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Abstract

Huanglongbing, a devastating citrus disease, is associated with ‘Candidatus Liberibacter asiaticus’, ‘Ca. L. africanus’ or
‘Ca L. americanus’, bacteria transmitted by the psylloids Diaphorina citri and Trioza erytreae. Using a DNA-Seq and meta-
barcode sequencing integrated approach, the first catalogue of endosymbionts associated with 7. erytreae from the Iberian
Peninsula, South Africa and African Islands, was generated. The almost complete genome of two new bacteria, one facultative
and one obligate, tentatively named Asaia-like endosymbiont of T. erytreae and Sodalis-like endosymbiont of 7. erytreae,
respectively, was assembled and annotated. The complete mitochondrial genomes of 7. erytreae from the geographical areas
studied were also assembled and phylogenetic analyses were performed, suggesting that 7. erytreae populations currently
present in the Iberian Peninsula and specimens analyzed from South Africa may have originated from a common ancestor.
Similar results were obtained when the genetic distances between Sodalis-like endosymbiont of 7. erytreae were taken into
consideration, thus supporting the symbiont—host codivergence which suggests that this bacterium is approaching to an
obligate status. Finally, a new genetic marker of 7. erytreae, an insertion in the mitochondrial tRNA-Ser gene, was identified
only in some European samples, showing for the first time the existence of two mixed subpopulations of 7. erytreae. The
integrated DNA-Seq and metabarcode sequencing approach used in this study, besides generating a catalogue of T erytreae
endosymbionts, provided novel data on the sequence variability of bacterial and insect mitochondrial genomes from differ-
ent geographic areas, highlighting the possible original sources of currently spreading 7. erytreae populations may be more
complex than previously reported.
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Introduction

In arthropods, bacterial endosymbionts strongly inter-
fere with the biology, ecology and evolution of their hosts
(Moran et al. 2008). They can be vertically transmitted
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to the host progeny, being in this case defined as primary
(P-) endosymbionts (Balmand et al. 2013; Baumann 2005;
Rosell et al. 2009). P-endosymbionts may supplement the
unbalanced diets of phloem-feeding insects, such as hemip-
terans, and may largely depend on the host for their own
survival, thus forming obligate associations (Moran and Tel-
ang 1998). On the contrary, secondary (S-) endosymbionts
are facultative, erratically distributed, not required for host
reproduction and can be transmitted horizontally (Chiel et al.
2009; Moran et al. 2008).

While relationships between obligate endosymbionts and
their hosts are considered to be ancient and stable, resulting
from a strict co-diversification with their hosts, the associa-
tion of facultative endosymbionts with their insect hosts are
generally considered more recent and generally less stable,
although they can largely affect the host fitness (Douglas
2007; Moran et al. 2008; Thao et al. 2000a). Endosymbi-
onts may also modify the immune response of the insect or
its interactions with parasitoids and pathogens, thus sup-
pressing the insect vector competence (reviewed by Douglas
2016). Moreover, approaches based on the transfer of geneti-
cally manipulated endosymbionts into the insect of interest
(paratransgenesis) have also been validated for the control of
insect-vectored human, animal and plant diseases (Whitten
et al. 2016; Ratcliffe et al. 2022). Therefore, interesting per-
spectives exist for the exploitation of knowledge on insect-
associated microbiomes to develop novel control strategies
against economically important insects and/or insect-trans-
mitted diseases and to study their phylogeography.

Huanglongbing (HLB), the most devastating disease
of citrus, is caused by ‘Candidatus (Ca.) Liberibacter asi-
aticus’, ‘Ca. L. africanus’ and ‘Ca L. americanus’. These
bacteria are transmitted by citrus psylloids, including Dia-
phorina citri and Trioza erytreae. The African citrus triozid
T. erytreae has been reported from Southern, Central and
Northern-Eastern Africa, the Arabian Peninsula, Madeira,
Canary Islands (EPPO 2024) and, since the last decade, the
Iberian Peninsula (EPPO Reporting Service, 2015a; 2015b).
The pest is currently spreading in both Spain and Portu-
gal (Arenas-Arenas et al. 2018; 2019; Benhadi-Marin et al.
2022), thus posing a major threat to citrus production in
Europe. Understanding the phylogenetic relationship of these
T. erytreae populations is a key step to infer possible entry
and spread in the EU, thus reducing the risk of introducing
the associated HLB causal agents. The origin of T. erytreae
outbreaks in European countries has been recently assessed
using microsatellite markers and COI (cytochrome ¢ oxi-
dase subunit 1) gene (Ruiz-Rivero et al. 2021). However,
phylogeographic studies based on the complete mitochon-
drial genome of T. erytreae determined by wide-genome
sequencing have not yet been performed. This approach may
allow deep analyses of intra-population sequence variability
and, not being limited to a single mitochondrial gene, may
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provide additional genetic markers relevant to further dissect
the phylogeography of T. erytreae. Moreover, whether the
insect entered once or multiple times from different locations
is still unclear.

Data on T. erytreae endosymbionts are currently limited
to two studies, one on insect populations from Kenya and
on one insect from Cameroon, both based on sequencing
of PCR amplicons obtained using general eubacterial and
species-specific 16S rRNA primers (Rasowo et al. 2021;
Kwak et al. 2021). No information is available on endos-
ymbionts associated with other T. erytreae populations in
Africa and the Iberian Peninsula. Here, we identified and
characterized the endosymbionts associated with T. erytreae
from several geographical areas where the pest is currently
emerging (Spain and Portugal), and from areas where the
pest is already established (Madeira, Canary Islands, Sao
Tomé and Principe, South Africa and Reunion Island).
The study of endosymbionts associated with T. erytreae
was performed using high-throughput sequencing (HTS)
of total DNA (DNA-Seq), an approach that overcame the
potential bias generated by primer design in PCR-based and
metabarcode studies, allowed the obtention of the full-length
sequence of the 16S rRNA and the housekeeping genes of
endosymbionts and, in some cases, provided information
on the complete genome of the bacteria, partially filling the
gap of knowledge regarding endosymbionts of psylloids in
this respect (Mauck et al. 2024). This DNA-Seq unbiased
approach also unveiled a previously undetected sequence
variability of the insect mitochondrial genome from different
geographic areas. Taken together, these data provided inter-
esting information on the phylogenetic relationship between
T. erytreae populations currently present in the Iberian Pen-
insula and Africa.

Materials and methods

Sample collection, DNA preparations
and preparations of libraries

A total of 23 locations in Portugal mainland (northern and
central coastal regions), Spain mainland (coastal regions of
Asturias, Cantabria, Galicia and Pais Vasco), South Africa
(provinces of Eastern Cape, Gauteng, Mpumalanga, Western
Cape), Sao Tomé and Principe, Reunion (France), Madeira
(Portugal) and Tenerife (Spain) islands were sampled (Addi-
tional file 7), thus covering almost the complete areas where
T. erytreae is emerging in Europe and the Iberian Penin-
sula and other geographic areas where T. erytreae is already
established since long. Adults (males and females) of T.
erytreae were collected in citrus orchards, washed twice in
PBS, immediately immersed in DNAgard stabilization solu-
tion (Sigma-Aldrich), and stored at 4 °C until the DNA was



Journal of Pest Science (2025) 98:2383-2402

2385

extracted. DNA preparations were obtained from a pool of
five insects from each population under study using DNeasy
Blood&Tissue kit (Qiagen), implemented with a pre-incu-
bation for 30 min at 37 °C with lysozyme (12.5 mg/ml in
1 xPBS). Bacterial DNA was further enriched using NEB-
Next® Microbiome DNA Enrichment Kit (New England
Biolabs). When specified, DNA preparations were prepared
from individual insect samples following the same protocol.

