regions, 
such as highly repetitive sequences, may be underrepresented in 
the short-read data. However, the low estimated per-base error rates 
(∼0.0002; see Supplementary Table 2 in Supplementary File 1) indi
cate a high base-level accuracy, consistent with the strong BUSCO 
scores.

While our assemblies demonstrate strong overall quality, it is 
worth noting that our Merqury quality scores of approximately 37 
(error rate of ∼2 in 10,000 bases; see Supplementary Table 2 in 
Supplementary File 1) are lower than some recently published hy
menopteran genomes. For example, Toga et al. (2024) reported a 
Merqury quality value of 68.08 for the primary contigs of their 
Copidosoma floridanum assembly (66.41 when primary and alternate 
contigs were combined), generated using PacBio HiFi reads. This dif
ference likely reflects the inherent advantages of PacBio HiFi se
quencing technology over ONT long reads for base-level accuracy, 
as well as potential differences in sequencing coverage, genome- 
specific complexity, or polishing strategies. Nonetheless, our assem
blies represent substantial improvements over previous resources, 
with dramatically enhanced contiguity and gene completeness 
that enable comparative analyses.

D-GENIES’ whole-genome alignment demonstrated strong col
linear relationships between our assemblies and the A. mellifera 
reference genome (Figs. 3 and 4). 74.12% of the A. andreniformis as
sembly aligned with >75% sequence identity to A. mellifera (Fig. 3), 
while 80.10% of the A. florea assembly aligned with >75% identity 
to A. mellifera (Fig. 4). Both species showed clear diagonal patterns 
in dot plots, indicating preserved chromosomal collinearity and 
confirming that large contigs represent correctly assembled 
chromosome-scale segments rather than misassemblies.

The comparison between the 2 dwarf species revealed excep
tionally high collinearity, with 98.42% of the A. andreniformis as
sembly aligning with greater than 75% sequence identity to A. 
florea (see Supplementary Fig. 3 in Supplementary File 1), reflect
ing their close evolutionary relationship within the Micrapis 

subgenus. To further validate assembly quality, we also compared 
our A. florea assembly to the previously published Aflo_1.1 gen
ome. We observed 95.18% alignment at >75% sequence identity 
(see Supplementary Fig. 4 in Supplementary File 1), demonstrat
ing very high sequence conservation as expected between assem
blies of the same species.

Finally, repeat analysis identified a diverse set of repetitive ele
ments (see Supplementary Tables 3 and 4 in Supplementary File 
1), with total repeat content estimated at 6.44% for A. andreniformis 
and 6.17% for A. florea. This finding is consistent with previous 
studies in Apis dorsata (6.89%; Oppenheim et al. 2020) and A. melli
fera (7.78%; Wallberg et al. 2019). Altogether, our results indicate 
that these genome assemblies represent the highest-quality 
Micrapis dwarf honey bee genomes published to date.

Gene annotation
RNA was extracted from 2 pupae per species and sequenced using 
a combination of ONT long-read cDNA sequencing and Illumina 
short-read RNA-seq. For A. andreniformis, we generated 
70,960,146 ONT long reads with read length N50s exceeding 1 kb 
(1,178 bp N50 for sample Aa1SG2; 1,145 bp N50 for sample 
Aa1SG3; see Supplementary Table 5 in Supplementary File 1), 
along with 25.6 million high-quality Illumina read pairs. 
Similarly, for A. florea, we obtained 34,084,378 Nanopore reads 
with read length N50s of 1,098 bp (sample Af1SG2) and 196 bp 
(sample Af1SG3, excluded from downstream analyses), as well 
as 21.1 million Illumina read pairs (see Supplementary Table 5
in Supplementary File 1).

Previous annotations for A. florea (Fouks et al. 2021) and A. mel
lifera (Wallberg et al. 2019) identified 12,573 and 12,398 genes, re
spectively. Our BRAKER3 annotation yielded similar numbers, 
with 12,189 putative genes for A. andreniformis and 12,207 genes 
for A. florea (Table 4). BUSCO analysis of the predicted proteomes 
identified ∼98% of orthologs using the Hymenoptera database and 
>99% of orthologs using the broader Insecta database (Table 5), in
dicating that our annotation successfully captured nearly all ex
pected genes for these species.

