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Abstract

The Asian citrus psyllid, Diaphorina citri, is the insect vector of the causal agent of huanglongb-

ing (HLB), a devastating bacterial disease of commercial citrus. Presently, few genomic resources

exist for D. citri. In this study, we utilized PacBio HiFi and chromatin confirmation contact (Hi-C)

sequencing to sequence, assemble, and compare three high-quality, chromosome-scale genome

assemblies of D. citri collected from California, Taiwan, and Uruguay. Our assemblies had final

sizes of 282.67 Mb (California), 282.89 Mb (Taiwan), and 266.67 Mb (Uruguay) assembled into 13

pseudomolecules—a reduction in assembly size of 41–45% compared with previous assemblies

which we validated using flow cytometry. We identified the X chromosome in D. citri and anno-

tated each assembly for repetitive elements, protein-coding genes, transfer RNAs, ribosomal

RNAs, piwi-interacting RNA clusters, and endogenous viral elements. Between 19,083 and

20,357 protein-coding genes were predicted. Repetitive DNA accounts for 36.87–38.26% of each

assembly. Comparative analyses and mitochondrial haplotype networks suggest that Taiwan

and Uruguay D. citri are more closely related, while California D. citri are closely related to

Florida D. citri. These high-quality, chromosome-scale assemblies provide new genomic resour-

ces to researchers to further D. citri and HLB research.
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1. Introduction

The Asian citrus psyllid, Diaphorina citri, Kuwayama, 1908
(Hemiptera: Liviidae), is a phloem-feeding insect and serious pest of
Citrus spp. and other related plants of the Rutaceae. It is a current
threat to worldwide commercial citrus production due to its role in
vectoring the causal agent of huanglongbing (HLB, also known as
citrus greening disease), Candidatus Liberibacter asiaticus (CLas).1

Diaphorina citri likely originated from the Indian subcontinent and
radiated into southwestern and southeastern Asia. Diaphorina citri
was first described in 1908 from specimens collected on the island of

Taiwan2 and later appeared in mainland China in 1934.3 By 1942,
D. citri had established in Brazil.4 The first report of D. citri in the
USA occurred in 1998 in Florida,5 although HLB was not detected
there until 2004.6 Since appearing in Florida, D. citri has now been
detected across much of the southern USA and Mexico; in 2008, the
insect was discovered in southern California.7 CLas-infected D. citri
and infected citrus were later discovered in residential southern
California in 2012.8 So far, effective quarantine and control of HLB
in southern California has kept D. citri and HLB out of the citrus
producing Central Valley.9
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Diaphorina citri and HLB are now nearly ubiquitous in most cit-
rus producing regions worldwide,1 causing massive economic losses
to citrus growers.9 Control of HLB in endemic areas usually includes
removal of infected trees, control of D. citri, and proper management
of citrus nurseries10,11—an approach applied in Brazil with some
limited success.12 Growers in Florida, however, largely chose to
focus efforts on control of D. citri, rather than removal of HLB-
affected citrus. While control of D. citri has been shown to be
effective at improving citrus yields,13 the high cost of insecticidal
treatments, risk posed to beneficial insects, and the development of
insecticide-resistant D. citri have made chemical control difficult in
Florida.13–19 The near-100% incidence of HLB and D. citri in south
Florida groves poses a threat to northern Florida and southern
Georgia groves which have thus far maintained low incidence of the
disease.9 The HLB epidemic has been slow growing in Texas relative
to Florida, yet without intervention, the disease is predicted to reach
100% incidence by the mid-2030s.20 California’s Central Valley, the
leading producer of fresh citrus in the USA, remains threatened by
HLB and D. citri present in non-commercial citrus in the nearby Los
Angeles basin. Together, these highlight the need to develop better
control methods to keep D. citri and HLB from spreading further.

Genomic resources for D. citri have been limited. In 2014, a
short-read D. citri genome assembly, complemented by PacBio RS
long-reads (Diaci v1.1, NCBI BioProject PRJNA29447), was pub-
lished.21 This assembly was generated from D. citri collected in
Florida and has a total assembly size of 485,705,082 bp in 161,988
scaffolds and has a low contig N50 of 34,407 bp. Additionally,
BUSCO analysis of this assembly revealed that over one-third of con-
served single-copy genes were absent or fragmented.22 Since then, se-
quencing technology has rapidly advanced, providing longer, more
accurate sequencing reads, improved methods of scaffolding contigs,
and lower DNA input requirements.23–25 In 2018, the Diaci v2.0 ref-
erence assembly was released, utilizing PacBio long-reads and
Dovetail sequencing (Scott’s Valley, California, USA) to increase the
contig N50 to 759 Kbp (www.citrusgreening.org, July 2021, date
last accessed). While a chromosome-length reference assembly of
Floridian D. citri was produced by Hosmani et al.22 (Diaci v3.0),
chromosome-scale genome assemblies and comparisons of D. citri
genomes from different populations are still lacking.

In this work, we sequenced and assembled the first high-quality
chromosome-scale genome assemblies for D. citri that were collected
from three geographically distinct populations and maintained in in-
bred laboratory colonies: California (CRF-CA), Taiwan (CRF-TW),
and Uruguay (CRF-UY). PacBio HiFi sequencing of a single adult
male specimen from each population coupled with chromatin confir-
mation capture (Hi-C) scaffolding revealed a haploid genome size of
282.67 Mb for CRF-CA, 282.89 Mb for CRF-TW, and 266.76 Mb
for CRF-UY. Genome size estimates from flow cytometry further
supported this haploid assembly size. Nearly all scaffolds of each
D. citri assembly were organized into 12 autosomes and one X chro-
mosome typical of other psyllids,26 massively improving upon the
contig N50, scaffold N50, and BUSCO completeness scores of previ-
ous assemblies. We annotated protein-coding genes, ribosomal
RNAs (rRNAs), transfer RNAs (tRNAs), piwi-interacting RNA
(piRNA) clusters, and identified putative endogenous viral elements
(EVEs) in each D. citri genome assembly. Additionally, we assembled
the mitochondrial genomes (mitogenomes) from our psyllids and
constructed haplotype networks to better understand the genetic
relationships between these assemblies and worldwide D. citri. These
highly accurate and complete chromosome-scale D. citri assemblies

will provide a solid foundation for further studies and more potential
effective applications for HLB control strategies.