DNA-sequencing libraries were prepared according to
Illumina protocols using the TruSeq Nano DNA LT Library
Prep Kit or DNA Nextera XT Library Prep kit. The librar-
ies were then sequenced on an Illumina apparatus in a
2% 150 bp paired-end format.

Meta-assembly, binning and annotation

Raw reads were quality checked and processed to remove
ambiguities (Qscore < 20), Illumina adapters and sequences
having < 50 bp in length using cutadapt v 1.8 (Martin 2011).
For each library, quality-filtered reads were assembled using
IDBA-UD (Peng et al. 2012) with a multiple kmer approach
(from 31 to 111 bp, by 10) obtaining a meta-assembly for
each sampled location. The initial annotation of all contigs
was obtained by a nucleotide search with a BLAST +v2.9.0
(Camacho et al. 2009) run vs the GenBank nucleotide col-
lection (nt) database (downloaded on 3 January 2021).
Contigs from each meta-assembly were used as reference
sequences for mapping and reads from each library and
generated alignments were converted to bam format using
bowtie2 v2.3.5.1 (Langmead and Salzberg 2012). Mapped
reads and meta-assemblies were used for an initial binning
step using MetaBAT 2 (Kang et al. 2019). Completeness
and contamination of bins were evaluated using CheckM
v1.0.18 (Parks et al. 2015). Each bin was considered as a
metagenomic assembled genome (MAG). Bins with 80%
completeness and less than 2% contamination were retained
for further analysis. A preliminary taxonomic classification
of each MAG was obtained using MIGA (Rodriguez et al.
2018) and Ribosomal Database Project Classifier (RDP;
Cole et al. 2014). MAGs were annotated using PROKKA
(Seemann 2014). The coding density of MAGS76_1 (Soda-
lis-like endosymbiont sequenced from the Mafra library)
was calculated using CheckM and the pseudogenes were
annotated using pseudofinder v3 (Syberg-Olsen et al. 2022).
A graphical representation of endosymbiont genomes was
generated using CGView v2.0.2 (Stothard et al. 2019).

To identify complete bacterial 16S rRNA sequences
from each sequenced library, the assembled contigs were
searched using BLAST + against the SILVA LTPs 132 SSU
database, which is a quality checked and regularly updated
dataset of aligned 16S rRNAs (https://www.arb-silva.de/).
To obtain a more accurate taxonomic assignment, such 16S
rRNA sequences identified in the libraries were further

searched for homologies using the online version of NCBI
BLASTRn (https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul
et al. 1990). Additionally, the retrieved 16S rRNA sequences
were used as references for a bowtie2 mapping (Langmead
and Salzberg 2012), with no mismatches or gaps allowed.
These alignments were subsequently used for microbiome
profiling using the phyloseq package in R (McMurdie and
Holmes 2013).

16S rRNA metabarcoding sequencing and analysis

To perform bacterial metabarcoding, DNA extracts of three
biological replicates (pools of 5 individuals each) from
geographical populations under study were amplified using
the primers designed by Klindworth et al. (2013) in the
hypervariable V3-V4 region of 16S rRNA gene. Paired-end
sequences were quality checked, trimmed, denoised, joined,
dereplicated and chimeric sequences filtered-out using dada2
plugin in the QIIME2 software suite (Bolyen et al. 2019).
Obtained amplicon sequence variants (ASVs) were taxo-
nomically classified using the SILVA LTPs 132 SSU data-
base. After SILVA taxonomy assignment, a further BLASTn
search was performed against the NCBI non-redundant
nucleotide database to confirm taxonomic assignments and
to exclude the presence of heterologous sequences (e.g.,
chloroplast and mitochondria). Alpha- and beta-diversity
metrics and statistics of the 7. erytreae microbial popula-
tion were also performed using QIIME2 tools.

Endosymbiont intraspecific diversity, pathway
analysis and comparative genomics

To study the intraspecific diversity of the Sodalis-like and
the Asaia-like endosymbionts, the 16S rRNA and the house-
keeping gene sequences (atpA, gyrB, rpoC, rpoB, rpoD,
secA) were isolated from the Prokka annotation files. The
16S rRNAs and the concatenated housekeeping genes were
aligned using the MUSCLE algorithm (Edgar 2004) and a
maximum-likelihood phylogenetic tree was generated in
MEGAX (Kumar et al. 2018). Metabolic pathway predic-
tions were obtained using gapseq (Zimmermann et al. 2021)
and pathway tools v24.5 tierl (Karp et al. 2021).

A phylogenetic tree of the Asaia-like endosymbiont of T
erytreae (Asaia-TE) and its closest type-strain genomes was
performed using the Type (Strain) Genome Server (TYGS)
platform (https://tygs.dsmz.de). The tree was based on the
16S rRNA gene. The closest type-strain genomes were
determined by TYGS using a dual procedure of selection
based on the whole genome comparison through the MASH
algorithm and the 16S rRNA gene. The tree was inferred
with FastME 2.1.6.1 (Lefort et al. 2015) using the Genome
BLAST Distance Phylogeny (GBDP) calculated from 16S
rRNA gene sequences.
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A phylogenetic tree of Sodalis sp. and Sodalis-like endo-
symbionts was generated using [Q-tree software (Nguyen
et al. 2015). The 16S rRNA gene of the Sodalis-like endo-
symbionts of T. erytreae (Sodalis-TE) and those of Soda-
lis sp. and Sodalis-like endosymbionts available in public
repositories were aligned by MAFFT (Katoh et al. 2002)
and used for inferring a tree by maximum-likelihood method
(ML) with the best-fit model TVMe + [+ G4, obtained by
ModelFinder (Kalyaanamoorthy et al. 2017). A total of 3000
bootstrap replicates were performed using ultrafast bootstrap
(UFBoot2) (Hoang et al. 2018).

T. erytreae mitochondrial genome characterization

The complete mitochondrial genome of 7. erytreae was
identified by BLASTn searches of the assembled contigs
(see above). The intraspecific diversity of the mitochondrial
genomes was studied by Bowtie2 alignments. Mitochon-
drial genomes (excluding the AU-rich putative non-coding
control region) and COI sequences were aligned by Clustal
Omega (Sievers and Higgins 2014) and phylogenetic trees
were inferred by maximum-likelihood method (ML) with the
best substitution model identified for each alignment using
MEGAX (Kumar et al. 2018).

Single nucleotide polymorphisms (SNPs) in the mito-
chondrial genomic sequences were found using alignments
of reads (Bowtie2) against the mitochondrial genome of T.
erytreae from South Africa (accession number MT416550)
and further investigated by HTS metabarcoding approach.
DNA preparations from five pooled insects and from a sin-
gle insect were extracted and used for amplicon sequencing
(2% 250 bp, paired-end on [llumina MiSeq sequencer) of the
fragments generated with the primers Mito-TE-21F_HTS
and Mito-TE-22R_HTS (Additional file 1) targeting the
tRNA serine (tRNA-Ser) gene. Metabarcoding libraries
were QC checked and trimmed using BBduk, overlapping
pairs were reconstructed using BBmerge (BBtools; Bushnell
2023) and aligned against the tRNA-Ser sequence obtained
from the DNA-Seq libraries.

