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Abstract

Background: Ants with complex societies have fascinated scientists for centuries. Comparative genomic and transcriptomic

analyses across ant species and castes have revealed important insights into the molecular mechanisms underlying ant

caste differentiation. However, most current ant genomes and transcriptomes are highly fragmented and incomplete,

which hinders our understanding of the molecular basis for complex ant societies. Findings: By hybridizing Illumina, Paci�c

Biosciences, and Hi-C sequencing technologies, we de novo assembled a chromosome-level genome for Monomorium

pharaonis, with a scaffold N50 of 27.2 Mb. Our new assembly provides better resolution for the discovery of genome

rearrangement events at the chromosome level. Analysis of full-length isoform sequencing (ISO-seq) suggested that ∼15 Gb

of ISO-seq data were suf�cient to cover most expressed genes, but the number of transcript isoforms steadily increased

with sequencing data coverage. Our high-depth ISO-seq data greatly improved the quality of gene annotation and enabled

the accurate detection of alternative splicing isoforms in different castes of M. pharaonis. Comparative transcriptome

analysis across castes based on the ISO-seq data revealed an unprecedented number of transcript isoforms, including many

caste-speci�c isoforms. We also identi�ed a number of conserved long non-coding RNAs that evolved speci�cally in ant

lineages and several that were conserved across insect lineages. Conclusions: We produced a high-quality

chromosome-level genome for M. pharaonis, which signi�cantly improved previous short-read assemblies. Together with

full-length transcriptomes for all castes, we generated a highly accurate annotation for this ant species. These long-read

sequencing results provide a useful resource for future functional studies on the genetic mechanisms underlying the

evolution of social behaviors and organization in ants.
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Background

Ants are an ecologically diverse and extraordinarily success-

ful animal group, which occupy almost all terrestrial ecologi-

cal niches [1]. As social insects, ants live in colonies composed

of up to millions of individuals, which develop into different

social castes with remarkable division of labor and substantial

variations in morphology, physiology, and behavior [2]. The sex-

ual castes, including reproductively active queens, gynes (vir-

gin queens), and males, are specialized for sexual reproduction,

whereas the worker caste, which can be divided into distinct

sub-castes in some species, are specialized for non-reproductive

support roles, such as constructing, maintaining, and defending

the nest, collecting food, and rearing the brood [3].

Understanding the geneticmechanisms underlying caste de-

velopment and differentiation processes has been the major fo-

cus of recent studies on social insects. Such research has indi-

cated that caste differentiation involves the regulation of both

genetic and epigenetic factors [4]. Comparative genome and

transcriptome studies have identi�ed several key genes that

show differential expression patterns among castes and may

contribute to caste-speci�c phenotypes, e.g., vitellogenin, forag-

ing, arrestin, and insulin/insulin-like growth factor signaling [1, 5–12].

Recent studies also suggest that alternative splicing Alternative

splicing (AS), which can increase genetic regulatory complexity,

may contribute to phenotypic plasticity in eusocial insects [11,

13–16]. Additionally, epigenetic mechanisms, such as long non-

coding RNAs (lncRNAs), may also participate in gene expression

regulation during caste differentiation [17, 18]. Particularly, com-

parative genomic studies cross multiple ant lineages have iden-

ti�ed many conserved lncRNAs that may play potential roles in

the evolution of the caste system in ants [19, 20].

However, most previous genome studies have relied on

short-read sequencing technology [1, 21]. This has resulted

in fragmented assemblies with many sequencing gaps, which

is primarily due to high GC content or repeat regions fail-

ing to sequence. Additionally, short-read–based RNA-seq

also often fails to resolve complex Alternative splicing (AS)

isoforms, which are ubiquitously present in eukaryotes

[22]. Single-molecule real-time (SMRT) long-read sequenc-

ing overcomes these limitations by generating ultra-long

reads and offering different solutions to solve genome as-

sembly problems, including complex regions with repeated

elements or segmental duplications or regions with high GC

content [23]. Long-read sequencing is also bene�cial in tran-

scriptomics by providing full-length reads that span the entire

transcript isoform, thereby eliminating the need for transcript

reconstruction and inference. Thus, full-length isoform se-

quencing (ISO-seq) can substantially improve annotations of

reference genomes, characterize isoforms in important genes,

capture alternative splice variants, and identify lncRNAs.

Currently, only 27 ant genomes have been published, most of

which are limited in their quality [21]. Therefore, high-quality

genomes and full-length transcriptomes of ant species are

needed to understand the molecular mechanisms involved in

caste differentiation and the reproductive division of labor.

The pharaoh ant Monomorium pharaonis (NCBI: txid307658;

Fig. 1A) is an emerging model animal for genomic and molecu-

lar studies of caste differentiation in social insects. Unlike most

ant species, the pharaoh ant has a very short life span, is easy

to rear, and can mate and reproduce within the colony, which

makes them a perfect model organism for genetic studies. The

�rst draft pharaoh ant genome was assembled on the basis of

short reads [24], resulting in a very fragmented assembly with a

scaffold N50 length of only 75.38 kb.

In this study, using Paci�c Biosciences (PacBio) SMRT DNA

Sequencing and ISO-seq technology combined with Illumina

short reads and Hi-C (high-throughput chromosome conforma-

tion capture) data, we produced a high-quality chromosome-

level reference genome and high-quality transcriptome for the

pharaoh ant. Using these data, we further analyzed the protein-

coding genes, AS isoforms, and lncRNAs. This study should help

enhance our understanding of the genetic and epigenetic mech-

anisms of complex ant societies.

Analyses

Genome assembly, assessment, and gene prediction

Following routine 17-mer analysis [25] with short-read sequenc-

ing, the genome of M. pharaonis was estimated to be 342 Mb

(Supplementary Fig. S1, Table S1). Using other k-mer sizes pro-

duced similar estimations. We generated 33 Gb (∼103×) of Illu-

mina short-read sequencing data and >31 Gb (∼96×) of PacBio

sequencing data, resulting in 4,151,307 total reads (Supplemen-

tary Table S2). Genome of M. pharaonis was assembled into con-

tigs by Canu using the PacBio Sequel sequencing data [26] and

was scaffolded using the SSPACE longRead scaffolder [27]. The

assembled scaffolds were gap-�lled using the PBJelly program

[28], and polished with the PacBio data and short sequencing

reads using Quiver and Pilon, respectively (Supplementary Ta-

ble S3, see Methods for details). By BLAST searching against the

Bacteria and Virus databases, we identi�ed 151,589 bp of con-

taminated sequences, mainly from insect endosymbionts, such

as Wolbachia, Bacillus, Acinetobacter, and Candidatus. Duplicated

haplotigs and artifacts were identi�ed and removed using the

purge haplotigs pipeline [29]. After removal of the contaminated

sequences, duplicated haplotigs, and artifacts, the �nal assem-

bly from the PacBio reads was 313 Mb with a scaffold N50 length

of 3.85 Mb (193 scaffolds) and contig N50 length of 2.77 Mb (301

contigs) (Table 1). The Phred quality value (QV) of the whole

genome was calculated as QV = 50 (99.999% accuracy), which

suggests that the assembly was of high quality [30, 31].