2. Materials and methods

2.1. Maintenance of Diaphorina citri insects

Diaphorina citri insects were maintained on Citrus macrophylla

plants inside mesh cages (BugDorm, Taichung, Taiwan) at 25 6 2�C
using a 14-h/10-h (light/dark) photoperiod and 60–70% relative hu-
midity at the Contained Research Facility of the University of
California, Davis (CRF; https://crf.ucdavis.edu, July 2021, date last
accessed).27 Live D. citri insects from California were collected from
populations in urban Los Angeles in 2011. Live D. citri insects from
Taiwan and Uruguay were imported under USDA APHIS-PPQ per-
mit P526P-17-02906 in 2015 and 2019, respectively.

2.2. Pacbio library construction and sequencing

A single adult male D. citri was collected from each colony and high-
molecular weight DNA was extracted using the MagAttract HMW
DNA Kit (Qiagen, Germany) following the manufacturer’s protocol.
Pacific Biosciences (Menlo Park, California, USA) Single Molecule
Real-Time (SMRT) sequencing libraries were prepared using the
HiFi Ultra-Low Input DNA protocol (Pacific Biosciences, USA).
Libraries were sequenced on the PacBio Sequel II platform using ei-
ther two 8M SMRT cells (CRF-CA) or one 8M SMRT cell (CRF-
TW and CRF-UY) at the UC Davis Genome Center. Generation of
circular consensus sequence (CCS) reads and adapter trimming were
performed using PacBio SMRTLink 10. Duplicate CCS reads were
removed from each library using pbmarkdup (v1.0.2) (https://github.
com/PacificBiosciences/pbmarkdup/, 1 July 2021, date last accessed)
prior to assembly.

2.3. Hi-C library construction and sequencing

Approximately 0.5 g of adult D. citri were collected from each col-
ony and ground into a fine powder in liquid nitrogen using a mortar
and pestle. The resulting powder was then used as input for Hi-C li-
brary construction using the Phase Genomics Proximo Hi-C Kit
(Animal) version 2.0 (Seattle, Washington, USA). Hi-C libraries were
pooled and sequenced on an Illumina NovaSeq at the UC Berkeley
Vincent J. Coates Genomics Sequencing Laboratory. Sequencing
adapters and low-quality reads were trimmed using Trimmomatic
(v0.39).28

2.4. BGIseq whole-genome shotgun library construction

and sequencing

Twenty adult D. citri were collected at random from each colony
and ground into a fine powder in liquid nitrogen using a mortar and
pestle before suspending in 300ml of DNA extraction buffer contain-
ing 100 mM Tris HCl pH 8.0, 50 mM EDTA pH 8.0, 500 mM
NaCl, and 1% N-Lauryl-Sarcosine. Three microliters of Rnase A
(10 mg/ml) were added to each homogenate before incubating in a
55�C water bath for 1 h. DNA was then extracted following stan-
dard phenol: chloroform: isoamyl alcohol extraction protocol.
Purified genomic DNA was then shipped overnight to BGI Group
(BGI Group, Shenzhen, China) for library construction and sequenc-
ing on a BGIseq 500.

2 High-quality, chromosome-scale genome assemblies

http://www.citrusgreening.org
https://crf.ucdavis.edu
https://github.com/PacificBiosciences/pbmarkdup/
https://github.com/PacificBiosciences/pbmarkdup/


2.5. Transcriptome library construction and sequencing

Two samples of total RNA were extracted from 20 pooled CRF-CA
D. citri, per sample, using TRIzol (Invitrogen, USA) following the
manufacturer’s protocol. Purified RNAs were used to construct poly-
A transcriptome RNA sequencing libraries. The transcriptome librar-
ies were prepared and sequenced on an Illumina Hi-Seq 2500
Illumina by LC Sciences (Houston, Texas, USA). Transcriptome
reads were trimmed of adapter sequences and low-quality reads us-
ing Trimmomatic (v 0.39).28

2.6. De novo genome assembly and evaluation

We first filtered endosymbiont reads from the deduplicated CCS
reads by using minimap2 (v 2.19)29 to map reads to published
D. citri endosymbiont and CLas genomes (NCBI accession numbers:
NZ_CP012591.1, NZ_CP012592.1, NZ_CP019943.1, KB223528
to KB223540, and NZ_JMIL00000000.2) and retained unmapped
reads using samtools (v1.9).30 Filtered CCS reads were then assem-
bled using hifiasm (v 0.15.2 r334)31 with default haplotig purging
parameters and ‘–primary’. Trimmed Hi-C reads were mapped to
their respective primary assemblies using BWA (v 0.7.17)32 and
chromosomal contact frequency maps were generated with Juicer
(v 1.5.6).33 Primary assembly contigs were then scaffolded into
superscaffolds (pseudomolecules/chromosomes) using 3D-DNA
(v 180922)34 with default parameters and ‘–editor-repeat-coverage
25’ followed by manual review in Juicebox Assembly Tools
(v 1.11.08).35 The remaining small scaffolds not assigned to a super-
scaffold were manually screened for contaminating sequence by web
BLASTn and removed if they had significant non-arthropod hits.

QUAST (v 5.0.2)36 was used to evaluate general assembly
statistics. Genome completeness was determined using BUSCO
(v 5.1.2),37 with the following ortholog datasets: Hemiptera_odb10,
Insecta_odb10, and Arthropoda_odb10 (all last accessed 14 June
2021). Genome assemblies were visualized using shinyCircos.38

2.7. Flow cytometry genome size estimation

Flow cytometric genome size estimates were made following the
methods used by Johnston et al.39 In brief, the head of a single male
or female CRF-CA D. citri was placed into 1 ml of cold Galbraith
buffer in a 2-ml Dounce grinding tube along with 1=2 head of a female
yw Drosophila melanogaster (1C¼175 Mb). Nuclei were released
by 15 strokes of the loose (A) pestle at a rate of 3 strokes every 2 s.
The resulting mixture was filtered through 0.45mm nylon filter and
stained with propidium iodide to a final concentration of 1ml/ml.
Following 2þ hours of staining in the cold and dark, the mean red
fluorescence for a minimum of 1,000 standard and 1,000 sample nu-
clei was determined for the 2C (diploid) peaks of the standard and
sample using a Beckman/Coulter Cytoflex flow cytometer and associ-
ated software. The 1C amount of DNA in the psyllid is estimated as
the ratio, mean red fluorescence (expressed as a mean channel num-
ber) of the 2C peak of the psyllid divided by mean red fluorescence
of the 2C peak of the standard, times the 1C amount of DNA in the
standard.