Results

Characterization of the T. erytreae microbiome
through DNA-Seq and MIGA analysis

To have a wide overview of the microbiome associated with
T. erytreae populations from the Iberian Peninsula and other
geographic areas where 7. erytreae is already established,
samples were collected from different geographical areas,
including 13 municipalities in the Atlantic coast of Portu-
gal and the Atlantic and Cantabrian coast of Spain main-
land, six municipalities in South Africa, one in each of the
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Atlantic islands of Madeira (Portugal), Tenerife (Spain) and
Sao Tomé and Principe, and one in Reunion, in the Indian
Ocean (Fig. 1).

Total reads (Qscore > 20, length > 50) obtained by DNA-
Seq of libraries generated from the collected samples ranged
from about 29 M to 80 M, with a similar GC content (mostly
40-43%, Additional file 2).

Bins, representing bacterial metagenomic assembled
genomes (MAGs), were reconstructed from the respective
assembled contigs and their completeness and contamination
evaluated. A total of 38 MAGs corresponded to bacterial
genomes with more than 80% completeness and less than 2%
contamination (Table 1). MAGs were tentatively classified
by MIGA annotation and by the Ribosomal Database Project
Classifier (RDP), providing a preliminary list of bacteria
associated with 7. erytreae belonging to several families of
the order Enterobacteriales (Table 1). Low quality recon-
structed genomes with no or unclear taxonomic assignment
were discarded from further analysis at this stage (Addi-
tional file 3).

Characterization of the T. erytreae microbiome
through DNA-Seq and the analyses of complete
prokaryotic 16S rRNAs

Since the MAG approach allows the identification only of
almost complete bacterial genomes, we used the alternative
strategy based on the analysis of the complete prokaryotic
16S rRNA genes to confirm and extend the preliminary
microbial profile. To this end, the assembled contigs from
each sample were searched against the SILVA database
using BLAST and the identified complete prokaryotic 16S
rRNAs were filtered-out to perform further analysis (see
below). At this stage, however, we noted that neither MIGA
nor SILVA annotations allowed the identification of Ca.
Carsonella ruddii, which is a known vertically transmitted
P-endosymbiont of all psylloids, with evidence support-
ing co-speciation events between the insect hosts and this
P-endosymbiont (Hall et al. 2016; Kuechler et al. 2013; Thao
et al. 2000b).

Therefore, a further BLAST search, using the contigs
from MAGs shown as low-quality genomes by CheckM,
identified six Carsonella-like contigs in MAG54_3 from
Cobreces, Spain (Additional file 3). PROKKA annotations
revealed that one of these contigs corresponded to a com-
plete 16S gene sharing the highest similarity (sequence iden-
tity 94.00%, query coverage 100%) with the 16S gene of Ca.
Carsonella ruddii from Diaphorina cf. continua (accession
AP023214). Moreover, the Ca. Carsonella ruddii housekeep-
ing gene RNA polymerase [° subunit (rpoC) was identi-
fied by PROKKA annotation in MAG54_3 and confirmed
by PCR, cloning and sequencing in one 7. erytreae sample
using specific primers (Additional file 1 and 4). Finally,
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Fig.1 Sampling maps. Geographic origin and sampling years of 7. erytreae samples analyzed in this study

metabarcoding sequence analysis (see below) confirmed the
presence of Ca. Carsonella ruddii in all the samples from the
tested locations. Altogether, these data support the presence
of this primary endosymbiont in T erytreae, as expected.
To assess the microbial diversity in each sequenced
library, all the 16S rRNA genes identified above were used as
reference sequences for performing a bowtie2 mapping fol-
lowed by phyloseq analysis. This approach identified three to
eight different bacterial families associated with T. erytreae
samples coming from the different areas under investigation
(Fig. 2). Interestingly, this 16S-based approach not only con-
firmed the microbial variability already identified by MIGA,
but also highlighted the presence of additional endosymbi-
onts in several samples. In particular, bacteria belonging
to three families (Yiersinaceae, Pectobacteriaceae and the
unknown family including Ca. C. ruddii) were found in all
the sequenced samples, thus representing the 7. erytreae
potential core endosymbiont population; those classified in
the family Acetobacteriaceae were identified in six samples,
while the remaining ones were retrieved from only one or
two samples. The highest diversity of taxonomic entities was
observed in the samples from Ilhavo and Reunion (Fig. 2).
Interestingly, the 16S rRNA gene of bacteria classified in
the same family in the sequenced libraries showed identity
higher than 99% with each other when compared by mul-
tiple sequence alignments, supporting that they belong to

the same taxonomic entity regardless the considered library
(see also below).

Additional Blastn searches in the NCBI nucleotide collec-
tion using the 16S rRNA consensus gene sequences of the
potential core endosymbiont populations, showed the high-
est sequence identity with i) the secondary endosymbiont of
Ctenarytaina eucalypti (CP003546, 93.92%—query cover-
age 100%, family Pectobacteriaceae), ii) the secondary endo-
symbiont of Trioza magnoliae (AF077607, sequence identity
88,37%—query coverage 100%, family Yiersinaceae), and
iii) Ca. Carsonella ruddii from Diaphorina, already men-
tioned above. The first bacterium was classified as a species
of the genus Sodalis by RDP (Supplementary Table 2). Con-
sidering that the sequence identities with the closest Blast hit
reported above are always below 97%, which is the identity
threshold between 16S rRNA genes generally accepted to
identify new bacterial species, the potential core endosymbi-
ont bacteria are proposed to consist of new species, hereafter
named Ca. Carsonella ruddii of T. erytreae (C. ruddii-TE),
Yersinaceae-like endosymbiont of 7. erytreae (Yersinaceae-
TE) and Sodalis-TE (Fig. 2).

In the case of endosymbionts not found in all samples,
we focused on one endosymbiont of the family Acetobac-
teriaceae found in six samples, which shared 97-100%
sequence identity of its 16S rRNA gene with Asaia spp.
and Asaia-like bacteria. Therefore, the tentative name

@ Springer
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Table 1 List of metagenomics assembled genomes (MAGs) recon-
structed from T. erytreae samples collected in different geographic
areas. Only MAGs with completeness > 80% and contamination <2%
are listed. For each sample, origin (country and municipality), num-
ber of bins, MAG identity code (MAG id), MAG completeness and

contamination (estimated by CheckM), number of contigs included in
each bin and MIGA annotation are indicated. MAGs with lower qual-
ity (<80% completeness,>2% contamination) or with no taxonomic
allocation were not listed here; together with the RDP annotation,
they are reported in the Additional file 3