Hi-C uses high-throughput sequencing tomap genome-wide

chromatin contacts and has been widely used as a scaffolding

method in genome assembly [32]. We generated 14.82 Gb of Hi-

C sequencing data and mapped them to the polished pharaoh

ant genome using Juicer software [33] after �ltering low-quality

data with Hic-Pro [34] to improve the connection integrity of

the contigs. The locations and directions of contigs were deter-

mined by 3D de novo assembly (3d-DNA) software [35] with de-

fault parameters, after which the contigs were successfully clus-

tered and anchored to 11 linkage groups (Fig. 1B, Supplemen-

tary Table S4), which covered 94% of the pharaoh ant assembled

sequences. Last, we obtained a high-quality chromosome-level

pharaoh ant genomewith a contig N50 length of 2.5Mb and scaf-

foldN50 length of 27.2Mb (Table 1). This �nal assembly produced

a shorter N50 than before Hi-C linkage because some arti�cial

links introduced by SSPACE were further removed during the Hi-

C assembly process if the links were not supported by Hi-C data

or violated Hi-C links.
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Gao et al. 3

Figure 1: Characterization of M. pharaonis genome assembly. (A) Photo of pharaoh ant (Monomorium pharaonis) colony with 4 ant castes (queens, gynes, males, and

workers). (B) Heat map of Hi-C interactions among all chromosomes of pharaoh ant. (C) Comparison of scaffold N50s and contig N50s of 27 short-read–assembled

(pink �lled circles) and 4 long-read–assembled (blue �lled triangles) ant genomes. Previous short-read assembly for M. pharaonis is marked on the plot. (D) Genome

collinearity of short-read and PacBio long-read assemblies shows that PacBio assembly exhibits better coverage of high GC content regions and repeat sequences. Blue

indicates genes assembled by both sequencing methods; red indicates genes that are incomplete in short-read assembly but complete in PacBio assembly.

Table 1: Summary of M. pharaonis genome features

Reads PacBio assembly Hi-C assembly

Genome assembly size (bp) 312,903,204 313,026,204

No. of scaffolds 193 274

Scaffold N50 (bp) 3,854,274 27,237,342

Scaffold N90 (bp) 800,084 20,211,500

Maximum scaffold length (bp) 18,497,097 48,563,521

No. of contigs 301 628

Contig N50 (bp) 2,769,621 2,456,926

Contig N90 (bp) 573,845 430,526

Maximum contig length (bp) 9,733,832 9,249,838

GC content (%) 36.39 36.39

BUSCO assessment (n = 4 ,415) C: 98.4%, D: 2.1%, F: 1.1%

C: complete BUSCOs; D: duplicated BUSCOs, F: fragmented BUSCOs.

Compared with the other 27 published ant genomes, which

were mostly sequenced and assembled using short-read se-

quencing, the pharaoh ant genome assembly showed a signif-

icantly higher contiguity level (Fig. 1C, Supplementary Table S5).

Our genome assembly with PacBio reads was also more com-

plete than other published ant genomes, with gaps only ac-

counting for 0.0867% of the new assembly compared to an av-

erage of 3.75% for other ant genomes with short-read assem-

bly. Speci�cally, we compared genomic regions and found that

a large number of regions with high GC content were missed

in previous short-read assemblies of the pharaoh ant genome

[24] but are covered in the new assembly (Fig. 1D). Speci�cally,

9.76% of genes with >70% GC content (4 of 41) and 11.30% (52 of

460) of genes with 60%–70% GC content were missing in previ-

ous short-read assemblies but were recovered in our assembly,

thereby indicating that the PacBio-assembled genome had sig-

ni�cant advantages for high GC content genes (Supplementary

Table S6). Furthermore, the completeness of our PacBio assem-

bly was assessed by BUSCO, which indicated that 98.4% of the

4,415 expected Hymenoptera conserved geneswere identi�ed as

complete (Table 1).

Gene prediction was �rst performed by combining

homology–, de novo–, and transcriptome-RNA-seq–based

searching and identi�cation methods. The ISO-seq data were

then used to further improve the gene models predicted in

the previous steps (see Methods for details), including the

annotation of untranslated regions (UTRs), introduction of

new coding exons, modi�cation of incorrect gene models,
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4 High-quality chromosome-level genome assembly of the pharaoh ant

Table 2: Statistics of functional annotation of protein-coding genes
in pharaoh ant

Statistic Number Percent (%)

Total 15,327

InterPro 13,831 90.24

COG 4,739 30.92

GO 8,562 55.86

KEGG 12,817 83.62

SwissProt 10,659 69.54

TrEMBL 15,229 99.36

Annotated 15,242 99.45

Unannotated 85 0.55

and rediscovery of missing genes. Finally, a total of 15,327

non-redundant protein-coding genes were predicted in the

pharaoh ant genome assembly. By searching against functional

databases (i.e., TrEMBL, COG, SwissProt, GO, and KEGG) and

annotating with InterProScan, we annotated 15,242 (99.45%)

genes and identi�ed 13,831 (90.24%) genes with conserved

motifs (Table 2).

High-frequency chromosome recombination in ant

genome

Chromosome-level assembly can provide improved resolu-

tion to construct ancestral karyotypes and detect genome re-

arrangement events during speciation [36]. To demonstrate

the advance in chromosome-level assemblies, we performed

genome collinearity analyses between the chromosome-level–

assembled pharaoh ant genome (2n = 22) [37, 38] and the clonal

raider ant (Ooceraea biroi) genome (2n= 28) [39]. The syntenymap

spanned 14 O. biroi chromosomes and 11 M. pharaonis chromo-

somes, covering 94% of the M. pharaonis genome (Fig. 2A). The

longest syntenic block spanned 530 genes in the pharaoh ant. On

average, only 3.17 genes were maintained in the same syntenic

block between the 2 species, implying a high frequency of rear-

rangement in the 2 genomes. Furthermore,we detected∼150 �s-

sions/fusions at the interchromosomal level with >500 kb block

resolution between the 2 species. This represents 2.04 chromo-

some breakpoints perMb perMY, a faster rate than that reported

for some insect groups such as the Drosophila genus [40]. To de-

tail the micro-synteny evolutionary pattern across ant lineages,

we investigated the orthologs of genes upstream and down-

stream of feminizer (fem) and complementary sex determiner (csd)

across 11 ant species using their recent PacBio genome assem-

blies from the Global Ant Genomics Alliance (GAGA) and across

2 wasp species downloaded from the NCBI. Csd is the primary

sex-determining signal inmost eusocial Hymenoptera and arose

from the duplication of the fem gene, which plays a key role in

sex determination [41, 42]. On the basis of synteny analysis of

fem and csd and neighbor genes, fem was present in all inves-

tigated species; however, its synteny with neighbor genes un-

derwent several translocation and recombination events during

the diversi�cation of ant lineages (Fig. 2B). In contrast, not all

ant species possessed the csd homolog and genomic locations

differed among ant species. These results thus indicate that csd

and fem may function differently in each lineage.

