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The Asian citrus psyllid, Diaphorina citri, is the vector of the bacterium “Candidatus
Liberibacter asiaticus” (Las), associated with the devastating, worldwide citrus disease
huanglongbing. In order to explore the molecular interactions of this bacterium with
D. citri during the vector acquisition process, cDNA libraries were sequenced on an
Illumina platform, obtained from the gut of adult psyllids confined in healthy (H) and in
Las-infected young shoots (Las) for different periods of times (I = 1/2 days, II = 3/4 days,
and III = 5/6 days). In each sampling time, three biological replicates were collected,
containing 100 guts each, totaling 18 libraries depleted in ribosomal RNA. Reads were
quality-filtered and mapped against the Chinese JXGC Las strain and the Floridian strain
UF506 for the analysis of the activity of Las genome and SC1, SC2, and type 3 (P-JXGC-
3) prophages of the studied Las strain. Gene activity was considered only if reads of at
least two replicates for each acquisition access period mapped against the selected
genomes, which resulted in coverages of 44.4, 79.9, and 94.5% of the JXGC predicted
coding sequences in Las I, Las II, and Las III, respectively. These genes indicate an active
metabolism and increased expression according to the feeding time in the following
functional categories: energy production, amino acid metabolism, signal translation, cell
wall, and replication and repair of genetic material. Pilins were among the most highly
expressed genes regardless of the acquisition time, while only a few genes from cluster I
of flagella were not expressed. Furthermore, the prophage region had a greater coverage
of reads for SC1 and P-JXGC-3 prophages and low coverage in SC2 and no indication
of activity for the lysis cycle. This research presents the first descriptive analysis of Las
transcriptome in the initial steps of the D. citri gut colonization, where 95% of Las genes
were active.
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INTRODUCTION

“Candidatus Liberibacter asiaticus” (Las), a Gram-negative
bacterium belonging to the α-proteobacteria group (Garnier
et al., 1984; Jagoueix et al., 1994), is the main agent
associated with huanglongbing (HLB) (Bassanezi et al., 2020).
The Las vector insect is the Asian citrus psyllid (ACP)
Diaphorina citri Kuwayama (Hemiptera: Psyllidae) (Capoor
et al., 1967; Canale et al., 2017) that frequently acquires
Las in areas surrounding healthy commercial groves, with
the consequent psyllid dispersion causing primary infections
(Bergamin Filho et al., 2016) resulting in economic loss due
to impacted production (Bassanezi et al., 2020). Owing to the
importance of the disease and because there are no curative
methods to control HLB, the bacterium and the psyllid are
considered to be the main pests in citriculture worldwide
(Miranda and Ayres, 2020).

The psyllid may acquire Las from symptomatic plants (Hung
et al., 2004; Pelz-Stelinski et al., 2010; Canale et al., 2017; Lopes
and Cifuentes-Arenas, 2021) as well as from asymptomatic citrus
plants (Lee et al., 2015). Las transmission by psyllids requires
a latent period of 16 to 18 days (Canale et al., 2017) and its
relationship with the psyllid is persistent and propagative (Hung
et al., 2004; Inoue et al., 2009; Ammar et al., 2011a; Canale
et al., 2017). The acquisition of bacteria by the psyllid has direct
implication on its transmission efficiency and consequently on
its dissemination (Inoue et al., 2009; Pelz-Stelinski et al., 2010;
Canale et al., 2017). The gut represents the first cell barrier that
the Liberibacter needs to cross inside the psyllid before accessing
the hemolymph to migrate and infect salivary glands, from where
it will be inoculated into plants. Gene expression studies showed
a pattern of response in the gut and salivary glands of D. citri
to Las infection (Kruse et al., 2017; Liu et al., 2020). There are
exploratory studies that report transcriptional modifications in
plants due to the presence of Las in Catharanthus roseus (Liu
et al., 2019) and in leaves (Fu et al., 2016; Hu et al., 2017) and
fruits of Citrus spp. (Martinelli et al., 2012).

The transcriptional analysis of Las is more commonly assessed
via RT-qPCR in psyllids and in citrus, with modifications
in the expression of genes related to the regulation of
transcription, transport, secretion, flagellar assembly, metabolic
pathways, and resistance to stress, by the assessment of a
group of selected genes (Yan et al., 2013; Prasad et al.,
2016; Thapa et al., 2020) or associated with functional studies
(Fleites et al., 2014; Jain et al., 2015; Li et al., 2017).
Sequencing of cDNA libraries via RNA-Seq has been an
important tool in studies of transcriptional modification in
bacteria (Croucher and Thomson, 2010; Haas et al., 2012;
Creecy and Conway, 2015). Transcriptome analysis of Las
genome in citrus and dodder has shown a high correlation
in gene expression in both hosts, expected since dodder
was parasitizing citrus, and in both hosts, Las encounters
similar nutrients and micro-environmental conditions (Li et al.,
2021). A predicted model of metabolite usage was created for
Liberibacter crescens growing in culture media and for Las in
plant and psyllid hosts, using RNA-seq data (Zuñiga et al.,

2020). A transcriptome analysis of Bactericera cockerelli indicated
a high percentage of “Ca. L. solanacearum” (Lso) expressed
genes, particularly of putative genes involved in translation
and in post-translation modification, protein turnover, and
chaperone functions (Ibanez et al., 2014). Here, “Ca. L. asiaticus”
had 95% of genes mapped with reads in the D. citri gut,
with pilins, flagella, translation, and cell wall biogenesis genes
with marked expression. The Las prophage genes, with their
high diversity in Las populations, were mapped mostly to
SC1 and type 3 prophages, in both late and early genes,
without indication of an active lytic cycle. The transcriptional
mapping analysis of Las genes in the gut of D. citri that
fed in Las-infected citrus was performed in this study,
evidencing the expression of almost all genes of Las as a
manner to generate knowledge in the initial phase of the Las
infection in the psyllid.