Country Location #bins MAG Id MAG Com- MAG Con- #contigs ~ MIGA annotation (p-value)
(Meta- pleteness tamination in the
bat) (CheckM) (CheckM) MAG
Dem. Rep. of Sdo Tomé and 3 MAGSTP_2 91.73 1.25 77 f_Pectobactericeae (p-value
Sdo Tomé and Principe 0.349%)
Principe MAGSTP_3  91.28 1.36 39 ¢_Gammaproteobacteria
(p-value 0.0689%%*)
France Reunion 5 MAGReu_3 96.3 0.03 252 f_Xanthomonadaceae
(p-value 0.000995% %)
g_qG maxbin 005 fasta
contigs ul0412 (p-value:
0.0063%%#:*%)
MAGReu_5 98.75 0.0 40 f Pectobacteriaceae
(p-value 0.296%)
Portugal Apulia 4 MAGApu_1 98.75 0.0 56 f_Pectobactericeae (p-value
0.284%)
MAGApu_3 99.15 0.25 65 f_Acetobacterieceae
(p-value 0.203%)
Ilhavo 6 MAGIlv_5 97.5 0.0 2 f_Pectobactericeae (p-value
0.284%)
MAGIIv_6 97.34 0.25 98 f_Acetobacterieceae
(p-value 0.191%)
Madeira 2 MAGMad_2 98.77 0.62 23 f_Pectobactericeae (p-value
0.308%)
Mafra 2 MAGS76_1 100.0 0.0 5 f_Pectobactericeae (p-value
0.296%)
Vairao 2 MAGS73_1 97.5 0.0 2 f_Pectobactericeae (p-value
0.284%)
Quiaios 3 MAGQui_1 98.75 0.0 66 f_Pectobactericeae (p-value
0.284%)
MAGQui_2 99.4 0.0 33 f_Acetobacterieceae
(p-value 0.203%)
Spain Areeiro 4 MAGAre_3 100.0 0.0 111 f_Pectobactericeae (p-value
0.284%)
MAGAre_4 81.17 0.17 249 f_Acetobacterieceae
(p-value 0.182%)
Cobreces 3 MAG54_1 97.5 0.0 2 f_Pectobactericeae (p-value
0.284%)
Deusto 11 MAGRBIl_1 98.0 0.43 165 f_Enterobacteriaceae
(p-value 0.000626%*3#*)
g_Kosakonia (p-value
0.00364 #3#:*3%)
s_Kosakonia cowanii
(p-value 0,0491%%**)
MAGBIl_3 99.43 0.0 50 f_Moraxellaceae (p-value
0.000616%***)
g_Acinetobacter (p-value
0.00426%3# )

s_Acinetobacter calcoaceti-
cus (p-value 0.0574%%)
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Table 1 (continued)

Country

Location

#bins
(Meta-
bat)

MAG Id

MAG Com-
pleteness
(CheckM)

MAG Con-
tamination
(CheckM)

#contigs
in the
MAG

MIGA annotation (p-value)

South
Africa

LaHelguera

Lastres

Matio

Navia

O Grove
Tenerife
Buffelsjagrivier
Port Elizabeth

Riviersonderend

10

MAGBIl_6

MAGBIl_7

MAGBIl_8

MAGBIl_10

MAGS51_1

MAGLas_1
MAGLas_2

MAGLas_4

MAGLas_7

MAGLas_9

MAGMat_1

MAGAst_2

MAGGal_1

MAGTen_2

MAGBJI_1

MAGPE2_1

MAGRO2_3

98.47

95.89

100.0

94.28

97.5

96.09
99.4

98.38

95

99.02

98.75

100

98.75

100.0

100.0

100.0

68.75

1.18

0.0

1.84

0.0

0.74
0.0

0.54

0.79

0.0

0.11

0.0

0.0

0.07

0.07

0.0

128

211

24

409

27

330
15

167

74

78

11

126

39

14

11

118

f_Yersiniaceae (p-value
0.000369%#*#:*)

g_Rahnella (p-value
0.00154%3#:%%)

s_Rahnella victoriana
(p-value 0.0181%**)

f_ Erwiniaceae (p-value
0.00179%5#%%*)

g_Pantoea (p-value
0.00974#s##%)

f_Pectobacteriaceae
(p-value 0.296%)
f_Yersiniaceae (p-value
0.000368%****)
g_Rouxiella (p-value
0.00153#:##3%)
s_Rouxiella chamberiensis
(p-value 0.0198%%%*)

f_Pectobactericeae (p-value
0.296%)

g_Pantoea (p-value 0.209%)

f_Acetobacteraceae (p-value
0.203%)

f_Morganellaceae (p-value
0.00102%:#*3)
g_Morganella (p-value
0.00633***%)
f_Enterobacteriaceae
(p-value 0.196%)
f_Hafniaceae (p-value
0.00037 1 ##*3k*)
g_Hafnia (p-value
0.00148#3#*3%)
s_Hafnia alvei (p-value
0.0166%*%*)
f_Pectobacte-
riaceae (p-value 0.284%)

f_Pectobactericeae (p-value
0.296%)

f_Pectobacteriaceae
(p-value 0.296%)

f_Pectobactericeae (p-value
0.296%)

f_Pectobacteriaceae
(p-value 0.296%)

f_Pectobacteriaceae
(p-value 0.296%)

f_Pectobacteriaceae
(p-value 0.198%)
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Table 1 (continued)

Country Location #bins MAG Id MAG Com- MAG Con- #contigs ~ MIGA annotation (p-value)
(Meta- pleteness tamination in the
bat) (CheckM) (CheckM) MAG
Stellenbosch 2 MAGSTEL1_1 100.0 0.0 20 f_Pectobacteriaceae
(p-value 0.296%)
Nelspruit 2 MAGTIM2_1 100.0 0.0 78 f_Pectobacteriaceae
(p-value 0.296%)
Pretoria 3 MAGUP2_1 100.0 0.0 86 f_Pectobacteriaceae

(p-value 0.284%)

Asaia-TE is proposed for this microorganism. Altogether,
these findings show that T. erytreae is associated with
endosymbionts not previously reported.

Confirmation of DNA-Seq T. erytreae taxonomic
profile by 16S metabarcoding sequencing

Nine out of the 23 sampled populations assessed using the
DNA-Seq approach were further investigated by metagen-
omics sequencing of a partial 16S DNA fragment (about
400 bp) amplified using V3-V4 region primers (Klindworth
et al. 2013). The taxonomic profile of bacteria from each
sample generated by this last approach and subsequent
QIIME2 analyses (Additional file 5) is comparable to that
previously obtained by the DNA-Seq approach and yielded
a total of 388 ASVs. Moreover, the mapping of amplicon
sequences reconstructed by QIIME2 onto the contigs from
DNA-Seq data allowed us to confirm the presence of 16S
rRNA sequences sharing 100% identity with Carsonella rud-
dii-TE, Yersinaceae-TE, and Sodalis-TE in all libraries, and
with the Asaia-TE in the six libraries containing the MAG or
the complete 16S rRNA gene of this new tentative species.
Therefore, data obtained by DNA-Seq were confirmed by
16S metabarcode sequencing.

Based on sequencing of PCR amplification products
obtained with 16S universal eubacterial primers, Rasowo
et al. (2021) reported Rickettsia, Arsenophonus and Wol-
bachia species as endosymbionts of T. erytreae populations
from Kenya. The 16S metagenomics-based approach used in
our study did not detect Rickettsia and Arsenophonus. How-
ever, a Wolbachia-related species was identified in one sample
by metabarcode sequencing, although with a low number of
reads and in only one of the three biological replicates (Addi-
tional file 5). To further assess this issue, the contigs gener-
ated from our 23 DNA-Seq libraries were searched by Blast
either against sequences corresponding to the Wolbachia,
Rickettsia, Arsenophonus amplification products reported by
Rasowo et al. (2021) or against all the Wolbachia complete
genomes available in GenBank. The results of these searches
were always negative. These data suggest that 7. erytreae from
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the locations considered in our survey were not associated
with the endosymbionts reported previously, likely because
of the different geographical origins of the tested populations.