ISO-seq signi�cantly improves gene annotation

Transcriptome data allow us to identify all expressed genes

and provide important evidence for gene annotation. Currently,

most published genomes have been annotated using RNA-seq

data by eithermapping short reads or pre-assembled transcripts

with short reads onto reference genomes [43]. Single-molecule

long-read sequencing produces a full-length transcript of up to

10 kb, which can be readily used for gene prediction without the

need of assembly. In principle, therefore, this can signi�cantly

improve gene annotation. To provide insight into how gene an-

notation can be improvedwith long-read ISO-seq, we sequenced

total RNA from the whole bodies ofM. pharaonisworkers, gynes,

queens, and males using 2 sequencing platforms, i.e., PacBio

SMRT for long reads and BGI-seq for short reads. We compared

the performance of these 2 datasets in gene prediction and iso-

form annotation. In total, we obtained 62 Gb of long-read tran-

scriptome data (Supplementary Table S7) and 236 Gb of RNA-seq

data (Supplementary Table S8).

We then generated 2 annotations for M. pharaonis using the

ISO-seq and RNA-seq data separately and compared genemodel

predictions, AS events, UTR annotations, and predicted gene

completeness (Supplementary Table S9). The ISO-seq annota-

tion identi�ed 186,499 transcripts on 10,626 protein-coding gene

loci, with an average of 5.37 exons per transcript. On the ba-

sis of the analysis, the ISO-seq annotation improved upon the

RNA-seq annotation in several ways. First, the UTRs of 10,004

genes annotated in the ISO-seq versionweremissed in the RNA-

seq annotation (Fig. 3A). Second, RNA-seq annotation missed

≥1 exon in 2,093 genes, which were identi�ed in the ISO-seq

annotation (Fig. 3B). Third, the ISO-seq annotation also cor-

rected the models of 58 genes falsely annotated into multiple

genes (Fig. 3C) and 99 genes mistakenly merged with neighbor

genes (Fig. 3D) in the RNA-seq annotation. Although high-depth

RNA-seq data should, in principle, provide single-base resolu-

tion for transcriptome pro�ling, we found 279 genes in the ISO-

seq annotation that were missing in the RNA-seq annotation.

Among them, >18% were high GC content genes and 38% had

>200 bp repeat sequences, further demonstrating that PacBio

is better for sequencing high GC content genes and repeat se-

quences. In total, the coding area of 15.86% of genes was re�ned

with the ISO-seq data, thus highlighting the power of long-read

sequencing in gene annotation. Altogether, we annotated 15,327

genes in the pharaoh ant aftermerging the ISO-seq and RNA-seq

annotations.

AS landscape of M. pharaonis

To identify the AS transcripts, we �rst clustered all high-quality

long reads into �nal polished isoforms. More than 97.95% of the

consensus transcriptsweremapped to the reference genomeus-

ing GMAP [44] (Supplementary Table S10), again indicating the

high completeness of the reference genome. We next collapsed

the redundant isoforms into 186,499 isoforms, covering 11,499

genes expressed in ≥1 caste. Splice junctions (SJs) were detected

according to the 2 pairs of dinucleotides presented at the be-

ginning and end of the introns encompassed by the junctions.

The SJs were dominated by the canonical GT-AG form, which ac-

counted for >94.72% of total SJs. More than 99% of the SJs with

the GT-AG form identi�ed from ISO-seq were also supported

by the RNA-seq data (Supplementary Table S11). These �nd-

ings suggest high accuracy of the exon-intron boundary struc-

ture based on long reads and strongly support the validity of the

alternative-spliced isoform detection.

A practical question in transcriptome sequencing is at what

sequencing depth the data can provide suf�cient signals for

AS event detection and comparison. The high-coverage ISO-seq

data generated here allowed us to address this question by per-
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Gao et al. 5

A B

Figure 2: Genome collinearity and gene synteny of M. pharaonis (Mpha). (A) Genome collinearity of chromosome-level–assembled pharaoh ant and clonal raider ant

(Ooceraea biroi [Obir]), showing marked genome rearrangements during genome evolution of the 2 species. (B) Synteny of �anking region of fem and csd across 11 ant

species using recently produced reference genomes from the Global Ant Genomics Alliance (GAGA) and across 2 wasp species downloaded from the NCBI. Showing

the rearrangements of fem and csd during ant genome evolution. csd and fem are marked in red, and other colors represent their neighbor genes in PacBio-assembled

ant and ancestor wasp species.

Figure 3: Comparison of RNA-seq and ISO-seq gene annotations. (A) UTRs newly annotated in ISO-seq annotation. (B) Genes annotated incompletely by missing exons

in RNA-seq annotation. (C) One gene was misannotated to multiple genes in RNA-seq annotation. (D) Two genes were misannotated as a combined gene in RNA-seq

version but were correctly annotated in ISO-seq data. CDS, coding sequences; UTR, untranslated region.

forming saturation analyses with subtractive samples. We eval-

uated the effects of the amount of sequencing data on the num-

ber of consensus transcripts, genome coverage, total number of

isoforms, detectable genes, AS events, and detectable geneswith

AS (Fig. 4A). By mapping the high-depth RNA-seq reads (236 Gb)

onto the M. pharaonis genome, we estimated that 140.22 Mb of

genomic regions could be transcribed in ≥1 caste. Furthermore,

from the 59 Gb of raw ISO-seq long-read transcripts produced for

all samples, we detected 129 Mb of expressed regions that cov-

ered 92% of potential transcribed regions detected by RNA-seq.

Indeed, we found that the number of consensus transcripts, size

of expressed regions, and total number of isoforms increased

with the amount of ISO-seq data and only reached saturation at

50 Gb. This indicates an overabundance of transcripts in the M.

pharaonis transcriptome and suggests that some low-abundance

or rare transcript isoforms remain to be discovered with more

sequencing data. An alternative explanation is that ISO-seqmay

produce arti�cial isoforms, and thus more novel isoforms could

appear with the increase in sequencing data. To con�rm this, we

used RNA-seq data to validate the unique AS events for each iso-

form and found that ∼2% of isoforms detected in ISO-seq were

not supported by RNA-seq.

Nevertheless, we found that the numbers of expressed genes

and genes with AS events, as well as the total number of AS

events, had already reached their saturation at ∼10 Gb of ISO-

seq data. With this amount of data, we detected 9,656 expressed

genes, covering ≥93.54% of genes from RNA-seq transcription

evidence (see example shown in Supplementary Fig. S2). These

results suggest that the sequencing data obtained for each caste

(∼23.0, 14.0, 15.3, and 10.4 Gb for workers, gynes, queens, and

males, respectively) were suf�cient for covering most expressed

genes and AS events.

To obtain the overall AS pattern in M. pharaonis, all ISO-seq

data were pooled for AS event and gene isoform detection. Re-
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6 High-quality chromosome-level genome assembly of the pharaoh ant

Figure 4: Characterization of M. pharaonis isoforms from PacBio ISO-seq in 4 castes. (A) Saturation analysis of PacBio ISO-seq data on consensus transcripts, genome

coverage, total number of isoforms, detectable genes, alternative splicing (AS) events, and detectable genes with AS. Consensus transcripts were yielded frommultiple

full-length non-chimeric reads in a single zero-mode waveguide by transcript clustering analysis. Because many isoforms could not be mapped to the reference

genome owing to either sequencing errors or arti�cial transcripts, the total number of isoforms, which represents isoforms �nally con�rmed by mapping to the

reference genome, was lower than the consensus transcripts. (B) Distribution of AS events in 4 ant castes. AltA, alternative acceptor site; AltD, alternative donor site;

AltP, alternative position; ES, exon skipping; IR, intron retention.

sults showed that >87% of expressed genes had ≥2 isoforms

and, on average, each gene expressed 9 isoforms in all castes,

indicating the complex nature of the ant transcriptome. Similar

to that reported in humans and many other eukaryotic species

[45], intron retention was the most dominant AS form, account-

ing for 48.77% of all AS events in the pharaoh ant. This ra-

tio was also observed across caste samples (Fig. 4B, Supple-

mentary Table S12). Of note, 654 genes had >50 isoforms. The

most extreme case was the mitochondrial NADH-ubiquinone

oxidoreductase gene, which was transcribed into 894 isoforms.