MATERIALS AND METHODS

Obtention of Samples
The stock colony of Las-free D. citri was maintained in cages
in Murraya paniculata L. (Jack) plants, as described by Carmo-
Souza et al. (2020). Adults from 7 to 10 days were selected for the
Las acquisition step.

Nursery plants of sweet orange [Citrus × sinensis (L.)
Osbeck grafted on “Rangpur” lime (C. × limonia Osbeck)]
were maintained in 4-L bags in a greenhouse and grown
in decomposed pine bark substrate (Plantmax citrus,
Eucatex, Paulínia, SP, Brazil). Las infection was confirmed
by qPCR (Li et al., 2006), and plants presented symptoms
of blotchy mottle. Healthy plants of the same age and under
similar growing conditions were used as negative control.
The Las isolate employed in this study had a profile of
SSR markers and prophages identical to Las 9PA isolate
(Silva et al., 2019, 2021).

Plants underwent drastic pruning and were maintained under
controlled conditions of temperature of 26◦C ± 2◦C, relative
humidity of 70%, and photoperiod of 14/10 h of light/dark for
shoot development and experimentation. Adult psyllids were
confined and kept on citrus shoots at the vegetative stage V2/V3
of both healthy and Las-infected sweet orange plants (Cifuentes-
Arenas et al., 2018; Lopes and Cifuentes-Arenas, 2021). Prior to
the confinement of the insects, shoots were sampled to confirm
the presence of Las (Li et al., 2006).

Dissection of psyllids for gut sampling was carried out after
different acquisition access periods of 24, 48, 72, 96, 120, and
144 h, equivalent to 1- to 6-day intervals of acquisition. Psyllids
from each period were removed from plants and dissected in
70% ethanol with 1% diethyl pyrocarbonate (DEPC) with the
aid of a needle under stereoscopic microscope. Three repetitions
were performed for each acquisition period in healthy or
infected plants, each comprising 100 guts. Guts were immediately
transferred to 100 µl of RNA Later (Invitrogen/ThermoFisher
Scientific, Waltham, MA, United States, EUA) in ice and then
immediately stored at−80◦C.
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Extraction of Total RNA From Psyllid Gut
Samples, Detection of the Presence of
“Candidatus Liberibacter asiaticus,” and
Treatment With DNase
Extraction of total RNA from dissected psyllid gut samples
was performed using the SV RNA Isolation System (Promega,
Madison, WI, United States) kit. Samples were resuspended
in 30 µl of nuclease-free water and were assessed by
spectrophotometry in NanoDrop V 3.8.1 (ThermoFisher
Scientific) in relation to total RNA concentration.

The detection of the presence of Las was carried out prior
to treating RNA samples with DNase by qPCR (Li et al.,
2006), monitoring the presence of Las 16S rDNA (Table 1) and
of the wingless gene (Table 1) for D. citri DNA (Manjunath
et al., 2008) using hydrolysis probes (PathID qPCR Master
Mix, Ambion/ThermoFisher Scientific; Primers and probes by
Macrogen, Seoul, South Korea). The target sequence threshold
was manually adjusted in the StepOnePlus software version
2.3 (ThermoFisher Scientific). The qPCR was carried out in
duplicate and samples were considered positive for the presence
of Las when Ct values were equal to or lower than 35.0 and
negative when greater than that value. The presence of D. citri
DNA produces Ct values equal to or lower than 36.0. Psyllid
DNA samples with and without Las were used as positive
and negative controls, respectively, besides water control (non-
template control).

Selected total RNA samples were treated with TurboTM DNase
(2 U/µl) (Ambion/ThermoFisher Scientific). The confirmation of
the DNase action to cleave residual DNA was validated by qPCR
with the wingless gene for D. citri (Manjunath et al., 2008).

Enrichment of mRNA in Samples and
Quality Assessment for Sequencing
At this step, samples were grouped into pools: H = Healthy citrus
or Las = Las-infected citrus sources. H I and Las I = 1 and
2 days of feeding on citrus; H II and Las II = 3 and 4 days;
H III and Las III = 5 and 6 days. Each period and source
had three biological repetitions. Next, samples were subjected
to mRNA enrichment with the Ribo-Zero Gold rRNA Removal
Kit (Illumina, San Diego, CA, United States). Two microliters
of each sample was used to determine mRNA concentration
and quality in the Synergy Multi-Detection reader (Biotec
Synergy Winooski, EUA; software Gen5). Samples with total

mRNA concentrations between 80 and 200 ng were used for
metatranscriptome sequencing.

cDNA Sequencing via Illumina Platform
Samples enriched in mRNA were subjected to the cDNA library
preparation protocol TruSeq RNA Library Prep Kit (Illumina),
according to the paired-end (2 × 100 bp) strategy that consists
in fragmenting the mRNA-enriched RNA into sequences of 200
nucleotides, followed by binding with random primers for reverse
transcription and building of cDNA libraries. The cDNA was
synthesized and purified through magnetic beads and washings
with ethanol. Next, ends were repaired and adenosines were
added to the 3′ ends of each fragment. Then, adaptors were
connected and samples were subjected to PCR amplification.
Sequencing of cDNA libraries was carried out on the Illumina
HiScanSQ platform (Illumina), at the Centro Multiusuário de
Biotecnologia Agrícola of the Departamento de Zootecnia at
ESALQ/USP (Piracicaba, SP, Brazil). Readings were obtained
from triplicates of the six treatments, for periods I, II, and III for
healthy and Las-infected adults, totaling 18 libraries.