Assembly and annotation of the draft genome
of Asaia-TE

Five samples originating from different areas of Portugal
(Apulia, IThavo, Quiaios) and Spain (Areeiro and Lastres)
showed one MAG with a completeness of more than 81%
and a contamination level lower than 0.25% (Table 1). In
three cases, the completeness of such a MAG was higher
than 99% (MAGQui_2, MAGApu_3 and MAGLas_2).
MAGApu_3 consisted of 65 contigs for a total sequence
length of 2,126,524 bp encoding 1,942 proteins and is con-
sidered the representative draft genome of the Asaia-TE.
Phylogenetic analyses using the complete 16S rRNA from
the MAGApu_3 and those from the closest related strains
identified by the TYGS, showed that the Asaia-TE clusters
with the other members of the family Acetobacteraceae and
could represent a new tentative species between Neoasaia
chiangmaiensis and those included in the Asaia-like clade
(Fig. 3). Considering the tree topology, the possibility that
this new bacterial species is representative of a new genus
should be taken into consideration.

Based on the PROKKA annotation of MAGApu_3, six
housekeeping genes, DNA-directed RNA polymerase sub-
unit beta (rpoB), DNA-directed RNA polymerase subunit
beta’ (rpoC), RNA polymerase sigma factor (rpoD), RNA
gyrase subunit B (gyrB), ATP synthase subunit alpha (atpA)
and protein translocase subunit SecA (secA), were identified
in the five Asaia-like MAGs. Multiple alignments of concat-
enated sequences of these genes (for a total of 16,106 bp)
from each Asaia-like MAG showed sequence identity of
100% to each other, a result consistent with previous data
on the complete 16S rRNA gene, thus further supporting the
conclusion that the five T. erytreae populations under study
contained the same endosymbiont.

To further verify whether this bacterium was absent
from T. erytreae populations other than the five considered,
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Fig.2 Graphical representation of the taxonomic diversity of the
endosymbionts found in the DNA-Seq libraries of T. erytreae popula-
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the DNA-Seq libraries of the remaining populations stud-
ied were further searched for sequences mapping to the
Asaia-like housekeeping genes using Bowtie2. No mapping
sequences were found, thus confirming the absence of an
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sampled in South Africa (yellow), Reunion (red), Iberian Peninsula
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Asaia-like endosymbiont in these 7. erytreae populations.
Presence and absence of this endosymbiont in representative
samples from Portugal and Spain was further confirmed by
PCR and sequencing using specific primers targeting the
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rpoC gene of Asaia-TE (Additional file 1 and 4). Altogether,
these findings strongly suggest that this novel bacterial spe-
cies might be a facultative endosymbiont.

Assembly and annotation of the draft genome
of Sodalis-TE

According to MIGA annotation, one MAG from each of
the 23 analyzed samples corresponded to the genome of a
member of the family Pectobacteriaceae (genus Sodalis)
(Additional file 3). The predicted completeness of these
genomes ranged from 91.73 to 100% (contamination levels
0-1.25%, Additional file 3) for all samples, excluding RO2
from South Africa whose genome was incomplete (genome
completeness 68.75%, contamination 0%). To identify as
complete as possible high-quality bacterial genomes of the
Sodalis-like endosymbiont, we focused on MAGs showing
a CheckM value corresponding to 100% completeness and
no contamination. Among them, the MAG obtained from
the sample collected in Mafra (MAGS76_1, Portugal), from
which the longest sequence (1,301,002 bp) was assembled
with the lowest number of contigs (5 contigs), was selected
to be considered as the representative draft genome of Soda-
lis-TE (Fig. 4A, https://www.ncbi.nlm.nih.gov/genome/) and
for further analysis.

The complete 16S rRNAs of Sodalis-TE from samples
collected in the Iberian Peninsula (Spain and Portugal), in
the Islands of Madeira and Tenerife, and South Africa, are
identical to each other and slightly differ from Sdo Tomé
and Principe and Reunion samples. In a 16S rRNA-based
maximum-likelihood (ML) phylogenetic tree including also
other Sodalis-related bacteria, all the Sodalis-TE clustered
in a single clade separated from all the other Sodalis spe-
cies, suggesting that the Sodalis-TE could represent a novel
endosymbiont species.

However, Sodalis-TE from Sao Tomé and Principe and
Reunion islands segregated into two different subclades
with respect to those from the other populations under study
(Fig. 4B). These data suggest a closer phylogenetic rela-
tionship between endosymbionts from European (including
Madeira and Tenerife) and South African populations than
with insect populations from Sdo Tomé and Principe and
Reunion (Additional file 6A). The higher genetic distance
between the samples from Sdo Tomé and Principe and Reun-
ion, and samples from the continental Europe, Madeira, Ten-
erife and South Africa, was also observed when an ML phy-
logenetic tree was generated using the complete sequences
of six concatenated housekeeping genes (atpA, gyrB, rpoC,
rpoB, rpoD, secA) of Sodalis-TE. In this case, however, a
slightly larger variability was observed among samples from
South Africa (Additional file 6B).

The presence of Sodalis-TE was further confirmed by
PCR and sequencing of the rpoC gene amplification product
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(Additional file 4) obtained by specific primers (Additional
file 1).

The genome of Sodalis-TE has an intermediate size
(1,3 Mb), similar to the S-endosymbiont of Heteropsylla
cubana (1,12 Mb; Sloan and Moran 2012) and the S-endo-
symbiont of Ctenarytaina eucalypti (1,44 Mb, Sloan and
Moran 2012), and smaller than those of other endosymbionts
species of genus Sodalis, such as Ca. Sodalis pierantonious
str. SOPE (4,5 Mb; Oakeson et al. 2014) and S. glossinidius
(4,1 Mbp; Toh et al. 2006), which are maternally transmitted
endosymbionts. These Sodalis-related bacteria are consid-
ered to be in a middle-stage of reductive evolution toward
the primary symbiotic status (Santos-Garcia et al. 2017; Wil-
son et al. 2010). Interestingly, according to Pathway Tools
(v24.5 tierl) and gapseq analysis, the genome of Sodalis-
TE showed typical signatures of obligate endosymbionts
(Santos-Garcia et al. 2017), such as AT enrichment (38,7%
GC content), low coding density (51.4%), a reduced num-
ber of coding genes (811), a general reduction in the num-
ber of metabolic pathways, enzymatic and transport reac-
tions and encoded polypeptides and enzymes with respect
to Ca. Sodalis pierantonious str. SOPE and S. glossinidius
(Table 2). Notably, the number of pseudogenes identified
in the genome of Sodalis-TE (53) is more than twice the
number of pseudogenes found in the S-endosymbiont of Cte-
narytaina eucalypti and the S-endosymbiont of Heteropsylla
cubana, which have already been reported to be endosym-
bionts with genomes of similar size (Morrow et al. 2017).