These isoform-rich genes were enriched in many biological

processes involved in cell signal transduction, including signal

transduction (GO:0007165), cell communication (GO:0007154),

signaling (GO:0023052), cation channel activity (GO:0005261), ion

channel activity (GO:0005216), and potassium channel activity

(GO:0005267) (Supplementary Table S13). The increasing tran-

scription abundance of these genes through AS might enhance

cellular responses to environmental stimuli.

Characterization of caste-speci�c AS isoforms

AS is an important mechanism in de�ning tissue speci�city

based on tissue-speci�c expression of transcripts of the same

gene. Previous studies have shown that AS is associated with

phenotypic variation in eusocial insects, where a single genome

is able to encode for numerous caste phenotypes [11, 13, 15, 16,

46]. Thus, we investigated isoform speci�city and commonal-

ity among the 4 castes. Because of the high cost of ISO-seq, we

used pooled samples for each caste instead of biological repli-

cations to mitigate the variation across individuals/colonies to

produce high-coverage sequencing data that ensures that we

discovered isoforms with low expression levels. Owing to the

lack of biological replications, our results might only be rep-

resentative for the colony. However, the AS isoforms produced

from this in-depth investigation can also be valuable as a refer-

ence for further studies. Among all expressed genes, 5,359 tran-

scribed ≥1 caste-speci�c isoform that was only presented in 1

caste. These results suggest that AS has had pervasive effects on

genome-wide protein-coding genes with diverse functions that

may contribute to caste differentiation. Following KEGG analy-

sis, we identi�ed many genes with caste-speci�c isoforms re-

lated to the insulin and mTOR signaling pathways, which play

key roles in regulating caste differentiation on morphology and

longevity [12, 47, 48] (Supplementary Tables S14–17).

To further characterize the caste-speci�c AS isoforms, we

highlighted some functionally important genes that may play

important roles in ant sex determination and caste differenti-

ation. Feminizer (fem) functions as a binary switch gene partic-

ipating in sex determination and sexual differentiation in Hy-

menoptera [41, 42, 49]. In the pharaoh ant, fem consisted of 8 cod-

ing exons. However, full-length transcripts with all coding exons

were only expressed in the female castes (Supplementary Fig.

S3), with the male caste just expressing the �rst 2 coding exons.

These results suggest that they have different functions accord-

ing to their differences in protein domains. The sex-based differ-

ences in the AS pattern of fem seem to be conserved, similar to

the transformer gene, across different insects [49]. Moreover, we

found that the female castes expressed diverse transcript iso-

forms of this gene, with many isoforms possibly functioning as

lncRNAs.

By choosing the highest-expressed isoform for each caste,

we screened out the genes with dominant AS isoforms for each

caste and selected 267 genes with caste-speci�c dominant AS

isoforms (Supplementary Table S18). We reasoned that these

genes might be potential candidates involved in ant caste dif-

ferentiation via AS. On the basis of GO term analysis, we re-

vealed that these genes were signi�cantly enriched in phospho-

transferase activity (GO:0016773), carbohydrate derivative bind-

ing (GO:0097367), and neurotransmitters (GO:0005328) (Supple-

mentary Table S19). For example, cytokine receptor-like factor 3

(crlf3), which is a neuroprotective erythropoietin receptor in bee-

tle (Tribolium castaneum) and locust (Locusta migratoria) neurons
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Table 3: Statistics of predicted lncRNAs in 4 castes

Length (bp)

Sample No. lncRNAs Minimum Maximum Average

Worker 531 942 25,018 4,438

Gyne 543 982 19,746 4,648

Queen 360 1,344 30,849 5,675

Male 149 923 12,182 3,456

and emergedwith the evolution of the eumetazoan nervous sys-

tem [50, 51], had several caste-speci�c isoforms and different

dominant expressed isoforms in each pharaoh ant caste (Sup-

plementary Fig. S4). The worker-speci�c isoform of this gene

showed the highest expression level in workers. Queens also

mainly expressed their caste-speci�c isoform. Considering the

key role of the nervous system in caste differentiation, these re-

sults further indicate that the caste-speci�c dominant AS iso-

form of crlf3 may in�uence caste differentiation in pharaoh

ants.

Identi�cation and comparative analysis of lncRNAs

LncRNAs are a group of RNA molecules (>200 nt) that are not

translated into proteins but that play important roles in a vari-

ety of biological processes [52]. The detection of lncRNAs has

been restricted by short-read RNA sequencing technology be-

cause short-read sequencing fails to capture the full length of

extremely long lncRNAs. Therefore, the number of previously

detected lncRNAs is likely to be underestimated and should be

improved by ISO-seq. Here, we detected 1,225 long transcripts

that likely function as lncRNAs on the basis of their lack of open

reading frames (seeMethods). The lengths of these lncRNAs var-

ied from 923 to 30,849 bp, which are far longer than those of

lncRNAs predicted in other ant species, such as Camponotus �ori-

danus, Harpegnathos saltator, and O. biroi, using RNA-seq (Fig. 5A)

[20, 53]. Using their relative positions to the annotated genome,

pharaoh ant lncRNAs could be classi�ed into 4 categories: i.e.,

antisense, overlapping with coding sequences, intronic, and in-

tergenic (Fig. 5B) [54]. Most lncRNAs were located in the inter-

genic region (64.33%), as observed in other organisms, and prob-

ably function as transcription regulators [55, 56].

The number of lncRNAs inM. pharaonis varied among castes.

Gynes had the highest number of lncRNAs, whereas males had

the lowest number (Table 3). Queens had the longest lncRNAs

among the 4 castes (Wilcoxon test, P < 0.01), with an average

length of 5,675 bp, whereas males had the shortest lncRNAs

among the 4 castes (Wilcoxon test, P < 0.01), with an average

of 3,456 bp (Table 3).

Although investigating how lncRNAs work is challenging be-

cause of their relatively weak expression, cell/tissue-speci�city,

and variable functions, some lncRNAs exhibit high conserva-

tion in either sequence or secondary structure across species,

thus providing a way to detect evolutionary signals for func-

tional importance. By genomic comparison of the 4 ant genomes

sequencedwith long reads, we identi�ed genomic regions show-

ing extremely lowmutation rates with high conservation across

all detected species. We found 961 (78%) lncRNAs that con-

tained ≥1 highly conserved genomic element across all ant

species, which likely experienced strong purifying selection

during ant evolution. Based on orthologous analysis of lncR-

NAs between ants and parasitoid wasps (Nasonia vitripennis),

ants and bees (Apis mellifera), and ants and �ies (Drosophila

melanogaster), we obtained a set of insect-conserved lncRNAs.