Sequencing Analysis and Transcriptome
Assembly
Readings obtained from sequencing cDNA libraries were
analyzed with the FastQC software (Andrews, 2010) for quality
assurance. Remaining adaptors were removed and sequences
were trimmed according to the SLIDINGWINDOW 4:22
parameter for the start (LEADING:3) and end (LEADING:3)
of readings, which determined the minimum quality score
(22) for each group of four nucleotides analyzed in the
Trimmomatic 0.36 software (Bolger et al., 2014). Sequences below
25 nucleotides were excluded.

The analysis of Las transcripts abundance in the ACP gut was
carried out by counting the number of fragments per kilobase
million (FPKM) through the calculation of log2(FPKM) of the
reads present in at least two out of the three sequenced libraries
for each of the acquisition access periods (Las I, Las II, and Las
III). Las strain JXGC (NZ_CP019958; Zheng et al., 2018) was
the reference for mapping and counting of reads in Las genome
and consequently for determining the transcribed genes. The
draft genome of Las strain 9PA from Brazil was not used due
to the presence of several gaps in the genome assembly (Silva
et al., 2021). Reads mapped to ribosomal RNA, pseudogenes, and
tRNAs were disregarded, the latter due to their size. Additionally,
in the analysis of SC1 and SC2 prophages, the sequence of the

TABLE 1 | Primers and probes to detect 16SrDNA from “Candidatus Liberibacter asiaticus” and wingless gene from Diaphorina citri using qPCR.

Primer/Probe name Nucleotide sequences (5′ to 3′) and modifications (probes) References

HLBas TCGAGCGCGTATGCAATACG Li et al., 2006

HLBr GCGTTATCCCGTAGAAAAAGGTAG

HLBp FAM-AGACGGGTGAGTAACGCG-BHQ1

DCF TGGTGTAGATGGTTGTGATCTGATGTG Manjunath et al., 2008

DCR ACCGTTCCACGACGGTGA

DCP HEX-TGTGGGCGAGGCTACAGAAC-BHQ1
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strain Las UF506 (HQ377374.1; Zhang et al., 2011) and that of
prophage type 3 (P-JXGC-3) of Las JXGC (KY661963) were used.
Those analyses employed the following parameters: mismatches
cost: 2; insertion cost: 3; deletion cost: 3; length fraction: 0.8;
similarity fraction: 0.8; strand specific: both; maximum number
of hits for a read: 2, and were carried out in the CLC Genomics v.
21.0 software (Qiagen, Hilden, Germany).

The functional annotation of transcripts (Cluster of
Orthologous Groups of proteins—COGs), generated through
mapping genes of Las, was carried out (Tatusov et al., 2000).
Three reference genomes were used, of which two were
α-proteobacteria: “Ca. L. solanacearum” (strain CLso-ZC1),
Rhizobium leguminosarum bv. viciae (strain 3841), and
Escherichia coli (O157:H7 strain Sakai). Graphs were plotted with
GraphPad Prism version 8.0.0 (Windows GraphPad Software,
San Diego, CA, United States) and the Venn diagram was plotted
using “Draw Venn Diagram”1.

RESULTS

Presence of “Candidatus Liberibacter
asiaticus” in Gut Samples of Psyllid
D. citri
The qPCR analysis of citrus shoots used as food by psyllids
confirmed the presence of Las exclusively in infected plants, with
an average cycle threshold (Ct) of 20.7 (standard error ± 3.4).
The presence of the psyllid DNA was detected in all gut RNA
samples, with an average Ct for the D. citri wingless gene of
30.7 (Table 2), corroborating the need for treatment with DNase
before cDNA synthesis. The DNA presence, however, enabled the
monitoring of the Las DNA presence by qPCR as a way to validate
the presence of the bacterium in the dissected guts of D. citri
before transcriptome analysis. The presence of Las was detected
only in RNA samples from guts of insects that fed on shoots of
Las-infected plants (Table 2). In the Las I and Las II libraries,
the mean Ct-value for the Las gene 16S rRNA was 30.6 and 30.8,
respectively, whereas in Las III libraries, the Ct-value was 27.3.
For gut samples of psyllids confined in healthy plants (libraries H
I, II, and III), Las DNA was not detected.

Mapping of Reads of “Candidatus
Liberibacter asiaticus”
The average percentage of mapped reads in the “Ca. L. asiaticus”
genome in healthy samples (H I, II, and III) was 0.01, 0.00, and
0.02, respectively, whereas that percentage in libraries set up from
guts of psyllids that fed on Las, Las I, II, and III-infected plants
was 0.07, 0.16, and 0.53, respectively (Table 3).

Reads in Las I libraries mapped against 432 genes of the
Las JXGC reference genome, whereas reads in Las II and Las
III libraries mapped against 777 and 967 genes, respectively
(Figure 1). Out of the genes predicted in the Las JXGC isolate
(Zheng et al., 2018), 972 had reads mapped in at least one
of the three acquisition access periods (Las I, II, or III) in

1http://bioinformatics.psb.ugent.be/webtools/Venn/

TABLE 2 | Spectrophotometrically measured RNA concentration (ng/µl) and
quality (260/280) and detection of Diaphorina citri (DC) and “Candidatus
Liberibacter asiaticus” (Las) (HLBaspr) DNA by qPCR in RNA samples prepared
from D. citri gut, prior to DNase treatment and library setup.