Another signature of reductive evolution toward obligate
endosymbiosis is the decreased number of rRNA gene cop-
ies within the prokaryotic genome (Oakeson et al. 2014;
Toh et al. 2006). Interestingly, in contrast to Sodalis-related
bacteria with a larger genome, a single copy of 23S, 16S and
5S rRNA genes was present in the genome of Sodalis-TE.
Moreover, in the Sodalis-TE, the 5S rRNA gene is unlinked
(about 42,8 kb far) from the 16S-23S operon (Fig. 4A),
which is an additional signature of bacteria with a closer
relationship with their host (Ahn et al. 2020).

Altogether, these molecular features and the confirmed
presence of Sodalis-TE in all insect populations (see above),
strongly suggest that it is a long-term endosymbiont (Mauck
et al. 2024) moving toward an obligate status.

Phylogenetic analysis of T. erytreae populations
based on mitochondrial genome

Taking advantage of the DNA-Seq data generated in this
study, the complete mitochondrial genome of the 7. erytreae
populations from the different geographic areas under con-
sideration was assembled, thus phylogenetic studies were
performed using both the mitochondrial gene Cytochrome
¢ Oxidase I (COI) and the complete mitochondrial genome.
Phylogenetic analysis based on the mitochondrial COI gene
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Fig.3 Phylogenetic tree based
on the 16S rRNA gene of
Asaia-like endosymbionts. The

_%_E Komagataeibacter cocois WE7
Komagataeibacter kombuchae LMG 23726

tree was inferred, with FastME
2.1.6.1 (Lefort et al. 2015)
in the Type (Strain) Genome

Komagataeibacter swingsii LMG 22125

Server (TYGS) platform, using 94
the Genome BLAST Distance

Ameyamaea chiangmaiensis LMG 27010

Phylogeny (GBDP) of 16S
rRNA gene sequences from the
closest type-strain genomes.
The branch lengths were scaled
in terms of GBDP distance L&)
formula d5. The numbers above
branches are GBDP pseudo-
bootstrap support values > 60%
from 100 replications, with

Neoasaia chiangmaiensis NBRC 101099

'Asaia-like endosymbiont of Trioza erytreae
Asaia prunellac JCM 25354
Asaia platycodi JCM 25414

Asaia spathodeac NBRC 105894

Asaia siamensis CCM 7132
an average branch support of
58.6%. The tree was rooted at Asaia bogorensis NBRC 16594
the midpoint and visualized
with PhyD3 Asaia krungthepensis NRICO535T
Asaia astilbis JCM 15831
Swaminathania salitolerans NBRC 104436
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Fig.4 A Graphical representation of the draft genome of Sodalis-
TE. The representation obtained by cgview contains all the genes
annotated by PROKKA, including CDS, tRNAs, rRNAs (red boxes)
and other genes. B Phylogenetic tree generated using the 16S rRNA
gene of Sodalis sp. and Sodalis-like endosymbionts. The maximum-
likelihood tree was inferred in IQ-Tree adopting the best-fit model

showed that all the samples from Iberian Peninsula and the
islands of Tenerife (Spain) and Madeira (Portugal) and one
from Stellenbosch (South Africa), clustered in a single clade,
together with other 7. erytreae populations characterized

NC 021057.1
Secondary endosymbiont of Blastopsylla occidentalis AF263558. 1 w#
Secondary endosymbiont of Psylia floccosa AF286128.

T ‘Secondary endosymblont of Paratrioza cockerelli AF286127.

- Sodals ke symbiont of Nippolachnus pin FJ655533.*

L Sodaks endosymbiont of Troza erytreae Reurson o~

Sao Tome Principe #
South Africa STE1 ~#
South Africa TIM2 ¥
South Africa PE2 ¥
South Africa BJ1
Sodal South Africa UP2 %

TVMe+ 1+ G4. Bootstrap probability values (3000 replicates) higher
than 50% are shown at the branch nodes. The Sodalis-TE identified in
this study clustered together and are denoted by a gray background.
Name, accession number and host (shown by an icon) of each endo-
symbiont are indicated at each branch tip. Arsenophonus endosymbi-
ont of Triatoma melanosoma was used as an outgroup

previously from Madeira, Tenerife and South Africa that
were included in the haplotype 4 (Fig. 5) (Ajene et al. 2020).
The other T. erytreae samples from South Africa reported
in this study clustered within the previously established
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Table 2 Comparative data on the Sodalis-TE and closely related spe-
cies. Underlined headers in the first column indicate general informa-
tion on the genomes, simple italics headers introduce detailed data
on pathways, reactions, polypeptides and other cellular components.

Genome erosion and endosymbiosis were already reported for Ca.
Sodalis pierantonius str. SOPE, Sodalis glossinidius str. 'morsitans’,
Secondary endosymbiont of Ctenarytaina eucalypti, Secondary endo-
symbiont of Heteropsylla cubana

Candidatus Sodalis Sodalis glossinidius Sodalis endo- Secondary endosym- Secondary endosym-
pierantonius str. SOPE  str. 'morsitans' (NZ_ symbiont of T. biont of Ctenarytaina biont of Heteropsylla
(NZ_CP006568) LN854557) erytreae eucalypti (NCO18419)  cubana
(NCO018420)

Genome size (bp) 4,513,140 4,171,874 1,301,002 1,441,139 1,121,596

Tot genes 4643 4836 847 779 619

Protein genes 3240 3593 811 713 552

RNA genes 61 77 36 45 44

Pseudogenes 1342 1166 53 21 23

Pathways 207 196 98 122 82

Enzymatic reactions 1111 1107 586 772 628

Transport reactions 11 14 2 11 8

Polypeptides 3240 3593 811 713 552

Enzymes 648 709 335 385 294

Transporters 19 19 9 17 5

Compounds 778 800 472 597 456

tRNAs 55 71 36 40 38

haplotypes 3 and 5 of T. erytreae, both of which contained
sequences from South African specimens characterized pre-
viously (Fig. 5) (Ajene et al. 2020). Therefore, our data on
the COI gene confirmed the T erytreae variability reported
previously in South Africa (Ajene et al. 2020) and agree
with the variability recently reported by Ruiz-Rivero et al.
(2021) in T. erytreae populations from mainland Spain and
Portugal, and Madeira and the Canary Islands. In addition,
in our analysis, the isolate from Reunion was assigned to
haplotype 2, while the one from Sdo Tomé and Principe did
not cluster with any previously reported haplotype (Fig. 5),
thus supporting a genetic divergence of these populations
from the insects collected in Europe, South Africa and
Madeira and Canary Islands.

When the complete consensus mitochondrial genomes of
T. erytreae currently reported in literature and those deter-
mined in our study were considered to infer an ML phylo-
genetic tree, again, all the insect populations from Spain,
Portugal, Madeira and Tenerife clustered together with
those from South Africa and separately from all the other
ones (Fig. 6), supporting a closer relationship between the
European and South African populations. Interestingly, the
consensus mitochondrial genome of the T. erytreae popula-
tion from Stellenbosch showed only six single nucleotide
polymorphic (SNP) positions with respect to samples from
mainland Spain and Portugal, and from Madeira and Tener-
ife that were almost identical to each other. Remarkably, the
topology of the phylogenetic tree based on the insect com-
plete mitochondrial genome paralleled that observed in the
ML phylogenetic tree generated using the six housekeeping
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genes of the Sodalis-TE populations (Fig. 6), thus strongly
supporting co-speciation event between 7. erytreae and the
associated Sodalis-like endosymbionts.