2.8. Repeat element identification, genome annotation,

and structural variant analysis

We generated de novo repeat libraries for each assembly using
RepeatModeler2 (v 2.0.1)40 with default settings and ‘-LTRStruct’ to
identity long terminal repeats (LTRs) as well. The resulting repeat li-
braries were used to predict transposable elements (TEs) and mask

complex repeats with RepeatMasker (v 4.1.2).41 The transcriptome
reads were mapped to each assembly using Hisat2 (v 2.2.1)42 and
used as evidence along with the OrthoDB43 arthropod protein data-
set (arthropoda_odb10, last accessed 14 June 2021) to train
ProtHint, GeneMark-ETPþ, and AUGUSTUS, as implemented in the
BRAKER2 (v 2.1.6) gene prediction and annotation pipeline.44–54

Predicted protein-coding genes have been deposited in GenBank un-
der BioProject PRJNA800468. rRNA and tRNAs were identified
and annotated using RNAmmer (v 1.2)55 and tRNAscan-SE
(v 1.3.1),56 respectively.

Completeness of protein predictions were evaluated using BUSCO
(v 5.1.2) with the Hemipteran_odb10, Insecta_odb10, and
Arthropoda_odb10 datasets (all last accessed 14 June 2021).
Predicted proteins were annotated and assigned gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)57 terms us-
ing EnTAP (v 0.10.8)58 in ‘–runP’ mode using the RefSeq
Invertebrate and UniProt SwissProt databases (last accessed 11
February 2022). Assigned KEGG terms were mapped to pathways
using KEGG Mapper (v 5).59,60 Predicted proteins were grouped into
orthologous clusters and then compared across all three assemblies
using the OrthoVenn2 webserver.61

The CRF-CA genome assembly was selected as the reference ge-
nome for structural variant calling. CRF-TW and CRF-UY genomes
were mapped to CRF-CA using minimap2 (v 2.19)29 and then sorted
into bam files using samtools (v 1.9).30 Structural variants were then
called using SVIM-asm (v 1.0.2) using default settings.62

2.9. Sex chromosome identification

Flow cytometric analyses suggests that D. citri have a XX/X0 sex de-
termination system, whereby males possess only a single X chromo-
some copy. To confirm this, we mapped each mixed-sex short-read
library and each male-only HiFi library to their respective assemblies
using either BWA-MEM (v 0.7.17)32 or minimap2 (v 2.19).29

Mapped reads were then sorted and indexed using samtools
(v 1.9).30 Each genome was divided into 10 kb sliding windows using
bedtools (v 2.30.0)63 and sequencing depth was calculated using
mosdepth (v 0.3.2).64

2.10. piRNA cluster and EVE identification

Small RNA (sRNA) libraries from Nigg et al.65 were downloaded
from the NCBI sequence read archive (SRA accessions in
Supplementary Table S1) and trimmed of adapter sequences and
low-quality reads using Trimmomatic (v 0.39),28 retaining reads as
short as 18 nucleotides. Trimmed sRNA libraries for each D. citri
population were concatenated and used with proTRAC (v 2.4.2)66

under default settings to predict and define piRNA clusters in each
assembly.

EVEs were identified in each assembly using modified scripts de-
rived from ter Horst et al.67 In brief, we created a BLAST database
of all non-retroviral ssRNA, dsRNA, and ssDNA virus protein
sequences deposited in GenBank (last accessed 9 August 2021), ex-
cluding prokaryotic and chordate-infecting viruses. Viral sequences
were then clustered at 100% amino acid identity using USEARCH
(v 8.1.1861)68 to create the final non-redundant viral sequence data-
base. Each assembly was then searched for matches to viral proteins
using BLASTx with default parameters and ‘-evalue 0.001 -outfmt
5’. The resulting XML files were then parsed and filtered to remove
duplicate and overlapping viral hits, retaining hits with higher bit-
scores, using the custom Python script ‘Parse_EVE_XML.py’.
Nucleotide sequences for each filtered putative EVE were extracted
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from each assembly and reverse BLASTx searched against the highly
complete D. melanogaster proteome (Uniprot proteome accession
number UP000000803) using default parameters and
‘-max_target_seqs 1 -max_hsps 1 -evalue 0.001 -outfmt 10’ with the
custom Python script ‘Run_Drosophila_BLASTx.py’. EVEs with hits
to the D. melanogaster proteome were removed. Viral proteins corre-
sponding to remaining putative EVEs were manually compared with
the nonredundant protein database using web-based BLASTp with
default settings. Any EVE whose corresponding viral protein se-
quence hit a nonviral or conserved domain not exclusive to viruses
was removed from the list.

2.11. Mitogenome assembly and haplotype network

construction

Mitochondrial genomes for each inbred D. citri population were as-
sembled from adapter-cleaned WGS short-reads using MEGAHIT
(v 1.1.3)69 implemented in MitoFinder (v 1.4),70 with the complete
D. citri mitogenome sequence from Wu et al.71 used as a reference
(NCBI Reference Sequence: NC_030214.1). Mitochondrial tRNAs
were annotated with MitFi (v 0.1).72 Mitochondrial genomes were
deposited in GenBank (accession numbers OM181945-OM181947).

We downloaded all available complete D. citri mitogenomes pub-
lished on NCBI (accession numbers in Supplementary Table S2) as
well as partial or complete D. citri cytochrome c oxidase I (COI)
sequences (accession numbers in Supplementary Table S3). Complete
coding sequences from this study’s mitogenomes and those published
on NCBI were extracted and then aligned using ClustalW73 imple-
mented in MEGAX (v 10.0.4).74 DnaSP6 (v 6.12.01)75 was then
used to call haplotypes and calculate nucleotide diversity,76 haplo-
type diversity, Strobeck’s S Statistic,77 and Fu and Li’s D* and F*
statistics78 from the alignments. PopART (v 1.7)79 was used to gen-
erate parsimony informative TCS haplotype networks.80 The same
process was repeated for all partial COI sequences.