AAP Sample RNA qPCR Ct a

ng/µl 260/280 DC b HLBaspr c

I = 1/2 days H I_1 59.06 2.06 31.11 ± 0.77 nd

H I_2 68.86 2.16 29.91 ± 0.20 nd

H I_3 46.59 2.07 30.44 ± 0.79 nd

Las I_1 56.20 2.03 30.25 ± 0.15 32.18 ± 2.72

Las I_2 56.85 2.10 30.77 ± 0.43 30.68 ± 0.54

Las I_3 65.10 2.05 29.20 ± 0.12 28.99 ± 0.87

II = 3/4 days H II_1 69.69 2.12 31.91 ± 1.27 nd

H II_2 58.69 2.12 29.39 ± 1.87 nd

H II_3 57.89 2.13 29.46 ± 1.20 nd

Las II_1 74.56 2.04 30.52 ± 1.49 29.69 ± 1.53

Las II_2 48.18 2.08 31.17 ± 0.21 32.24 ± 2.08

Las II_3 65.88 2.13 33.71 ± 0.04 30.45 ± 0.68

III = 5/6 days H III_1 68.21 2.01 30.09 ± 0.16 nd

H III_2 58.44 2.07 30.90 ± 0.11 nd

H III_3 46.42 2.07 32.50 ± 1.71 nd

Las III_1 51.26 2.14 28.96 ± 0.85 26.18 ± 2.10

Las III_2 45.92 2.02 30.10 ± 0.80 26.48 ± 0.02

Las III_3 51.08 2.04 31.86 ± 0.77 29.40 ± 0.69

Diaphorina citri gut samples dissected from psyllids reared in either healthy (H)
or Las-infected citrus plants (Las) for increasing (I, II, and III) acquisition access
periods (AAP) of time.
aCt, Cycle threshold, mean from duplicate value± standard error; nd, not detected.
bDC = qPCR for D. citri wingless gene detection (Manjunath et al., 2008).
cHLBaspr = qPCR for “Ca. L. asiaticus” 16S rDNA detection (Li et al., 2006).

the gut of psyllids that fed on shoots of Las-infected plants.
The transcriptome of all libraries in the three periods assessed
corresponds to mapping of 95% of the genes predicted in Las. Out
of that total, 406 or 41.8% of mapped genes were shared among
libraries from all acquisition periods, whereas 367 genes were
mapped only to reads in the Las II and Las III libraries (Figure 1).
Reads in the Las I library were the only ones to map against
the gene B2I23_RS05235 that codes a YdaU family protein
(unknown function with domain DUF1376), showing the specific
expression of this gene at the initial stage of the acquisition
process. Four other genes (B2I23_RS00005, a prophage helicase;
B2I23_RS00270; B2I23_RS02880; and B2I23_RS05570, coding
three hypothetical proteins) were mapped only to reads in
the Las II library. In the libraries Las III, 169 genes were
mapped exclusively in this stage, with COG distribution
equivalent to the whole library set. Into that group were 57
hypothetical protein coding genes, two of the three full-length
β-subunits of ribonucleotide reductase (RNR) (B2I23_RS03685
and B2I23_RS04305), and 12 genes from the flagellar clusters
(Supplementary Table 1). Only 51 of the genes predicted in the
Las strain JXGC had no mapped reads in the transcriptome of
the gut of infected adult psyllids, showing that these genes are not
expressed in the vector gut during the infection process. These
comprise two genes coding for the short forms of the β-subunit
of RNR B2I23_RS00035 and B2I23_RS04515, one containing
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TABLE 3 | Transcript read mapping against “Candidatus Liberibacter asiaticus”
(Las) JXGC strain (NZ_CP019958.1) from sequenced libraries prepared with
enriched mRNA from Diaphorina citri gut samples, reared either in healthy (H) or in
Las infected-citrus shoots (Las), for increasing (I, II, and III) acquisition
access periods (AAP).

AAP Library Input reads Mapped paired pairs (%)

I = 1/2 days H I_1 14,662,250 0.00

H I_2 17,002,637 0.01

H I_3 16,119,271 0.01

Mean 15,928,053 0.01

Las I_1 16,809,192 0.06

Las I_2 16,066,925 0.19

Las I_3 14,342,296 0.09

Mean 15,739,471 0.07

II = 3/4 days H II_1 15,288,196 0.00

H II_2 17,110,015 0.01

H II_3 17,831,678 0.00

Mean 16,743,296 0.00

Las II_1 15,083,210 0.09

Las II_2 16,125,467 0.03

Las II_3 14,389,488 0.36

Mean 15,199,388 0.16

III = 5/6 days HIII_1 16,064,435 0.01

HIII_2 15,614,261 0.04

HIII_3 15,142,440 0.01

Mean 15,607,045 0.02

Las III_1 17,908,705 0.40

Las III_2 16,163,569 0.86

Las III_3 16,311,141 0.33

Mean 16,794,472 0.53

the VRR-NUC (B2I23_RS05600) domain, two containing the
DUF59 domain (B2I23_RS01860 and B2I23_RS03885), one
containing the DUF2815 domain (B2I23_RS05410), one ATPase
(B2I23_RS02840), one nuclease (B2I23_RS05420), one primase
(B2I23_RS05400), and 35 genes that code hypothetical proteins
(Supplementary Table 2).