To assess genome quality through gene content conservation, 
we performed ortholog analysis of the predicted proteomes of A. an
dreniformis, A. florea, and A. mellifera. The analysis identified 11,774 
total orthogroups, which are sets of genes descended from a single 
ancestral gene. Of these, 9,458 (80.3%) contained genes from all 3 
species, suggesting that our assemblies capture the vast majority 
of conserved honey bee gene families. An additional 1,213 
orthogroups were shared exclusively between the 2 dwarf honey 
bee species, potentially representing Micrapis-specific adaptations. 
Species-specific orthogroups were relatively few: 36 for A. andreni
formis, 48 for A. florea, and 472 for A. mellifera. The high proportion 

Table 5. BUSCO completeness statistics for the predicted 
proteomes of A. andreniformis and A. florea.

Proteome Complete [single, duplicated] Fragmented Missing

Hymenoptera
Aa1SG1 98.1% [97.9%,0.2%] 0.5% 1.4%
Af1SG1 97.9% [97.7%,0.2%] 0.5% 1.6%

Insecta
Aa1SG1 99.5% [99.1%,0.4%] 0.1% 0.4%
Af1SG1 99.3% [98.9%,0.4%] 0.1% 0.6%

BUSCO analysis was performed using the OrthoDB v10 datasets for 
Hymenoptera (5,991 genes) and Insecta (1,367 genes). Results indicate the 
percentage of complete, fragmented, and missing orthologs in each assembly, 
with complete genes further categorized as single-copy or duplicated.

Table 4. Summary statistics of BRAKER3 gene annotation for both 
genome assemblies.

Feature Aa1SG1 Af1SG1

Number of genes 12,189 12,207
Number of transcripts 16,479 16,511
Number of exons 115,245 115,828
Number of introns 98,766 99,317
Mean gene length (bp) 8501 8173
Mean exon length (bp) 252 252
Mean intron length (bp) 1579 1486
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of conserved orthogroups, together with the low number of species- 
specific gene families in our assemblies relative to the A. mellifera 
reference genome, supports the completeness and quality of our 
annotations.

Conclusion
Here, we report new high-quality reference genome assemblies for 
A. andreniformis, sampled from Frankel, Singapore, and A. florea, 
sampled from Admiralty, Singapore. These genomes will provide 
a crucial resource for further biological, population, and evolution
ary studies of dwarf honey bees. Our assemblies were generated 
using a hybrid sequencing approach that combines ONT long reads 
(with R10.4.1 flow cells) and Illumina short reads. While we se
quenced diploid female individuals to enable us to call heterozy
gous sites, given our relatively modest contig N50 values (5.0 Mb 
for A. andreniformis; 4.3 Mb for A. florea), we did not conduct haplo
type resolution for these initial assemblies. Ultra-long reads and/ 
or Hi-C data would be necessary to achieve haplotype-resolved 
and chromosome-level assemblies. Future work sequencing add
itional individuals from other populations will be critical for devel
oping a comprehensive catalog of genomic variation, including 
structural variants.

A key strength of our approach is its efficiency, as it required 
only a single pupa per species to generate genome assemblies 
with over 98.5% completeness. This approach contrasts with pre
vious studies, such as Aflo_1.1 (Fouks et al. 2021) and 
Amel_HAv3.1 (Wallberg et al. 2019), which pooled multiple adult 
drones. While our assemblies achieve high contiguity and com
pleteness comparable to these references at the contig level, the 
A. mellifera reference (Amel_HAv3.1) represents a superior, 
chromosome-level assembly, scaffolded using additional tech
nologies such as Hi-C and optical mapping. Nonetheless, our re
sults underscore the potential of using hybrid sequencing to 
study rare or endangered species, such as these dwarf honey 
bees, where access to adult specimens is limited or unavailable, 
and even pupae are considered extremely precious.

Data availability
All raw sequencing data used for genome and transcriptome se
quencing are available on the NCBI SRA (www.ncbi.nlm.nih.gov/ 
sra) under the following BioProjects:

A. andreniformis

1) Genome sequencing and assembly: NCBI BioProject 
PRJNA1217036

2) Transcriptome sequencing: NCBI BioProject PRJNA1217108

A. florea

1) Genome sequencing and assembly: NCBI BioProject 
PRJNA1217041

2) Transcriptome sequencing: NCBI BioProject PRJNA1217110

Genome assemblies have been deposited in GenBank under 
accession GCA_048593525.1 for A. andreniformis and GCA_ 
048593485.1 for A. florea. Gene annotations generated using 
BRAKER3 are available on Zenodo (https://zenodo.org/records/ 
17451668). Source code and workflows are available on GitHub 
(https://github.com/atmaivancevic/Micrapis_genome_project).

Supplemental material available at G3 online.
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