Among the ant-conserved lncRNAs, 33 were conserved be-

tween ants and bees, 12 were conserved between ants and

parasitoid wasps, and 6 were conserved between ants and

�ies, thus demonstrating that most of these lncRNAs were

ant-speci�c.

We further identi�ed conserved lncRNAs showing differen-

tial expression between worker and gyne by using the brain

RNA-seq data produced by Qiu et al. [57]. We detected the dif-

ferently expressed lncRNAs using DESeq2 and then classi�ed

lncRNA transcripts as differentially expressed between castes

when the false discovery rate (FDR)-adjusted P-value was ≤0.05.

By doing so,we detected 32 ant conserved lncRNAs thatwere dif-

ferentially expressed between worker and gyne in M. pharaonis

(Fig. 5C and D). For example, the single-exon lncRNA, PB.5100.1,

which is located between ACHE1 (Acetylcholinesterase 1) and

RCBTB1 (RCC1 and BTB domain-containing protein 1), was highly ex-

pressed in gyne samples (Fig. 5D).

Conclusions

Our study provided a high-quality chromosome-level genome

assembly and full-length transcriptomes for all 4 castes of the

pharaoh ant. Our newly assembly genome showed markedly

improved quality compared with previous short-read sequenc-

ing assemblies [24]. Our comparison demonstrated the impor-

tance of using long-read sequencing to cover genomic assembly

of both repeat and high GC content regions, particularly for the

latter, which often span genomic elementswith regulatory func-

tions (e.g., promoters). By combining PacBio assembly and Hi-C

data, our study presented an ef�cient way in which to produce a

chromosome-level assembly for the ant genome. This has now

been adapted as a standard genomic sequencing and assem-

bly pipeline for the GAGA, which aims to generate high-quality

assemblies for ∼200 ant species representing broad diversity

[21]. Furthermore, our ISO-seq not only produced a high-quality

genome annotation for M. pharaonis but also highlighted the

complexity and diversity of the ant transcriptome, which may

be associated with caste differentiation. Our study also identi-

�edmany protein-coding geneswith caste-speci�c isoforms and

a core set of lncRNAs that may play conserved roles in ant caste

differentiation over the long evolutionary process of ants. These

datasets will be valuable for downstream functional studies to

reveal the genetic mechanisms underlying caste differentiation

in ants.

Methods

Sample collection

M. pharaonis were collected from a house in Mengla, Xishuang-

banna district, Yunnan Province, China. The colony was brought

back to the laboratory and reared under constant conditions, i.e.,

temperature of 27◦C, relative humidity (RH) of 65%, and light:

dark cycle of 12 h:12 h (light period 08:00–20:00, dark period

20:00–08:00). The queens and workers used in this study were

from the starting colony (MP-MQ-018). Gyne and male samples

were obtained from a newly developed colony, which was iso-

lated from the starting colony with only eggs, larvae, and work-

ers. For DNA and RNA sequencing, antswere collected and �ash-

frozen in liquid nitrogen and stored at −80◦C for later extraction.

The collection procedureswere in accordancewith protocols ap-

proved by the Animal Care and Use Committee of the Kunming

Institute of Zoology, China.
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8 High-quality chromosome-level genome assembly of the pharaoh ant

Figure 5: Characterization of lncRNAs. (A) Comparisons of lncRNA length distribution among 4 species and 2 sequencing methods. (B) Classi�cation of lncRNAs in

pharaoh ant. (C) Heat map shows differentially expressed lncRNAs between worker and gyne brains. Each row represents 1 lncRNA, and each column represents 1

replicate of the corresponding caste. Relative lncRNA expression is depicted according to color scale. (D) Example of a highly conserved differentially expressed lncRNA

between worker and gyne brains. The black line in the box indicates the median. TPM: transcripts per million.

DNA and RNA extraction

Because of their small size, genomic DNA from pools of worker

sampleswas extracted via an insect sodiumdodecyl sulfate DNA

extraction protocol provided by the Novogene Corporation (Nan-

jing, China). Total RNA was extracted from the pooled individu-

als of each caste (male, worker, gyne, and queen) for PacBio full-

length isoform sequencing (ISO-seq) using a Trizol Extraction Kit

according to the manufacturer’s instructions. All samples were

collected from sub-colonies developed from the same starting

colony to reduce biological variation of the data. There were 3

major purposes for performing ISO-seq analyses in the present

study: (i) to assist in annotation, (ii) to identify AS forms, and (iii)

to identify lncRNAs. Because these analyses rely on the full cov-

erage of expressed transcripts, especially thosewith low levels of

expression, the sequencing depth of the ISO-seq data was more

important than biological replications. Quanti�cation analyses

were performed using the RNA-seq data (with each having 5 bi-

ological replicates) produced in our previous study on the same

ant castes [57]. Male brains were dissected in cold diethyl pyro-

carbonate (DEPC)-treated phosphate-buffered saline (PBS). Five

replicates of pooled male brains (n = 20 males/pool) were ex-

tracted using the RNA Trizol Extraction Kit (Invitrogen, USA).

DNA and RNA quality were checked by Qubit (Life Technologies,

USA). DNA and RNA integritywere examined by agarose gel elec-

trophoresis.

PacBio ISO-seq library construction and sequencing

The full-length ISO-seq libraries were constructed using total

RNA. First-strand complementary DNA (cDNA) was synthesized

using a ClontechSMARTer PCR cDNA Synthesis Kit (ClonTech,

Takara Bio Inc., Japan) with anchored oligo(dT) as the primer.

Double-stranded cDNA was generated by large-scale PCR using

an optimized PCR cycle number. Separation of different cDNA

fractions by length was generated using the BluePippin Size Se-

lection System. Once double-stranded cDNA was prepared, the

SMRTbell libraries were constructed using the PacBio SMRTbell

Template Prep Kit 1.0 (Paci�c Biosciences, USA) following the

vendor’s protocols. Three SMRTRNA libraries, 1–2 k, 2–3 k, and 3–

6 k, were prepared for worker and gyne samples. Mixed libraries

without size selection were prepared for queen and male sam-

ples as the protocol improved. The SMRTbell libraries were then

sequenced on the PacBio Sequel platform (PacBio Sequel System,

RRID:SCR 017989).
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RNA library construction and sequencing

In parallel, RNA sequencing of male brains was performed

by constructing a Micro-Tn5 Transposon Library following the

methods described by Zhu et al. [58] and sequencing on the

BGISEQ-500 PE100 platform (BGISEQ-500, RRID:SCR 017979). The

RNA-seq data from workers, gynes, and queens were requested

from Qiu et al. [57].

Genome sequencing

To achieve a high-quality pharaoh ant genome assembly, we

adopted a combination of sequencing methods including Illu-

mina and PacBio sequencing.

For Illumina sequencing, 3 short-insert-sized DNA libraries

(250, 500, and 800 bp) were constructed using an Illumina TruSeq

Nano DNA LibraryPrep Kit (Illumina, USA) following the man-

ufacturer’s instructions, and then sequenced on an Illumina

Hiseq 2000 instrument using awhole-genome shotgun sequenc-

ing strategy at BGI-Shenzhen (Shenzhen, China). We obtained a

total of 33 Gb of clean data with ∼103-fold sequencing depth.