Intra-population sequence variability of the T.
erytreae mitochondrial genome

The availability of DNA-Seq data also allowed further
investigation of intra-population sequence variability in the
T. erytreae mitochondrial genome. When the reads from
each library were mapped to the respective complete mito-
chondrial genome, a variability consisting of the presence/
absence of an AU indel in the T-loop of the secondary struc-
ture of the tRNA-Ser gene (Fig. 7A) was identified in most 7.
erytreae populations from the Iberian Peninsula and Madeira
(Table 3). The sequence variants lacking the AU were identi-
cal to those previously reported in the consensus mitochon-
drial genome of the South African haplotype 5 (accession
number MT416550); the other ones, containing the AU
insertion in the T-loop of the tRNA-Ser, were never reported
before (Fig. 7A). In the population from Tenerife used to
generate the DNA-Seq library we found the AU insertion
in 100% of the reads. However, since this population corre-
sponds to a laboratory colony, it is not representative of the
situation in nature. In fact, when DNA preparations from five
T. erytreae specimens collected in a field of Tenerife were
tested by PCR with tRNA-Ser specific primers, seven out
of the nine cloned amplicons contained the AU insertion,
indicating the existence of two different tRNA-Ser genes
also in natural 7. erytreae populations of Tenerife. Such a
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variability was not observed in any of the T. erytreae popu-
lations from South Africa, where only tRNA-Ser identical
to those of haplotype 5 were found. Similarly, no variability
was also observed in T. erytreae populations from Reunion
and Sdo Tomé and Principe, which had a tRNA-Ser with a
T-loop characterized by deletions with respect to the South
African sequence (Fig. 7A). Moreover, the AU insertion
in the T-loop observed in most T. erytreae from the Ibe-
rian Peninsula, Tenerife and Madeira was not reported in
any other annotated mitochondrial genome sequence of 7.
erytreae (from Uganda and Ethiopia) so far (Fig. 7A).

Since our study was based on DNA preparations from
five insects, at this stage we could not establish whether
the detected sequence variability in tRNA-Ser derived from
the pooling process of different specimens before the DNA
extraction, or from the occurrence of heteroplasmy (simul-
taneous presence of two or more mitochondrial DNA hap-
lotypes in a single individual) in T. erytreae. To clarify this
point, PCR-metabarcoding using specific primers targeting
the tRNA-Ser gene and DNA preparations from single speci-
mens and from five pooled specimens, followed by HTS of
the respective amplicons was performed. To this aim, popu-
lations from Madeira, Mafra, Quiaios, Vairao, plus a new
population from Maceda (not studied previously) were used.
These analyses showed that DNA preparations from single
insects were always associated with reads corresponding to a
single tRNA-Ser, with or without the AU insertion (Fig. 7B).
In contrast, in the pooled samples, reads of tRNA-Ser with
and without AU insertion were detected, confirming that the
tRNA-Ser variability observed in the T. erytreae popula-
tions is due to the pooling process and not to a heteroplasmy
phenomenon. This finding is consistent with the observation
that 7. erytreae populations currently present in Spain, Por-
tugal and Madeira contain specimens with a mitochondrial
genome differing at least in the sequence of the tRNA-Ser.
To further explore whether the insertion of AU in the mito-
chondrial tRNA-Ser could be present in other South African
populations of T. erytreae, 34 additional single insects from
three different areas of this country (13 specimens from the
Stellenbosch district, 15 from the Swellendam district, and 6
specimens from the Cape Town metropole) were collected to
perform amplification with specific primers (Mito-tRNAser_
TE_For/Mito-tRNAser_TE_Rev, Additional file 1) of the
mitochondrial tRNA-Ser gene. Sanger sequencing of the
PCR amplicon confirmed the absence of the AU insertion
in the tRNA-Ser gene of all the South African T. erytreae
specimens analyzed.

Taking this into account, while the possible original
source of the European specimens without the AU inser-
tion in the tRNA-Ser gene could have been the same as the
specimens from South Africa, the origin of specimens show-
ing the AU insertion in the T-loop of tRNA-Ser remains
undetermined.

Table 3 Assessment of sequence variability of mitochondrial tRNA-
Ser gene in T. erytreae. Percentage of reads aligned to the South
Africa mitochondrial genome (acc. nr. MT416550) showing the AU
insertion in the tRNA-Ser gene for each sequenced library collected
in the geographic areas under study. The value 0.0 (in bold) indicates
absence of reads with AU insertion in the tRNA-Ser gene

Geographic origin Sample % reads with
AU insertion

Europe Vairao 54.7
Mafra 63.4
Areeiro 50.0
Apulia 423
Ilhavo 12.0
Quiaios 32.5
O' Grove 0.0
Matio 0.0
Navia 0.0
Lastres 46.0
La Helguera 31.1
Cobreces 18.1
Deusto 2.6
Tenerife (laboratory colony) 100
Madeira 64.7

South Africa Port Elizabeth 0.0
Pretoria 0.0
Buffelsjagrivier 0.0
Nelspruit 0.0
Riviersonderend 0.0
Stellenbosch 0.0
MT416550 (Nelspruit)

Dem. Rep. of Sdo Sdo Tomé and Principe 0.0

Tomé and Principe

Reunion Reunion 0.0

Uganda MT416549

Ethiopia MT416551

Discussion

‘Ca. Liberibacter asiaticus’, ‘Ca L. americanus’ and ‘Ca L.
africanus’, the casual agents of the citrus devastating disease
HLB, are bacteria transmitted by the citrus psylloids D. citri
and T. erytreae. Since 2014, T. erytreae has been recorded in
several geographical areas of Spain and Portugal mainland
and is currently spreading in the Iberian Peninsula. The pos-
sible origin of these outbreaks has been proposed to be from
South Africa based on microsatellites and mitochondrial
DNA barcoding approaches in a previous study (Ruiz-Rivero
et al. 2021). However, whether the insect entered once or
multiple times in continental Europe is unknown. Moreo-
ver, only limited knowledge on endosymbionts possibly
associated with T. erytreae is available (Rasowo et al. 2021;
Kwak et al. 2021), with most information obtained by using
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«Fig.5 Phylogenetic analyses of 7. erytreae haplotypes based on
Cytochrome ¢ Oxidase subunit 1 (COI). Maximum-likelihood (ML)
tree generated using an alignment (T92+G as the best substitution
model) of COI sequence fragments (571 bp) of T. erytreae available
in databases and obtained in this study. Nodal support was calculated
using 1,000 bootstrap replicates. The length of the branches is pro-
portional to the number of substitutions per site. The different haplo-
types are numbered according to Ajene et al. (2020) and are denoted
with a color background. The circles on the right indicate sequences
from this study and are colored according to the country of origin of
the T. erytreae population

amplification methods that may generate information biased
by the primers used. Here, we reported the first characteri-
zation of the microbiome associated with 7. erytreae by an
unbiased DNA-Seq approach, with results implemented
and confirmed by 16S rRNA metabarcoding data. This
approach generated a catalogue of endosymbionts, based
on full-length 16S rRNA gene, associated with T. erytreae
populations from different geographical areas of Europe and
Africa, which includes three core bacterial endosymbionts:
Sodalis-TE, Yersinaceae-TE, and C. ruddii-TE. The latter
bacterium has been detected for the first time in 7. erytreae
in this study, a finding in line with previous reports that iden-
tified Ca C. ruddi as an obligate endosymbiont with relevant
biological roles in all psyllids (Thao et al. 2000b; Morrow
et al. 2017; Nakabachi et al. 2022; Mauck et al. 2024). The
absence or underdetection of Ca. C. ruddii in the previously
published and our 16S metabarcoding studies performed in
T. erytreae (Rasowo et al. 2021; Kwak et al. 2021) was likely
due to known biases in 16S eubacterial primers that under-
amplify this P-endosymbiont. In the T. erytreae microbiome
obtained by Kwak et al (2021), seven OTUs were identified,
all belonging to the order Enterobacteriales, and one of them
with the best blast matching to Sodalis endosymbiont of
Nezara antennata, further supporting our results. Moreover,
Morrow et al. (2017) identified ubiquitous Sodalis-like bac-
teria and other Enterobacteriaceae in other psyllid species.