In the analysis of read abundance for each library and its
distribution along the JXGC reference genome, an average of
42.2% of the genes predicted in the genome was obtained for Las
I (Figure 2), and in the Las II and Las III libraries, coverage was
76 and 94.5%, respectively (Figure 2). Although the number of
genes with mapped reads increased considerably according to the
period of time the psyllid remained feeding on the Las-infected
plant (Las III > Las II > Las I), the average log2(FPKM) value
was slightly reduced from 9.38 in Las I to 8.84 and 8.41 in Las II
and Las III, respectively (Figure 2). Only in the Las III library
is there a greater number of mapped genes with values higher
than the average.

When the top 10 genes with a greater number of reads in each
period are analyzed, three are annotated as coding hypothetical
proteins: B2I23_RS05520, B2I23_RS05120, and B2I23_RS04020
mapped in all periods (Figure 2).

The transcription of genes flp1 (B2I23_RS02385), flp4
(B2I23_RS02400), and flp5 (B2I23_RS02405) annotated as “Flp
family type IVb pilin” was significant in the Las I, II, and III

FIGURE 1 | Venn diagram of “Candidatus Liberibacter asiaticus” genes with
mapped reads (strain JXGC, NZ_CP019958.1) in Diaphorina citri gut samples
after acquisition access periods of 1/2 days (Las I), 3/4 days (Las II), or
5/6 days (Las III).

libraries. Besides these three genes, flp2, flp3, and flp7 were
also mapped (B2I23_RS02390; RS02395 and RS02410). Reads for
B2I23_RS03065, whose annotation is for a membrane protein
(“porin family protein”), were also expressive.

Reads for the gene B2I23_RS03735 (“NADH-quinone
oxidoreductase subunit C”) were present among the 10 genes
with greater representativeness in the Las I and Las II libraries.
B2I23_RS04070 (rfbC) that codes the dTDP-4-dehydrorhamnose
3,5-epimerase involved in the synthesis of rhamnose-
containing polysaccharides, such as lipopolysaccharides, is
highly expressed in Las I. An ATP-dependent Clp protease
ATP-binding subunit, clpX (B2I23_RS00740), was mapped
in Las I as one of the most expressed genes (Figure 2).
Additionally, all genes coding for components of the protease
Clp family were expressed in Las III: clpA (B2I23_RS00185),
clpS (B2I23_RS00190), endopeptidase La (B2I23_RS00735),
clpP (B2I23_RS00745), hslU (B2I23_RS01895), hslV
(B2I23_RS01900), lon peptidase (B2I23_RS02370), and clpB
(B2I23_RS03845) (Supplementary Table 3).

The other genes mapped with a representative number
of reads are involved in ribosome metabolism, such as
the transfer-messenger RNA–ssrA (B2I23_RS04260), rnpB–
RNAse P (B2I23_RS04605), and ribosomal proteins rpmJ
(B2I23_RS00165) and rpsT (B2I23_RS02910) genes. The
chaperone gene for the “cold shock domain-containing protein”
(B2I23_RS04040) is among the most expressed in Las III.

The classification of genes mapped in the COGs (Tatusov et al.,
2000) identified a greater number of genes mapped in the COGs
translation (J), replication and repair (L), cell wall/membrane
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FIGURE 2 | Read abundance mapped to “Candidatus Liberibacter asiaticus” genes (reference strain JXGC, NZ_CP019958.1) expressed in gut samples from
Diaphorina citri after acquisition access periods of 1/2 days (Las I) (A), 3/4 days (Las II) (B), or 5/6 days (Las III) (C), mean log2FPKM.

biogenesis (M), energy production (C), and amino acid transport
and metabolism (E) (Figure 3).

When only Las III libraries were analyzed, Clusters I, II, and
III that code flagellar proteins (COG N) with average values of
log2(FPKM) of 5.53, 6.27, and 6.11, respectively (Figure 4), stand
out. The genes motE, flgA, fliE, flgB, and flgC were not mapped
(Supplementary Table 1). The sequences predicted for pilins
(COG: U) present average values of log2(FPKM) of 12.49, above
the average value of Las III. A region with genes for proteins
involved in the lipopolysaccharide synthesis (COG: M) presented
values of log2(FPKM) of 10.8, also above the average in Las III.
The region that includes 21 out of the 54 ribosomal proteins
annotated in the Las genome, located in the region 128 kbp
to 137 kbp, and others where 14 subunits of NADH-quinone

oxidoreductases are annotated in the region 816 kbp to 829 kbp
(Figure 4), presented average log2(FPKM) values of 9.0 and 8.4,
respectively. The list with FPKM and log2(FPKM) values for
all mapped genes from the Las JXGC strain in each library is
available as Supplementary Table 3.

Mapping of Las Prophages SC1, SC2,
and P-JXGC-3 in the Gut of D. citri
Reads from Las-infected libraries mapped against the genomes
of prophages SC1 (UF506) and type 3 (P-JXGC-3) (Figure 5).
In the widely conserved region shared between both prophages,
known as early genes and also shared with SC2, the high
similarity of gene sequences does not allow for differentiation as
to the presence of reads between prophages, except in divergent
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FIGURE 3 | Distribution of the cluster of ortholog groups in “Candidatus Liberibacter asiaticus” (reference strain JXGC, NZ_CP019958.1), measured as mapped
reads in Diaphorina citri gut after acquisition access periods of 1/2 days (Las I) (A), 3/4 days (Las II) (B) or 5/6 days (Las III) (C).

regions. There were no reads mapped in the SC1/type 3 genes:
SC1_gp175/PJXGC_gp25 and SC1_gp185/PJXGC_gp26, both
coding hypothetical proteins, and in SC1_gp215/PJXGC_gp32,
an endonuclease (VVR-NUC). The other shared genes were
mapped, while a few divergent genes were not mapped
(Figure 5). The highest number of mapped reads among all
libraries was for the hypothetical protein PJXGC_gp17 gene
(B2I23_RS05520)/SC1_gp135 (Figure 2).