3. Results

3.1. Diaphorina citri genome assembly and size

estimation

3.1.1. De novo sequencing and assembly
We generated 33.7 Gb (�119� theoretical coverage), 27.9 Gb
(�98�), and 26.8 Gb (�100�) of clean PacBio HiFi reads for CRF-
CA, CRF-TW, and CRF-UY, respectively. For scaffolding assem-
blies, we generated 38.4, 69.4, and 39.4 Gb of adapter-trimmed
in vivo chromatin conformation capture (Hi-C) reads. Additionally,
60.8, 61.0, and 61.0 Gb of clean WGS short-reads were generated
for CRF-CA, CRF-TW, and CRF-UY, respectively.

Following assembly of PacBio HiFi reads and subsequent Hi-C
scaffolding, we obtained final primary assembly sizes of
282.67 Mb for CRF-CA, 282.89 Mb for CRF-TW, and
266.67 Mb for CRF-UY (Table 1). Each assembly was scaffolded
into 13 chromosome-length pseudomolecules (Fig. 1a–c) contain-
ing 97.61–98.33% of all assembled contigs (Table 1). Our assem-
blies are highly contiguous, with contig N50s of 1.34 Mb for
CRF-CA, 0.6 Mb for CRF-TW, and 0.4 Mb for CRF-UY. BUSCO
analysis using the Hemipteran_odb10 dataset indicate that our as-
semblies have high levels of completeness, ranging from 93.7% to
94.4% complete (Tables 1 and 2), and low BUSCO duplication
rates, from 2% to 3.4% (Table 2). Additional high completeness
and low duplication rates were observed for the Insecta_odb10
and Arthropoda_odb10 datasets (Table 2).

3.1.2. Flow cytometry genome size estimation
Diaphorina citri genome size estimation was further confirmed by
flow cytometric analyses using adult CRF-CA D. citri. Heads from
CRF-CA D. citri yielded a mean 1C genome size estimate of
274.4 Mb for males (n¼6, S.E.¼1.4 Mb) and 287.0 Mb for females
(n¼6, S.E.¼1.7 Mb), closely consistent with our assembly sizes. The
difference between male and female 2C values was 25.4 Mb 6 3.6
Mb.

3.2. Genome annotation, gene prediction, and structural

variant analyses

In total, repeat masking of CRF-CA, CRF-TW, and CRF-UY assem-
blies resulted in 38.26% (108,248,856 bp), 37.91% (107,246,
725 bp), and 36.87% (98,311,742 bp) being identified as repeat
regions, respectively (Table 3). Among major classes of repeat ele-
ments, LTRs and DNA transposon elements were the most abun-
dant, at 4.05% and 4.03% of CRF-CA, 3.4% and 3.97% of CRF-
TW, and 4.2% and 2.89% of CRF-UY, respectively. Approximately
44–47% of all repeat regions identified in each assembly remain un-
classified (Table 3).

BRAKER2 predicted 20,184 protein-coding gene models in the
CRF-CA assembly, 20,357 gene models in the CRF-TW assembly,
and 19,083 gene models in the CRF-UY assembly (Table 1). BUSCO
analysis of predicted proteins using the Hemipteran_odb10 dataset
showed high completeness with scores of 95.3% (CRF-CA), 95.4%
(CRF-TW), and 96.1% (CRF-UY) complete (Table 2). Similar
BUSCO scores were observed using the Insecta_odb10 and
Arthropoda_odb10 datasets (Table 2).

From our predicted gene models, we used EnTAP to successfully
annotate 16,047 gene models in CRF-CA, 15,985 gene models in
CRF-TW, and 15,198 gene models in CRF-UY. 895,968 GO terms
were assigned to 12,462 CRF-CA genes, 870,081 GO terms were
assigned to 12,462 CRF-TW genes, and 844,334 GO terms were
assigned to 11,909 CRF-UY genes. A total of 4,508, 4,417, and
4,223 genes from CRF-CA, CRF-TW, and CRF-UY, respectively,
were successfully assigned KEGG orthology (KO) terms and accord-
ingly mapped to 309, 312, and 309 biological pathways. Predicted
proteins clustered into a total of 15,598 orthologous groups, with
14,554, 14,501, and 14332 orthologous groups belonging to CRF-
CA, CRF-TW, and CRF-UY, respectively (Supplementary Fig. S1). A

Table 1. Assembly metrics for each D. citri population

Assembly CRF-CA CRF-TW CRF-UY

Assembly size (Mb) 282.67 282.89 266.67
% Ns 0.10 0.18 0.22
# of contigsa 899 1526 1615
Contig N50 (Mb) 1.34 0.60 0.40
# of scaffolds 345 452 382
Scaffold N50 (Mb) 22.62 23.56 22.57
# of chromosomes 12A þ 1X 12A þ 1X 12A þ 1X
% of assembly in chromosome-

length scaffolds
98.36 97.57 98.07

Protein coding genes 20184 20357 19083
BUSCO % completenessb 94.3 94.2 93.7

Note: A, Autosome; X, X chromosome.
aScaffolds split on runs of 10 or more Ns.
bComplete and duplicated conserved Hemipteran benchmarking universal

single-copy orthologs (BUSCO).
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total of 12,612 orthologous groups were shared between all three
D. citri protein sets and 417 groups were unique to at least one pop-
ulation set.

SVIM-asm identified 17,642 insertions, 17,890 deletions, 41
duplications, and 9 inversions in CRF-TW relative to CRF-CA, and
15,950 insertions, 16,150 deletions, 26 duplications, and 10

Figure 1. Assembly chromatin contact frequency maps and sequencing coverage. (a–c) Hi-C chromatin confirmation contact frequency heatmaps of D. citri col-

lected from geographically distinct populations maintained in laboratory colonies: California (CRF-CA) (a), Taiwan (CRF-TW) (b), and Uruguay (CRF-UY) (c). (d)

Short-read, mixed-sex whole-genome shotgun sequencing average coverage per superscaffold (chromosome) across 10 kb sliding windows of CRF-CA, CRF-

TW, and CRF-UY.