For PacBio sequencing, the BluePippin Size-Selection System

was used to perform size selection. In total, DNA was sheared

to a ∼20-kb targeted size using ultrasonication (Covais, Woburn,

MA, USA), with a �nal 20-kb DNA fragment retained to construct

the libraries. The constructed librarieswere sequenced using the

PacBio Sequel system at Novogene (Tianjin, China), and a total

of 12 SMRT cells were used to yield 31 Gb of sequencing subreads

with an average length of 7.5 kb and N50 of 11.6 kb.

Genome assembly

Genome size estimation

We estimated the size of the pharaoh ant genome using rou-

tine 17-mer frequency analysis [25]. The genome size was esti-

mated according to the formula: genome size = No. k-mers/peak

of depth.

Genome assembly by PacBio long reads

We used an in-house pipeline to perform genome assembly,

which included 5 steps:

(1) Contig construction

Canu (Canu, RRID:SCR 015880) v1.5 was used for 96-fold

PacBio Sequel read assembly with default parameters and

the complete Canu pipeline. For the Canu assembly, contig

N50 was 1.26 Mb and total assembly size was 323 Mb.

(2) Linking contigs to scaffold

Scaffoldingwas performed using the SSPACE long-read scaf-

folder. The SSPACE-LongRead uses the BLASR aligner, which

aligned the long-read set to the Canu contig assembly. We

improved assembly contiguity and acquired a larger scaffold

N50 than that obtained via the Canu contig assembly.

(3) Filling gaps within scaffolds

After scaffolding, PBJelly (PBJelly, RRID:SCR 012091) was

used to �ll the gaps within the scaffold using the PacBio

sequences. The running parameters were as follows: -

minMatch 8 -sdpTupleSize 8 -minPctIdentity 75 -bestn 1 -

nCandidates 10 -maxScore -500 -nproc 13 -noSplitSubreads.

Most gaps were �lled in this step. This resulted in an as-

sembly of 325 Mb, with a scaffold N50 of 3.63 Mb, contig

N50 of 2.63 Mb, and number of undetermined bases (Ns) of

284 kb (0.08% of total genome assembly). Thus, contig N50

showed marked improvement (2 times) compared with the

Canu contig assembly.

(4) Two rounds of genome assembly polishing

Because the PacBio raw reads have high sequencing error

rates, we performed 2 rounds of genome assembly polish-

ing. In the �rst round, Arrow software was used to map

the PacBio sequences to the genome assembly. Small in-

sertions/deletions (indels) and substitutions were then cor-

rected, and consensus sequences were obtained. We per-

formed the second round of polishing using high-quality

Illumina paired-end short reads. First, the Illumina short

reads were mapped to the assembly using BWA (BWA, RR

ID:SCR 010910), after which Pilon (Pilon, RRID:SCR 014731)

was used to correct the sequences by input BAM align-

ments and assembly sequences. The parameters were as

follows: “–changes –vcf –diploid –�x bases –mindepth 8.”

Results showed that Pilon corrected 14,680 substitutions,

46,245 small insertions, and 9 ,410 small deletions for the

raw read PacBio genome assembly.

(5) Removal of contaminated sequences, duplicated haplotigs,

and artifacts

By aligning the genome sequences against the Bacteria and

Virus databases using BLAST (-e 1e−5), we obtained a to-

tal length of 2,424,757 bp contaminated sequences, which

accounted for 0.75% of the genome sequences. The most

frequently aligned bacteria were endosymbionts of insects,

such as Wolbachia, Bacillus, and Candidatus. We �ltered out

the contaminated contigs with contaminated sequences

≥20%. We did not �nd virus contamination in the genome

sequences. Altogether, we �ltered out 151,589 bp of contam-

inated sequences.

Purge haplotigs was used to resolve duplicated haplotigs

and artifacts in the genome assembly. First, we remapped the

PacBio long reads to the genome assembly using minimap2.

Purge haplotigs was then used to calculate sequencing depth

based on BEDtools (BEDTools, RRID:SCR 006646) [59] and gener-

ate a read-depth histogram.We chose 3 cut-offs (depths of 10, 25,

and 85) to capture potential duplicated regions and haplotype-

fused regions. Finally, purge haplotigs �ltered out 12,469,513 bp

of haplotigs and artifacts. The �nal PacBio read-based genome

assembly of the pharaoh ant was 312,903,204 bp.

In situ Hi-C library preparation and chromosome assembly

To establish the chromosome-level reference genome, worker

pharaoh ants were used to construct a Hi-C library by modifying

the protocol in Rao et al. [60]. The library was sequenced on the

BGISEQ-500 platform under 100 paired-end mode. We used HiC-

Pro (HiC-Pro, RRID:SCR 017643) to �lter invalid read pairs, such

as self-ligation, non-ligation, start-nearRsite, PCR ampli�cation,

random break, largeSmallFragments, and ExtremeFragments.

The valid read pairs were mapped to the polished pharaoh ant

genome. The contact count between contigs was calculated and

normalized by restriction sites in sequences. We successfully

produced 11 chromosomes, which occupied 94% of the genome,

using the 3D-DNA pipeline. The 11 chromosomes were consis-

tent with previous karyotype analyses of the pharaoh ant [37].

Genome assembly evaluation

To assess base quality of the whole-genome assembly, we �rst

aligned the high-quality Illumina short reads to the �nal base

error-corrected assembly. The percentage of total mapped reads

was 97%. We then used the variant detector FreeBayes to calcu-

late the homozygous variant ratio by inputting the BWA align-

ments. We detected the homozygous variants with parameters

“-C 2 -0 -O -q 20 -z 0.10 -E 0 -X -u -p 2 -F 0.6,” as per Jain et al.
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[31]. The homozygous variations were derived from base-calling

errors as the genome is diploid. The error rate was calculated as

0.001%, indicating a base QV of 50. The QV and identity were cal-

culated using the algorithm in Jain et al. [31]. For protein-coding

gene regions, we ran BUSCO (BUSCO, RRID:SCR 015008) on the

genome mode to search for conserved genes in Hymenoptera

species.

Genome annotation

Annotation of repeat DNA sequences

(1) Identi�cation of known transposable elements (TEs)

We �rst identi�ed known TEs in the pharaoh ant genome

using RepeatMasker (RepeatMasker, RRID:SCR 012954) by

searching against the Repbase (v20.04) TE library [61]. We

then used RepeatProteinMask within the RepeatMasker

package to search the TE protein database.

(2) De novo repeat prediction

A de novo repeat library using RepeatModeler v. open-1.0.8

(RepeatModeler, RRID:SCR 015027) [62] was �rst generated,

after which the TEs were annotated by RepeatMasker using

the de novo repeat library.

(3) Tandem repeats

We also predicted tandem repeats using TRF, with the pa-

rameters following: “Math = 2, Mismatch = 7, Delta = 7, PM

= 80, PI = 10, Minscore = 50, and MaxPeriod = 12.”

Protein-coding gene prediction and functional

annotation

Combined homology-, de novo–, and RNA-seq–based gene predic-

tions

Combined homology-, de novo–, and transcriptome-RNA-seq–

based gene predictions were used to annotate the protein-

coding sequences in the pharaoh ant genome, as used in our

previous study on the leopard gecko [63].