In prophage late region, read coverage was 68.75% in
the SC1 genes and 60% in P-JXGC-3 (Figure 5). In the
prophage SC1, the following genes had reads mapped (genes
without indication are hypothetical proteins): SC1_gp005,
SC1_gp010, SC1_gp015, SC1_gp025 (tail fiber protein),
SC1_gp030, SC1_gp035 (endolysin), SC1_gp045, SC1_gp050,
SC1_gp060 (colicin IA), SC1_gp080, and SC1_gp085 (major tail
subunit). The following genes were not mapped: SC1_gp090
(major capsid protein), SC1_gp095, SC1_gp100, SC1_gp105
(head-to-tail joining protein), and SC1_gp110 (holin). In
P-JXGC-3, only the genes PJXGC_gp01, PJXGC_gp02, and
PJXGC_gp07 to PJXGC_gp10 that code subunits R and S of the
deoxyribonuclease type I site-specific (HsdR) and two subunits
of the SAM-dependent DNA methyltransferase, respectively,

were mapped. From the SC2 prophage, only SC2_gp020 was
exclusively mapped.

DISCUSSION

Diaphorina citri acquires Las during feeding on infected plants
(Hung et al., 2004; Inoue et al., 2009; Pelz-Stelinski et al., 2010),
while transovarial transmission of Las to vector offspring is
reported as low or absent (Hung et al., 2004; Pelz-Stelinski et al.,
2010). The obtention of D. citri gut samples with Las requires
manipulation of individuals to dissect them while keeping not
only the integrity of the organ but also the quality and amount
of mRNA necessary, in particular from the bacterium, to reveal
genes whose transcription does occur in the psyllid gut. D. citri
feeding on young citrus flushes infected by Las, under proper
environmental conditions as those used in this study, generates
high rates of infective psyllids, also able to transmit Las at high
rates as a consequence of the high bacterial titer in the psyllid
(Lopes and Cifuentes-Arenas, 2021). Psyllids that fed on Las-
infected citrus shoots for a period of 5 to 6 days had 10 times
more Las in their guts than those that fed for shorter periods of
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FIGURE 4 | Gene expression level along “Candidatus Liberibacter asiaticus” chromosome of selected clusters of genes. Flagellar clusters (COG N: Clusters I, II, and
III), “Flp family type IVb pilins” (COG U), transferases (COG M), ribosomal proteins, and NADH-quinones genes are individually shown and their position in the
chromosome is indicated. Read abundance (log2FPKM) taken from Diaphorina citri gut library from the acquisition time 5/6 days (Las III) mapped in strain JXGC
(NZ_CP019958.1).

up to 4 days. The employed methodology enabled us to assess
the Las transcriptome in the gut lumen and in association with
gut epithelium from D. citri. Meanwhile, lower Ct-values for Las
16SrDNA were observed for the longer feeding time and higher
Las read mapping was found in those libraries (Las III > Las
II > Las I). For the longer feeding time (Las III, of 5 and 6 days)
assessed in Las-infected plants, 0.53% of total reads mapped
against Las reference genome JXGC. This value falls in the range
observed by other authors, such as the mapping of 0.50% of
transcriptome reads of the whole body of B. cockerelli against
the Lso genome (Ibanez et al., 2014). Transcriptome analysis
of Las was comparatively carried out in citrus and in dodder,
with read mapping ranging from 0.11% to 1.44%, respectively
(Li et al., 2021), while in adventitious citrus roots in culture
media and in alimentary canals of D. citri, 0.28% to 2.51% of
reads mapped to Las genome (Zuñiga et al., 2020). In contrast,
only 0.01% of reads obtained from infected grapevine mapped
against the flavescence dorée phytoplasma (Abbà et al., 2014).
Las DNA detection in relation to host DNA is higher in psyllids
than in citrus (Selvaraj et al., 2018), and this favors the obtention
of Las nucleic acid from psyllids for metagenomic (Duan et al.,
2009; Lin et al., 2013) and metatranscriptomic (Zuñiga et al.,
2020) analysis.

The gut represents the first cell barrier that Las has to cross
to systemically infect the psyllid body (Ammar et al., 2011a) and
Las achieves high titer in this organ (Ammar et al., 2011a,b;
Ghanim et al., 2017), though most of psyllid organs become
infected (Ammar et al., 2011a,b). The transmission efficiency
of Las by psyllids is related to the ability of the bacteria to
multiply in the psyllid body (Ukuda-Hosokawa et al., 2015), as