Table 2. Benchmarking universal single-copy ortholog (BUSCO) statistics for each D. citri assembly and protein set

CRF-CA
genome

CRF-CA
protein

CRF-TW
genome

CRF-TW
protein

CRF-UY
genome

CRF-UY
protein

% # % # % # % # % # % #

Arthropoda (n: 1,013) Completeness 92 932 94.3 955 91.7 929 94.7 959 90.9 921 94.9 962
Complete and single copy 89.8 910 79.1 801 87.8 890 77.6 786 88.9 901 82.1 832
Complete and duplicated 2.2 22 15.2 154 3.8 39 17.1 173 1.9 20 12.8 130
Fragmented 4.2 43 2.3 23 4.6 47 1.7 17 5.2 53 2.1 21
Missing 3.8 38 3.4 35 3.6 37 3.6 37 3.8 39 3 30

Insecta (n: 1,367) Completeness 91.8 1254 94.4 1291 91.8 1255 95.1 1300 91.3 1249 95.5 1305
Complete and single copy 89.8 1227 80.3 1098 87.5 1197 78.1 1067 89.3 1222 81.9 1119
Complete and duplicated 2 27 14.1 193 4.2 58 17 233 1.9 27 13.6 186
Fragmented 4.5 61 2 27 4.4 61 1.7 23 4.9 67 1.8 24
Missing 3.7 52 3.6 49 3.7 51 3.2 44 3.7 51 2.7 38

Hemiptera (n: 2,510) Completeness 94.3 2368 95.3 2392 94.2 2366 95.4 2395 93.7 2352 96.1 2411
Complete and single copy 91.8 2304 77.7 1951 90.8 2280 77.4 1942 91.6 2301 80.7 2025
Complete and duplicated 2.5 64 17.6 441 3.4 86 18 453 2 51 15.4 386
Fragmented 3.3 82 1.6 40 3.3 85 1.4 34 3.5 90 0.8 21
Missing 2.4 60 3.1 78 2.3 59 3.2 81 2.7 68 3.1 78
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inversions in CRF-UY relative to CRF-CA (Fig. 2a, b, d). The largest
insertion identified in CRF-TW was 91,041 bp on Scaffold 13, while
the largest insertion in CRF-UY was 93,516 bp on Scaffold 5. A
99,815 bp deletion on Scaffold 12 was identified in CRF-TW, and a
93,591-bp deletion was identified in CRF-UY on Scaffold 9. CRF-
UY’s Scaffold 1 showed the largest size discrepancy relative to CRF-
CA, with a size difference of ��3.15 Mb, followed by Scaffold 11
with a difference of ��3.02 Mb (Fig. 2c).

3.3. Sex chromosome identification

Flow cytometry results supports a XX/X0 sex determination system
in D. citri, with females carrying two X chromosomes and males car-
rying a single copy. Here the difference in mean 2C values between
males and females suggested a size of 25.4 Mb 6 3.6 Mb for the X
chromosome. Based on this information, we expected to find one
chromosome-scale scaffold with approximately 50% coverage in our
male-only PacBio HiFi libraries and approximately 75% coverage in
our mixed-sex short-read libraries relative to other chromosome-
scale scaffolds.

We found scaffold 7 (�20 Mb) to have approximately 50% cov-
erage relative to scaffolds that have similar repeat density (Fig. 3,
scaffolds 1 through 6) when mapping male PacBio HiFi reads
(Supplementary Fig. S2); however, because of high repeat density in
scaffolds 8 through 13 (Fig. 3, track D) and the subsequent difficul-
ties in polymerase processivity during PCR-based library construc-
tion, these scaffolds also have lower coverage relative to scaffolds 1
through 6. For this reason, we mapped mixed-sex short-read librar-
ies to each assembly and calculated coverage. Again, scaffold 7 was
found to have lower coverage than all others, at approximately 75%
coverage (Fig. 1d). Finally, syntenic analysis between CRF-CA
D. citri and another recently published psyllid genome, Pachypsylla
venusta (NCBI accession GCA_012654025.1; Li et al.81) showed
high synteny between D. citri scaffold 7 and P. venusta scaffold
2870, identified by Li et al.81 as the putative X chromosome
(Supplementary Fig. S3).

3.4. piRNA cluster prediction and EVE identification

We predicted 29 piRNA clusters in CRF-CA (305,270 bp), 41
piRNA clusters in CRF-TW (569,585 bp), and 11 piRNA clusters in
CRF-UY (121,000 bp) (Fig. 3, tracks F). In total, 30 EVEs were iden-
tified in CRF-CA, 40 EVEs in CRF-TW, and 32 in CRF-UY by
BLASTx searches against our viral database followed by filtering

steps (Supplementary Table S4). Putative EVEs with closest BLASTx
hits to densoviruses account for 28–36% of all EVEs. Nine EVEs
identified in CRF-CA were located inside piRNA clusters, 10 EVEs
in CRF-TW fell within a piRNA cluster, and 3 EVEs identified in
CRF-UY were within a predicted piRNA cluster. Most putative
EVEs are located among the repeat-dense chromosomes 12 and 13
(Fig. 3, tracks G). In contrast to ter Horst et al.,67 we did not identify
any plant-infecting, virus-derived EVEs within any of our assemblies.
We identified EVEs with closest BLASTx hits to two D. citri-specific
viruses: Diaphorina citri densovirus (DcDV) and Diaphorina citri
flavi-like virus (DcFLV). The DcFLV-derived EVE was the largest in-
tegration identified by our pipeline, spanning 2,696 nucleotides and
sharing 77.07% identity at the deduced amino acid level. The
DcDV-derived EVE reported by Nigg et al.65 could not be identified
in any of our assemblies, their alternate haplotigs, nor their raw
PacBio subreads; however, we were able to PCR amplify this EVE
from CRF-CA and CRF-TW D. citri DNA.

3.5. Mitogenome assembly and worldwide D. citri

haplotype networks

We assembled complete mitogenomes for each inbred D. citri popu-
lation. CRF-CA, CRF-TW, and CRF-UY mitogenomes each pos-
sesses the typical 13 protein coding genes, 2 ribosomal RNAs, 22
tRNAs, and variable length control region and are 15,038, 15,145,
and 14,965 bp in length, respectively.