For the homology-based method, reference gene sets of

D. melanogaster, A. mellifera, Linepithema humile, N. vitripennis,

Solenopsis invicta, and M. pharaonis from the Ensembl and NCBI

databases were used. We used the same parameters and meth-

ods as for the leopard gecko [63].

For de novo prediction of the pharaoh ant genome, methods

and parameters were the same as used for the leopard gecko

[63].

The transcriptome-RNA-seq–based method was performed

using the pharaoh ant RNA-seq data from the brains of dif-

ferent castes and other tissues downloaded from the NCBI

database (NCBI accession Nos. DRR032044–DRR032266). TopHat

v1.3.3 (TopHat, RRID:SCR 013035) was used to identify splice

junctions (SJs) by aligning the RNA-seq reads to the pharaoh ant

genome. Cuf�inks v2.2.1 (Cuf�inks, RRID:SCR 014597) was ap-

plied to assemble transcripts using the aligned RNA-seq reads.

After that, we built non-redundant reference gene sets based on

a priority order of transcriptome-based evidence > homology-

based evidence > de novo–based evidence to combine gene ev-

idence using the in-house script from Xiong et al. [63]. At this

step, a total of 15,576 non-redundant protein-coding genes were

annotated.

ISO-seq isoforms improve gene model prediction

The ISO-seq approach can improve gene annotations in eukary-

otic genomes. We incorporated the ISO-seq data to improve the

gene model predicted in the previous step. We �rst compared

the location of PacBio isoforms with the reference gene loca-

tion using gffcompare. The overlapping PacBio isoforms on the

same strand as the reference gene loci were used to re�ne the

gene models, introduce AS events, and update the annotations

of UTRs. Wemodi�ed incorrect genemodels caused by incorrect

gene prediction. To further investigate missing or incomplete

protein-coding gene models, a Markov model was estimated

with 1,000 high-quality genes using the trainGlimmerHMM tool

included in the GlimmerHMM software package. The putative

protein-coding sequence of each PacBio isoform was identi�ed

using the Markov model. Finally, by comparing the gene mod-

els to the reference genome, we generated 15,327 protein-coding

genes, which was the �nal predicted gene set.

Gene function annotation

Functional annotation of protein-coding genes was performed

by searching against function databases, including COG,

TrEMBL, SwissProt, and KEGG, using BLASTP. InterProScan

(v5.16) with 7 different models (Pro�lescan, blastprodom,

HmmSmart, HmmPanther, HmmPfam, FPrintScan, and Pattern-

Scan) was used to annotate the protein domains and motifs.

ISO-seq analysis

Transcriptome analysis pipeline for ISO-seq

We ran ISO-seq analysis using SMRT Link v5.0 [64] on the com-

mand line via pbsmrtpipe [65] to obtain the high-quality PacBio

isoform dataset. Analysis included the following 4 steps:

(1) Circular consensus sequence (CCS) identi�cation

CCSs were created from the raw subreads of PacBio se-

quences using CCS software (v3.0.0) within the pbsmrtpipe

package. The CCS software takesmultiple reads of the same

SMRTbell sequence and combines them using a statistical

model to produce 1 high-quality consensus sequence.

(2) Classi�cation of CCSs to full-length reads

CCSs were classi�ed as full-length non-chimeric and non–

full-length reads. This was done by identifying the 5′ and

3′ adapters used in the library preparation, as well as the

poly(A) tail. A readwas considered full length if both primers

were detected at the ends with a poly(A) tail signal of ≥12

consecutive “A’s preceding the 3” primer. This step also re-

moved primers and polyA/T tails accordingly.

(3) Clustering of sequences based on similarity

Isoform-level clustering was performed by using the Itera-

tive Clustering and Error correction [11] algorithm and clus-

tering the classi�ed transcript sequences on the basis of

similarity. For each cluster, the consensus transcripts were

obtained.

(4) Error correction polishing of isoforms

The error correction Arrow software in the pbsmrtpipe

package was used to polish the consensus sequences gen-

erated from the transcript clustering step. Arrow mapped

PacBio raw reads to obtain the consensus and variant

calls. This output polished high-quality (predicted accuracy

≥99%) full-length isoform consensus sequences, as well as

low-quality isoform consensus sequences.

(5) Alignment of isoforms to reference genome

We used GMAP to align the isoform consensus sequences

to the genome assembly with parameters “-f samse -n 0“.

A Python script from the PacBio repository [66] was then

used to predict the transcript structure and remove redun-

dant transcripts. Each isoformwas comparedwith the refer-
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ence annotation by gffcompare and the isoforms were fur-

ther classi�ed into 8 groups based on their exon structures.

Rarefaction analysis of ISO-seq data

To investigate whether the sequencing depth of those data was

suf�cient to capture most of the transcriptome of interest, we

performed rarefaction analysis on all data from the 4 caste sam-

ple libraries. We �rst pooled all sequencing data of the caste

samples to reach a total of 58.8 Gb subreads. We then randomly

selected 10%, 20%, 30%, . . . , 100% of total subreads to perform

similar ISO-seq analyses tomeasure the (i) number of consensus

transcripts, (ii) genome coverage, (iii) number of total isoforms,

(iv) number of detected expressed genes, (v) AS events, and (vi)

detectable genes with AS. All saturation curves were plotted us-

ing ggplot2 in the R package.

Identi�cation of AS events

To verify the PacBio transcript isoforms, we analyzed the iso-

forms in relation to their SJs. The SJs could be divided into

canonical and non-canonical according to the 2 pairs of dinu-

cleotides present at the beginning and end of the introns encom-

passed by the junctions. The canonical SJs (GT-AG) accounted

for ∼95% of all introns of the pharaoh ant PacBio isoforms. We

also investigated the consistency of SJs between the RNA-seq

and ISO-seq data. STAR (v2.4.0) was used to map the RNA-seq

data to the reference genome, and all SJs were detected.

We used a Python script (alternative splice.py) to detect AS

events following Wang et al. [67]. This method was speci�cally

designed to determine AS events using ISO-seq data and has

been used in various ISO-seq studies [67–69]. The script uniquely

designates all possible splicing patterns as an AS code according

to the relative position of the alternative splice sites involved in

the splicing variation. Five main modes of AS (intron retention,

exon skipping, alternative 3′-acceptor, alternative 5′-donor, and

alternative position [both 5′-donor and 3′-acceptor]) were identi-

�ed. We visualized AS types using SVG implemented in Perl. We

then compared the AS type variation among the 4 castes using

a custom script.

Discovery of caste-speci�c AS isoforms among 4 castes

To investigate differential AS isoforms from the PacBio isoforms

among the 4 castes, we used the scripts from the Cupcake pack-

age [66] to chain the isoforms together across the caste sam-

ples with default parameters. The isoforms from different caste

samples that had an exact match for every exon boundary were

chained together. Caste-speci�c isoformswere de�ned if the iso-

forms only existed in a unique caste sample. The caste-speci�c

isoforms were compared with the AS isoform dataset, and those

containing AS events were de�ned as caste-speci�c AS isoforms.