The almost complete genomes of Sodalis-TE and Asaia-
TE were assembled and annotated. Phylogenetic analysis
based on their complete 16S rRNA and housekeeping genes
supports their classification as two new species.

The identification of the Asaia-like bacterium in T.
erytreae only in some of the tested samples supports its fac-
ultative behavior. Other Asaia species are part of the gut
microbiota of several human and plant disease insect vectors
(Favia et al. 2007; Damiani et al. 2010; Chen et al. 2020; De
Freece et al. 2014; Li et al. 2019; Cappelli et al. 2019) and
are in vitro cultured, transformable and easily horizontally
transmitted (Hughes et al. 2014; Rossi et al. 2015; Cappelli
et al. 2019). Moreover, natural acquisition of this endosym-
biont by ingestion of contaminated nectar has been shown
for Anopheles mosquitoes (Bassene et al. 2020). Therefore,
they are potentially useful to achieve symbiont-based control

of insect-vectored pathogens, as already shown by experi-
mental data on Anopheles mosquitoes and Aedes aegypti,
which are relevant vectors of human diseases (Chouaia
et al. 2012; Mancini et al. 2020; Crotti et al. 2009; Souza
et al. 2019). The finding of Asaia-TE calls for future studies
focusing on their role in physiology, development, and vec-
tor competence of T. erytreae.

Regarding the Sodalis-TE, when compared with other
Sodalis species, its genome has a low GC content and gene
density, reduced numbers of coding genes and metabolic
pathways, which are associated with a high number of
pseudogenes. Moreover, in this genome, a single copy of
23S, 16S and 5S rRNA genes was identified, with the 5S
rRNA gene unlinked (about 42,8 kb far) from the 16S-23S
operon. Unlinked rDNA operons are another characteristic
of symbiotic relationship of bacteria with their hosts (Ahn
et al. 2020) and have been reported in the genome of sev-
eral bacteria (Lui et al. 2021). However, while in most of
them, including several Sodalis species (Toh et al. 2006;
Oakeson et al. 2014; Morrow et al. 2017), the 16S rRNA
gene is separated from the 23S-5S operon, in Sodalis-
TE the 5S gene was found unlinked from 16S-23S rRNA
operon, a situation reported before only for some Archea
(Garrett and Klenk 2008) and mycoplasms (Stemke et al.
1994). All these features are consistent with reductive
evolution toward obligate endosymbiosis (Santos-Garcia
et al. 2017; Morrow et al. 2017) and, together with the
confirmed presence of Sodalis-TE in all insect populations
regardless the geographical origin, strongly support that it
is a long-term endosymbiont (Mauck et al. 2024).

In addition to information regarding endosymbionts of
T. erytreae, this study extended the number of complete
mitochondrial sequences of 7. erytreae, from the four
previously available [from Ethiopia, Uganda and South
Africa (Ajene et al. 2020) and an unknown location—
NCO038142], to twenty-three. Nineteen of these mitochon-
drial sequences were generated in the frame of this study
from Europe and Africa. All together these data provide
evidence of a common ancestor for the specimens ana-
lyzed from South Africa, Spain and Portugal. Notably,
the topology of the phylogenetic tree based on the insect
mitochondrial genome mirrored the tree generated using
the six housekeeping genes of Sodalis-TE, supporting the
possible use of the bacterial genetic markers to assess the
phylogeography of its host insect. A similar situation was
reported previously for Diaphorina citri and its obligate
endosymbiont Ca. C. ruddii, sustaining a co-diversifica-
tion during the migration of the insect from South to East
and Southeast Asia (Wang et al. 2018).

The DNA-Seq data generated in our study also allowed
deep analyses of the intra-population sequence variability
of the T. erytreae mitochondrial genomes, revealing a pol-
ymorphism (an AU indel) in the T-loop of tRNA-Ser. Such
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a polymorphism was present, with different prevalence,
in all the studied T. erytreae populations from mainland
Spain and Madeira. PCR-metabarcoding approach showed
that the AU indel was not due to mitochondrial hetero-
plasmy (Zhang and Hewitt 1997), supporting instead the
existence in mainland Spain and Portugal, Tenerife and
Madeira, of T. erytreae populations composed of a mix of
individuals bearing or not such polymorphism. Since the
indel was not detected in any African or South African
insect populations, the question of the origin of 7. erytreae
individuals bearing the AU insertion in the T-loop of the
tRNA-Ser and currently spreading in Europe remains
unanswered. The identification of the T-loop of tRNA-Ser
rRNA as a possible genetic marker, provides a molecular
tool for performing more extensive analyses. By includ-
ing specimens from 7. erytreae populations collected from
particularly the African continent and the Arabian Penin-
sula can assist to solve this conundrum.

This study revealed the first catalogue of endosymbionts
associated with T. erytreae from different geographical
areas of Europe and Africa (including Iberian Peninsula,
South Africa, Tenerife, Madeira, Reunion and Sdo Tomé
and Principe). An integrated approach, based on the analyses
of DNA-Seq libraries (from 7. erytreae populations from
23 different geographical areas), 16S rRNA-amplicon (from
nine insect populations), and tRNA-Ser amplicon libraries
(from 10 insects and/or pool of insects) allowed (i) The iden-
tification of a core of associated endosymbionts; (ii) The
assembly and annotation of the almost complete genome of
one likely long-term endosymbiont (Sodalis-TE) and a facul-
tative (Asaia-TE) bacterial species, thus providing the basic
knowledge to further investigate the insect-endosymbionts
interactions and their relevance for HLB transmission; (iii)
The assessment of the intra- and inter-species variability of
the 16S rRNA and/or housekeeping genes of these bacte-
ria; (iv) The assembly and annotation of the mitochondrial
genome of 7. erytreae populations from 19 different Euro-
pean and African geographical areas and v) the identification
of a new genetic marker corresponding to a specific indel in
the tRNA-Ser gene of the insect mitochondrial genome that
highlighted the co-existence in mainland Spain and Portugal,
Tenerife and Madeira of two subpopulations of T. erytreae,
one of which showed a polymorphism not found elsewhere.
So, while this study confirms that 7. erytreae populations,
present in South Africa and currently spreading in Spain
and Portugal, originated from a common ancestor, the origi-
nal source of the subpopulations of 7. erytreae containing a
specific indel in the tRNA-Ser remains unknown. This find-
ing indicates that not all the possible original sources of
T. erytreae populations currently spreading in Europe have
been identified yet, asking for a more extensive assessment
of T. erytreae populations in Africa and other countries
where the insect has long been established.
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