Analysis of full mtDNA coding sequence alignments (14,060 bp)
from 31 D. citri mitogenomes revealed 72 variable sites resulting in
17 unique haplotypes. Haplotype 2 was most common, shared by
six D. citri from China (Fig. 4). Each haplotype is separated from its
neighbouring haplotype by nucleotide substitutions ranging from
1 to 37. CRF-TW (haplotype 16) and CRF-UY (haplotype 17) are
separated from haplotype 3 by two and one nucleotide substitution,
respectively. CRF-CA shares haplotype 1 with a Floridian mitoge-
nome and another Californian mitogenome. Haplotype 1 neighbours
haplotype 15, containing a single Pakistani mitogenome, and is sepa-
rated by 9 nucleotide substitutions. In turn, haplotype 15 neighbours
haplotype 9, separated by 37 nucleotide substitutions.

Nucleotide diversity (p) for full mtDNA coding sequences was
low, at 0.00099 6 0.00028, while haplotype diversity (h) was high,
at 0.938 6 0.025, indicating a high number of closely related haplo-
types. Strobeck’s S statistic (probability that Nhap � 17) was 0.625.

Table 3. Repetitive element content for each D. citri population

Assembly CRF-CA CRF-TW CRF-UY

Class Number Length (bp) % of assembly Number Length (bp) % of assembly Number Length (bp) % of assembly

SINE 35,857 5,465,588 1.93 48,090 5,839,290 2.06 27,534 3,696,644 1.39
LINE 27,413 8,029,488 2.84 25,870 8,086,480 2.86 21,579 6,817,727 2.56
LTR 28,907 11,446,977 4.05 19,453 9,607,570 3.4 24,155 11,199,711 4.2
DNA 61,270 11,407,505 4.03 59,803 11,233,280 3.97 39,645 7,715,657 2.89
RC 39,608 6,659,795 2.35 45,897 7,218,552 2.55 31,826 5,408,708 2.03
Other 245,324 18,068,785 6.39 242,703 17,972,967 6.35 235,091 17,102,413 6.47
Unclassified 350,011 47,170,718 16.67 335,817 47,288,586 16.72 330,443 46,190,882 17.32
Total 788,390 108,248,856 38.26 777,633 107,246,725 37.91 710,273 98,311,742 36.87

SINE, short interspersed nuclear elements; LINE, long interspersed nuclear elements; LTR, long terminal repeats; DNA, DNA elements; RC, rolling circle
elements; Other, small RNA, satellite DNA, simple repeats, and low complexity repeats; bp, base pair.
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Fu and Li’s D* and F* statistics were 0.08828 and �0.28099,
respectively, though neither was significant (P>0.10).

In addition to analyzing the full mitochondrial coding sequences
from our assemblies, we performed the same analyses using align-
ments of our mitogenomes and partial D. citri COI sequences pub-
lished on NCBI (accession numbers in Supplementary Table S3).
Alignment of 240 partial D. citri COI sequences (563 bp) from 21
countries revealed six variable sites and seven haplotypes
(Supplementary Fig. S4). CRF-CA belonged to Haplotype 1, the

most common haplotype, shared by 123 samples, including all
Floridian samples. CRF-TW and CRF-UY belonged to Haplotype 2,
the second most abundant haplotype with 90 samples. The remain-
ing haplotypes (3–7) were common to 1–14 samples. Each COI hap-
lotype is separated from its neighbouring haplotype by one
nucleotide substitution.

Diaphorina citri partial COI nucleotide diversity (p) was low
(0.00126 6 0.00007) and haplotype diversity (h) was moderate
(0.594 6 0.019). Strobeck’s S statistic (probability that Nhap � 7)

Figure 2. Structural variants and superscaffold size discrepancies of CRF-TW and CRF-UY relative to CRF-CA. (a) CRF-TW structural variant counts per superscaf-

fold. (b) CRF-UY structural variant counts per superscaffold. (c) Superscaffold size differences in megabases per assembly relative to CRF-CA. (d) Overall struc-

tural variant counts per assembly, relative to CRF-CA. DEL (small), deletions �100 bp; DEL (large), deletions >100 bp; DUP: duplications; INS (small): Insertions

�100 bp; INS (large), insertions > 100 bp; INV, inversions. DEL, deletions; DUP, duplications; INS, insertions; INV, inversions.
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was 0.926. Fu and Li’s D* and F* test statistics were, respectively,
�1.06103 and �1.05941, though neither was significant (P>0.10).

4. Discussion

We present in this work, three high-quality, chromosome-scale ge-
nome assemblies of D. citri laboratory colonies originally collected
from California, Taiwan, and Uruguay—all citrus producing regions
either affected or threatened by HLB.1,9,82 These assemblies are the
first chromosome-scale genome assemblies for these D. citri popula-
tions and are the second chromosome-scale assemblies for a psyllid
species.81 Our assemblies are approximately 55–58% the length of

the Diaci v1.1 assembly21 and 56–59% the length of the Diaci v3.0
assembly.22 Due to the large discrepancy between our assembly sizes
and the previously published assemblies, we utilized flow cytometry
to estimate the genome size of male and female D. citri39—the first
flow cytometric estimates for this species. These estimates were
within 62–4% of our assembly sizes (Table 1) and in combination
with the observed high completeness and low duplicate BUSCO
scores (Table 2), support our assembly sizes as close to the true ge-
nome size of D. citri. The inflated Diaci v1.1 and v3.0 assemblies
could be due to under-collapsed heterozygosity—an issue for se-
quencing small-bodied organisms that often requires the pooling of
many individuals for sufficient sequencing input. It is unclear how
the Diaci v1.1 libraries were initially constructed,21 nor how many

Figure 3. Circos plots of chromosomal features of each Diaphorina citri geographic population, excludingunplaced scaffolds. Tracks are, from outermost to inner-

most: (A) ideogram of the 13 D. citri chromosome-scale scaffolds. (B) GC percentage in 100 kb sliding windows. (C) Gene density in 100 kb sliding windows; heat-

map scale in circle centres showing local min to local max. (D) Repeat DNA density in 100 kb sliding windows; heatmap scale in circle centres from local min to

local max. (E) rRNA (outer row dots) and tRNA (inner row dots). (F), piRNA clusters and their direction (antisense: outer row dots; ambisense: middle row dots;

sense: inner row dots). (G) Endogenous viral element (EVE) locations (D. citri-specific virus-derived EVEs: outer row dots; all other EVEs: inner row dots). The cir-

cos plots represent D. citri collected from geographically distinct populations maintained in laboratory colonies: California (CRF-CA), Taiwan (CRF-TW), and

Uruguay (CRF-UY).
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adult D. citri were pooled to construct long-read libraries by
Hosmani et al.22 Assemblies utilizing long read technology from het-
erozygous organisms can suffer from assembly software failing to
recognize and remove haplotigs from the assemblies, thus leading to
artifactual duplications in the final genome.83 While Hosmani
et al.22 applied redundans84 to remove redundancy in unplaced scaf-
folds in Diaci v3.0, no purging of haplotigs in their putative
chromosome-scale scaffolds was described.