LncRNA identi�cation from PacBio sequences

We identi�ed lncRNAs from PacBio ISO-seq datasets using a cus-

tomized pipeline comprising 4 steps: (i) The PacBio isoforms

were aligned to gene models in the pharaoh ant genome. Iso-

forms that could not be aligned were considered novel se-

quences. We extracted the loci of novel sequences that did not

overlap with the reference annotation or overlapped with the

reference annotation but on the opposite strand. (ii) To �lter

out the potential coding sequences, we used BLAST to screen

the sequences for homology with pharaoh ant proteins, and

proteins from the functional database (UniProt). (iii) The CPC,

PLEK, and CPAT programs were used to discriminate non-coding

sequences from protein-coding genes. Sequences predicted as

non-coding by all 3 software packages were deemed candidate

lncRNAs. (iv) To eliminate the possible effects of transcription or

splicing noise on the identi�cation of lncRNAs, we �ltered out

those lncRNAs that were supported by <2 full-length PacBio se-

quencing reads.

Identi�cation and characterization of conserved lncRNAs

Conserved lncRNAs within ants were identi�ed by screening the

annotated lncRNAs in highly conserved non-coding elements

(CNEs) between ant genomes. The identi�cation method was

as follows: (i) We performed pair-wise whole-genome alignment

using Lastz between the pharaoh ant genome and 3 published

PacBio genomes (C. �oridanus, H. saltator, and O. biroi) down-

loaded from the NCBI. Multiple alignments of the 4 ant genomes

were then generated using Multiz, with the pharaoh ant as the

reference. (ii) We used PhaseCons to estimate the genome con-

servation index and then identi�ed the highly conserved el-

ements (HCEs). Brie�y, we used phyloFit to estimate an ini-

tial neutral phylogenetic model. We then ran PhastCons twice,

�rst for estimation of conserved and non-conservedmodels and

then for prediction of conserved elements. Finally, we identi�ed

408,113 ant HCEs, covering 56 Mb of the pharaoh ant genome.

(iii) We �ltered the HCEs located in the protein-coding regions,

resulting in 323,193 CNEs covering 32 Mb of the pharaoh ant

genome. (iv) Finally, the annotated lncRNAs located in the CNEs

were considered to be ant-conserved lncRNAs. Our analysis re-

vealed a total of 961 conserved ant lncRNAs.

We also performed orthologous analysis of lncRNAs between

ants and parasitoid wasps (N. vitripennis), ants and bees (A. mel-

lifera), and ants and �ies (D. melanogaster). We �rst performed

whole-genome alignment among these genomes. The bee, par-

asitoid wasp, and �y genomes were each aligned to the pharaoh

ant genome using Lastz.We then used liftOver (liftOver, RRID:SC

R 018160) to compare the genome coordinates of ant-conserved

lncRNAs to the wasp, bee, and �y genomes according to the

“chain” alignment blocks, which are “chained” based on their

location in both genomes. We used liftOver with default param-

eters. The ant lncRNAs located within or overlapping with con-

served bee/wasp/�y genome regions were considered to be con-

served insect lncRNAs.

Identi�cation of differentially expressed lncRNAs between worker

and gyne using Illumina RNA-seq data

The Illumina RNA-seq data from brain tissues of worker and

gyne in Qiu et al. [57] were generated from the same batch,

with each caste comprising 5 biological replicates. These data

allowed us to identify differentially expressed lncRNAs between

the 2 castes. First, ISO-seq transcriptome quanti�cations were

performed with the Salmon pipeline (version 1.3.0) using RNA-

seq data of the 10 samples, respectively. In brief, RNA-seq data

from the brain samples of worker and gyne were quasi-mapped

to the ISO-seq transcriptome, afterwhich bias correction options

were turned on to account for GC bias and sequence-speci�c

bias. Isoform expression level was estimated as transcripts per

million. DESeq2 version 1.16.1 (DESeq2, RRID:SCR 015687) was

subsequently used to determine the differentially expressed iso-

forms between worker and gyne samples. The lncRNA tran-

scriptswere classi�ed as differentially expressed between castes

when the FDR-adjusted P-value was ≤0.05. Finally, we iden-

ti�ed 32 conserved lncRNAs from the differentially expressed

isoforms, in which caste affects the lncRNA expression level

signi�cantly.
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Data Availability

SMRT sequencing data, Illumina HiSeq data, and BGI-seq data

generated in this study can be accessed through the NCBI SRA

under accession No. PRJNA634441. Other data generated and an-

alyzed during this study are available on Mendeley Data [70]. All

supporting data and materials are available in the GigaScience

GigaDB database [71]. The data reported in this study are also

available in the CNGB Sequence Archive (CNSA) [72] of China

National GeneBank DataBase (CNGBdb) [73] with accession No.

CNP0001417.

Additional Files

Supplementary Fig. S1: Frequency distribution of 17-mer analy-

sis. The 17-merswere counted from a subset of paired-end reads

from 800-bp libraries. Peak depth is 18×. Total number of 17-

mers present in this subset was 6,154,945,619. Genome size, es-

timated by dividing total number of 17-mers by peak depth, was

342 Mb.

Supplementary Fig. S2: Example showing full-length PacBio iso-

form supported by short RNA-seq reads.

Supplementary Fig. S3: Sex-speci�c splicing of fem in pharaoh

ant. Results showed that the full-length transcript with all cod-

ing exons was only expressed in female castes.

Supplementary Fig. S4: Caste-speci�c isoforms and dominant

AS isoforms of crlf3 in pharaoh ant.

Supplementary Table S1: Statistics of 17-mer analysis.

Supplementary Table S2: Statistics of Illumina and PacBio

sequencing data for M. pharaonis. Data were produced by

short/long insert-sized libraries. Sequencing depth was calcu-

lated by assembled genome size.

Supplementary Table S3: PacBio assembly statistics at different

stages.

Supplementary Table S4: Statistics of assembled pharaoh ant

chromosome.

Supplementary Table S5: Twenty-seven ant species for which

sequenced genomes are available, in alphabetical order. Modi-

�ed from Boomsma et al. [21].

Supplementary Table S6: Status of high GC content genes in

short-read assembly.

Supplementary Table S7: Summary of ISO-seq data from differ-

ent castes of pharaoh ant.

Supplementary Table S8: Summary of RNA-seq data.

Supplementary Table S9: Statistics of genes corrected by ISO-

seq data.

Supplementary Table S10: Statistics of consensus transcripts

mapped to genome.

Supplementary Table S11: Summary of splice junctions among

4 castes.

Supplementary Table S12: Summary of alternative splicing (AS)

events in 4 castes.

Supplementary Table S13: Gene ontology (GO) enrichment anal-

ysis for isoform-rich genes in pharaoh ant.

Supplementary Table S14: KEGG analysis of caste-speci�c iso-

forms in worker.

Supplementary Table S15: KEGG analysis of caste-speci�c iso-

forms in gyne.

Supplementary Table S16: KEGG analysis of caste-speci�c iso-

forms in queen.

Supplementary Table S17: KEGG analysis of caste-speci�c iso-

forms in male.

Supplementary Table S18: Summary of genes with caste-

speci�c dominant AS isoforms in 4 castes.

Supplementary Table S19: Gene ontology (GO) enrichment anal-

ysis of genes with caste-speci�c dominant AS isoforms.
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