well as their ability to cross internal barriers in the ACP body,
particularly the psyllid gut, hemolymph, and salivary glands
(Ammar et al., 2011a,b; Ammar et al., 2016; Cicero et al., 2017;
Ghanim et al., 2017). In this regard, the transcriptional status of
Las in the gut is critical for psyllid infection and colonization.
Reads from psyllids fed on healthy citrus plants (H I, II, and
III) have, in addition to hits of psyllids sequences, reads with
sequences similar to Las from endosymbiont bacteria, such as in
the conserved regions from bacterial ribosomal genes. Depletion
of ribosomal RNA prior to library construction allowed mRNA
enrichment with the concomitant obtention of a representative
number of reads (0.53%) with a Las gene expression coverage
of 95%. While part of the reads still mapped to ribosomal
genes, as observed in the RNA-Seq of Lso (Ibanez et al.,
2014), depletion of such abundant sequences is essential to
transcriptomic studies of eukaryote-associated bacteria (Kumar
et al., 2015). D. citri has a rich microbial flora, composed of
primary syncytium endosymbionts, “Ca. Carsonella ruddi” and
“Ca. Profftella armature” (Nakabachi et al., 2013), secondary
intracellular symbionts (Subandiyah et al., 2000; Guidolin and
Cônsoli, 2013), and a range of extracellular bacteria (Kolora
et al., 2015). The gene lysE from Las (B2I23_RS04390) codes for
a protein whose function is predicted in amino acid transport
and metabolism. That gene was acquired from “Ca. P. armatura”
(Nakabachi et al., 2013a,b), indicating not only horizontal gene
transference but also similarity between gene sequences from
endosymbiotic bacteria with Las in the psyllids. Besides primary
endosymbionts, D. citri populations in particular from Brazil
have fixed infections by Wolbachia (Guidolin and Cônsoli, 2013;
Dossi et al., 2014). Average incidence of Las in D. citri was
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FIGURE 5 | Read mapping against “Candidatus Liberibacter asiaticus” (Las) SC1 (type 1) and SC2 (type 2) prophages from Las UF506 (HQ377374) and P-JXGC-3
(type 3) prophage from Las JXGC (KY661963). Blue arrows indicate genes mapped in at least two libraries while red arrows had no reads mapped. Asterisk is the
Las genes with the highest number of mapped reads. Expression level taken from Diaphorina citri gut library from the acquisition time 5/6 days of rearing in
Las-infected citrus (Las III).

65% in São Paulo State/West Minas Gerais State in Brazil
(Wulff et al., 2020).

Plant pathogenic Liberibacters infect a range of hosts of
economic importance (Garnier et al., 1984; Teixeira et al.,
2008; Bové, 2006; Liefting et al., 2008; Munyaneza et al., 2009;
Thapa et al., 2020), share features that render their study
cumbersome, such as growth restricted to the phloem of infected
plants, and are well-adapted to psyllid vectors. The majority of
bacteria with reduced genome sizes, as is the case of Liberibacters
(Duan et al., 2009; Lin et al., 2011; Wulff et al., 2014; Lin
et al., 2015), have lost genes underlying the biosynthesis of
compounds readily available from the host, as well as regulatory
elements such as sigma factors (Konstantinidis and Tiedje, 2004).
Ca. Liberibacter americanus (Lam) is also associated with HLB
symptoms and have D. citri as vector, although currently is rare
to find in the field (Teixeira et al., 2008; Bassanezi et al., 2020).
Genes absent in Lam (Wulff et al., 2014) but found in Las were
expressed in the psyllid gut. A relation that can be seen in reduced
genomes with adaptive pressure and evolutive process is the loss
of redundant and non-functional gene sequences (Mira et al.,
2001; Sällsträm and Andersson, 2005), a factor that certainly
renders these Liberibacters highly host-dependent for growth.
L. crescens is the only Liberibacter available in axenic culture,
which makes it suitable to functional studies and growth assays
(Leonard et al., 2012; Jain et al., 2015; Jain et al., 2017b; Cruz-
Munoz et al., 2019; Zuñiga et al., 2020). In Las strains and other
Liberibacters that have their genomes sequenced, type II secretion
system, avr and hrp genes, plant cell wall degrading enzymes, and
several known virulence determinants also found in other plant
pathogenic bacteria are absent (Duan et al., 2009; Lin et al., 2011;
Wulff et al., 2014; Lin et al., 2015) but potential Las effectors
(Thapa et al., 2020) were expressed in the psyllid gut in our
analysis, except for CLIBASIA_04530.

The greater resolution power provided by the transcriptome
analysis as compared to RT-qPCR might be used to link
diverse cellular processes to gain understanding in active
metabolic pathways for Las (Zuñiga et al., 2020). The process
of host invasion and colonization by pathogens, leading to
multiplication and increased titer, requires gene expression
for the synthesis of proteins from housekeeping functions
and energy production. A high number of reads mapped

to genes coding for ribosomal proteins, NADH-quinone
oxidoreductases, and genes for lipopolysaccharides synthesis,
collectively indicating metabolic activity of Las during gut
infection in D. citri. B2I23_RS03735 codes for subunit C of
NADH-quinone oxidoreductase (NuoC). Subunits NuoA to
NuoN form the core enzyme of complex I for the bacterial
respiratory chain (Spero et al., 2015). The nuoC gene was mapped
as one of the most expressed in Las I and Las II, and the 14
genes of the complex I subunits were expressed in Las II and
Las III. In most bacterial clades, nuoA to nuoN are expressed
as a polycistronic operon (Spero et al., 2015). Yan et al. (2013)
assessed the expression of nuoA from this operon and found
higher expression in psyllids than in plants. The expression of
genes from the complex I by Las during gut colonization indicates
that NADH reoxidation maintains the redox state of the cell
(Spero et al., 2015).

Overall, 35 genes coding for hypothetical proteins were not
mapped in Las in the psyllid gut, whereas 44 genes were
not expressed in Lso in the B. cockerelli body (Ibanez et al.,
2014). A gene coding for a protein with a VRR-NUC domain
was not expressed in either Liberibacter (CKC_RS01050 or
B2I23_RS05600). Lack of expression of four out of the five genes
preceding the insertion point of the type 3 prophage was observed
in Las. Twenty-one of the genes not expressed in psyllid gut were
also not expressed in citrus, while only three were not expressed
in dodder (Li et al., 2021).