While CRF-CA and CRF-TW’s final assembly sizes are in close
agreement, our CRF-UY assembly is �16.14 Mb shorter overall,
with �11.9 Mb of this difference arising from repeat-dense Scaffolds
8–13 (Fig. 2c). CRF-UY had the fewest annotated genes (Table 1),
the lowest repeat DNA content (Table 3), and the lowest contiguity
(Table 1). Despite this, CRF-UY showed roughly equivalent BUSCO
scores compared with CRF-CA and CRF-TW (Table 2). The shorter
assembly could be attributed to PCR bias during library preparation
for that sample, or to over-purging of haplotigs during assembly.
The CRF-UY assembly size could also be a case of genome size plas-
ticity, as large, intraspecific genome size variation has been observed
from extensive sampling within flea populations.85 Additional sam-
pling and resequencing of individuals within and among D. citri pop-
ulations, particularly using non-PCR amplified libraries, could help
resolve whether these differences in genome size are real or artifacts.

The difference between the mean 2C values for female and male
D. citri indicated that males are the heterogametic sex, possessing a
single X chromosome �25.4 Mb 6 3.6 Mb in size. Mapping of
PacBio reads from our male-only libraries pointed towards Scaffold
7 (�20 Mb) as the putative X chromosome with �50% coverage
compared with Scaffolds 1–6, however, Scaffolds 8–13 also showed
lower coverage (Supplementary Fig. S2) likely due to their higher re-
peat content affecting the PCR-based library construction (Fig. 3,
tracks D). Mapping our mixed-sex short-read libraries identified
Scaffold 7 as having approximately 75% coverage relative to all

others (Fig. 1d), indicative of the sex chromosome in an XX/X0 sex-
determination system, common to other psyllids.26 Scaffold 7 also
shares strong synteny with the X chromosome recently identified in
the hackberry petiole gall psyllid81 (Supplementary Fig. S3).

Nouri et al.86 identified six novel insect-specific viruses infecting
D. citri populations through metagenomic sequencing and another
novel D. citri virus, DcFLV87 was discovered later that year. After
the identifications of the D. citri viruses, ter Horst et al.67 identified
EVEs within the D. citri genome, utilizing the Diaci v1.1 assembly.
Interestingly, EVEs with relatively high deduced amino acid identity
to two D. citri-specific viruses were identified: DcFLV and DcDV.
Nigg et al.65 explored the possible role of the DcDV-derived EVE in
generating piRNAs to target infection from DcDV. They found this
DcDV-derived EVE to be unevenly distributed amongst D. citri from
different geographic backgrounds. Our updated EVE pipeline identi-
fied several EVEs with closest BLASTx hits to DcDV. The DcDV-
derived EVE reported by Nigg et al.65 was not identified in our as-
semblies, though we were able to PCR amplify this EVE from CRF-
CA and CRF-TW D. citri. This could be due to deficiencies in PCR-
based library preparation, as most EVEs are located in the higher
GC percentage, repeat-rich Scaffolds 12 and 13 (Fig. 3, tracks B and
G), or could represent a polymorphism among D. citri used in this
study.

Far fewer EVEs were identified in our new assemblies, compared
with those discovered by ter Horst et al.,67 possibly due to utilizing
an updated viral protein sequence database and the highly frag-
mented and inflated size of the genome used in that work. Further in-
vestigation into the role assembly contiguity may play in EVE
identification is warranted.

In this work, we identified a variable number and size of piRNA
clusters among populations. piRNA clusters are often located in het-
erochromatic regions of genomes,88 and here the majority of pre-
dicted piRNA clusters fall in the repeat-rich Scaffolds 9, 12, and 13

Figure 4. Full mitochondrial DNA coding sequence TCS haplotype network coded by geographic region. Circle size is scaled to the number of haplotypes. Hatch

marks represent single-nucleotide substitutions. CRF-CA is in haplotype 1, CRF-TW is in haplotype 16, and CRF-UY is in haplotype 17. Arrows added for empha-

sis. Haplotype 2 is most common (n¼6). Regions labelled ‘Taiwan’ and ‘California’ represent mitogenomes downloaded from NCBI. Accession numbers avail-

able in Supplementary Table S2.
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(Fig. 3, tracks F). Investigations using Drosophila have revealed
widespread variation in TE landscapes and rapid evolution of
piRNA clusters even among the same fly cell strains.89–91 Natural in-
traspecific variation could account for the differences in piRNA clus-
ter counts among our assemblies, however, only a single sRNA
library was available for CRF-UY (Supplementary Table S1) com-
pared with three sRNA libraries each for CRF-CA and CRF-TW,
which may have affected piRNA cluster prediction. Additionally,
CRF-UY’s assembly may be missing sequence from Scaffolds 8–13
(Fig. 2c) where most piRNA clusters reside in the other assemblies.

Studies attempting to resolve D. citri invasion history and genetic
structure utilizing the mitochondrial cytochrome c oxidase I (COI)
gene have revealed 44 haplotypes amongst D. citri worldwide.92–95

These haplotypes largely cluster into two distinct lineages: a south-
east Asian lineage (lineage A) and a southwest Asian lineage (lineage
B). These works showed that D. citri in the USA are related to line-
age B and that both lineages A and B are present in South America,
though the predominant lineage there is A.

Metagenomic sequencing from Nouri et al.86 revealed uneven dis-
tribution of D. citri viruses between geographic populations. Nigg
and Falk96 found CRF-CA D. citri to be resistant to DcDV infection
while D. citri from CRF-TW and CRF-UY maintain persistent infec-
tions, speculating that different genetic backgrounds may play a role
in viral susceptibility. A recent surveillance report on D. citri in
Florida identified five of the D. citri-specific viruses from Nouri
et al.86 present in grove-collected psyllids,97 which may suggest both
haplogroups are now present there.

To better understand our D. citri genetic backgrounds, we con-
structed TCS haplotype networks using full mitochondrial coding se-
quence alignments and partial COI alignments from our study and
publicly available sequences deposited in GenBank (Fig. 4 and
Supplementary Fig. S4, respectively). Full mitochondrial coding se-
quence alignments revealed three closely related southeast Asian hap-
lotypes (haplotypes 2, 3, and 9) and a more distant southwest Asian
haplotype from a Pakistani D. citri (haplotype 15) (Fig. 4). CRF-TW
and CRF-UY are closely related to haplotype 3. CRF-CA shares the
same haplotype with D. citri from Florida, suggesting that D. citri in
southern California were introduced from Floridian populations.71

A haplotype network of 240 partial COI sequences from 21 locali-
ties again shows D. citri cluster into two lineages, with D. citri in
North America clustering into haplotype 1 (lineage B) and most D.
citri from South America clustering with southeast Asian D. citri
(Supplementary Fig. S4). Observed moderate-to-high haplotype di-
versity (0.594–0.938) coupled with low nucleotide diversity
(0.00099–0.00126) suggests a high number of closely related haplo-
types, indicative of a recent population expansion98 congruent with
the invasion history of D. citri.

5. Conclusion

We produced high-quality, chromosome-level genome assemblies for
three D. citri geographic populations from California (CRF-CA),
Taiwan (CRF-TW), and Uruguay (CRF-UY) from single male speci-
mens. These D. citri assemblies are the most complete and contigu-
ous to date and represent D. citri present on three continents.
Importantly, our assemblies have a reduction from previous D. citri
assemblies of approximately 41–45% yet have higher contiguity and
BUSCO completeness. This reduction was validated using flow cy-
tometry which highlights the importance of accurate genome size
estimations in de novo arthropod assemblies. These new D. citri

genome assemblies will provide a better foundation for genomic re-
search of this important agricultural pest and will allow for im-
proved gene annotations and comparative genomic studies with
other arthropod pests. Our improved D. citri genomes will serve as
references for local HLB control strategies and can be used to build a
D. citri pangenome.
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45. Brůna, T., Lomsadze, A. and Borodovsky, M. 2020, GeneMark-EPþ: eu-
karyotic gene prediction with self-training in the space of genes and pro-
teins, NAR Genomics Bioinform., 2, lqaa026.
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53. Stanke, M., Schöffmann, O., Morgenstern, B. and Waack, S. 2006, Gene
prediction in eukaryotes with a generalized hidden Markov model that
uses hints from external sources, BMC Bioinformatics, 7, 62.

54. Stanke, M., Diekhans, M., Baertsch, R. and Haussler, D. 2008, Using na-
tive and syntenically mapped cDNA alignments to improve de novo gene
finding, Bioinformatics, 24, 637–44.

55. Lagesen, K., Hallin, P., Rødland, E.A., Staerfeldt, H.-H., Rognes, T. and
Ussery, D.W. 2007, RNAmmer: consistent and rapid annotation of ribo-
somal RNA genes, Nucleic Acids Res., 35, 3100–8.

56. Lowe, T.M. and Eddy, S.R. 1997, tRNAscan-SE: a program for improved
detection of transfer RNA genes in genomic sequence, Nucleic Acids Res.,
25, 955–64.

57. Kanehisa, M. and Goto, S. 2000, KEGG: Kyoto Encyclopedia of Genes
and Genomes, Nucleic Acids Res., 28, 27–30.

58. Hart, A.J., Ginzburg, S., Xu, M.S., et al. 2020, EnTAP: bringing faster
and smarter functional annotation to non-model eukaryotic transcrip-
tomes, Mol. Ecol. Resour., 20, 591–604.

59. Kanehisa, M., Sato, Y. and Kawashima, M. 2022, KEGG mapping tools
for uncovering hidden features in biological data, Protein Sci., 31, 47–53.

60. Kanehisa, M. and Sato, Y. 2020, KEGG mapper for inferring cellular
functions from protein sequences, Protein Sci., 29, 28–35.

61. Xu, L., Dong, Z., Fang, L., et al. 2019, OrthoVenn2: a web server for
whole-genome comparison and annotation of orthologous clusters across
multiple species, Nucleic Acids Res., 47, W52–8.

62. Heller, D. and Vingron, M. 2021, SVIM-asm: structural variant detection
from haploid and diploid genome assemblies, Bioinformatics, 36,
5519–21.

63. Quinlan, A.R. and Hall, I.M. 2010, BEDTools: a flexible suite of utilities
for comparing genomic features, Bioinformatics, 26, 841–2.

64. Pedersen, B.S. and Quinlan, A.R. 2018, Mosdepth: quick coverage calcu-
lation for genomes and exomes, Bioinformatics, 34, 867–8.

65. Nigg, J.C., Kuo, Y.-W. and Falk, B.W. 2020, Endogenous viral
element-derived piwi-interacting RNAs (piRNAs) are not required for
production of ping-pong-dependent piRNAs from Diaphorina citri denso-
virus, mBio, 11, e02209–20.

66. Rosenkranz, D. and Zischler, H. 2012, proTRAC - a software for proba-
bilistic piRNA cluster detection, visualization and analysis, BMC

Bioinformatics, 13, 5.
67. ter Horst, A.M., Nigg, J.C., Dekker, F.M. and Falk, B.W. 2019,

Endogenous viral elements are widespread in arthropod genomes and
commonly give rise to piwi-interacting RNAs, J. Virol., 93, e02124–218.

68. Edgar, R.C. 2010, Search and clustering orders of magnitude faster than
BLAST, Bioinformatics, 26, 2460–1.

69. Li, D., Luo, R., Liu, C.-M., et al. 2016, MEGAHIT v1.0: a fast and scal-

able metagenome assembler driven by advanced methodologies and com-

munity practices, Methods, 102, 3–11.
70. Allio, R., Schomaker-Bastos, A., Romiguier, J., Prosdocimi, F., Nabholz,

B. and Delsuc, F. 2020, MitoFinder: efficient automated large-scale ex-

traction of mitogenomic data in target enrichment phylogenomics, Mol.

Ecol. Resour., 20, 892–905.
71. Wu, F., Kumagai, L., Cen, Y., et al. 2017, Analyses of mitogenome

sequences revealed that Asian citrus psyllids (Diaphorina citri) from

California were related to those from Florida, Sci. Rep., 7, 10154.
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