The Clp protease complex degrades unfolded proteins,
transcription factors, and phage proteins, besides being involved
in regulatory processes (Porankiewicz et al., 1999). The high
read mapping to B2I23_RS00740 together with the expression
of other genes from the protease complex indicates coordinated
expression for proteolysis. B2I23_RS04070 codes for a dTDP-
4-dehydrorhamnose 3,5-epimerase (RfbC) that together with
RfbABD (Graninger et al., 1999) produces rhamnose containing-
polysaccharide, such as those found in Rhizobium spp. (Ghosh
and Maiti, 2016). All four genes (rfbABCD, B2I23_RS04070
to B2I23_RS04085) were highly expressed in all time periods,
and additional genes for the lipopolysaccharide biosynthesis
were gradually expressed from Las I to Las II, with all genes
being expressed in Las III, indicating active synthesis of cell
envelope components.
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Chaperonins such as the cold shock domain-containing
protein (B2I23_RS04040) and the hsp20 family protein
(B2I23_RS02935) were highly mapped in Las genome in the
D. citri gut. Lso in B. cockerelli also had high expression of
the gene coding for a cold shock protein (CKC_03300), whose
regulation is correlated with pathogenicity factors and adaptation
to new environments (Ibanez et al., 2014; Mohamed et al., 2020).
GroEL/GroES were expressed in all libraries. Not only the same
cold shock domain gene but also chaperonins groEL/groES
were among the 20 most expressed genes from Las in citrus
(Li et al., 2021).

Six flp family type IVb pilin genes from Las were mapped in
the gut libraries. Type IV pili is a virulence factor (Wairuri et al.,
2012), and pilins exert a role during interaction with surfaces,
notably during superficial adhesion, potentially being involved in
biofilm formation. Las flp3 is upregulated in whole psyllid bodies,
while visN and visR, two LuxR-type transcriptional regulators,
are downregulated (Andrade and Wang, 2019). In contrast to
the expression profile observed in whole D. citri bodies, all six
pilin genes were highly mapped in the gut, with flp1, flp4, and
flp5 among the most mapped genes. Las express four pilins in
citrus (Li et al., 2021) and flp1 has the highest number of mapped
reads in contrast to that observed in psyllids (Andrade and Wang,
2019). Oppositely, flp4 and flp5 were not expressed in citrus
(Li et al., 2021), but were in the psyllid gut. Both visN and visR
were mapped in citrus, while in the psyllid gut, the expression
of both regulators was only observed in the library Las III.
Regulation of flp3 by VisNR might allow Las to switch between
forming biofilm and circulative status inside the psyllid hemocoel
(Andrade and Wang, 2019). Lso establishes biofilm during gut
infection of B. cockerelli (Cicero et al., 2016), and L. crescens forms
biofilm in vitro (Naranjo et al., 2019). Whether Las also form
biofilm during gut infection is expected but not shown yet.

Las genome codes for three flagellar clusters, even though
flagella formation in Las is an open question (Andrade et al.,
2019). While at clusters II and III all genes were expressed in Las
III, cluster I had five genes not mapped, which might account for
the absence of flagella in Las (Andrade et al., 2019), since fliE, flgB,
and flgC are not expressed and form the proximal rod together
with flgF, which, in turn, was expressed in Las III libraries.
Flagella-like structures were found in L. crescens (Andrade et al.,
2019) and superficial appendages were found in Lso (Cicero et al.,
2016). Andrade et al. (2019) have shown a higher expression
level of flagella genes in psyllids than in plants, which is in sharp
contrast to what had been observed previously (Yan et al., 2013).
The genes motE and flgC were not mapped in citrus also, in
addition to fliQ, while flgA, flgB, and fliE had a low expression
level (Li et al., 2021), also in agreement with Andrade et al. (2019)
and the mapping analysis shown here.

Among the top 10 genes with higher reads mapped,
three codes for hypothetical proteins (B2I23_RS04020,
B2I23_RS05120, and B2I23_RS05520). In the first genome
sequenced from Las, strain psy62, 26% of the coding sequences
were annotated as hypothetical proteins (Duan et al., 2009). In
the strain Las JXGC, the annotation of hypothetical proteins
was reduced to 14% (Zheng et al., 2018), and from this, 72%
were located in the genome from 687 kbp to 1219 kbp, a region

where the above three hypothetical protein coding genes are
located. Also, the P-JXGC-3 prophage is located in that region,
whose 64% of genes code for hypothetical proteins, including
the most mapped gene B2I23_RS05520. The presence and
abundance of reads in genes from the prophage highlight the
need to perform functional studies with such genes, as already
carried out for some of the Las prophage genes (Fleites et al.,
2014; Jain et al., 2015). Prophage presence stood as a hallmark
of variation between Las genomes, and indeed the average
nucleotide identity for Las isolates is between 99% to 100%
(Thapa et al., 2020) except that larger differences among Las
strains are located in prophage sequences (Duan et al., 2009;
Zhang et al., 2011; Katoh et al., 2014; Zheng et al., 2018), mainly
due to the presence or absence of either one of the prophages or
parts of them. The lack or the presence of prophages can account
for a large fraction of the variation among individuals within a
bacterial species (Casjeans, 2003). Prophages in Las were first
characterized as SC1 and SC2 (Zhang et al., 2011) and later a
third prophage was described (Zheng et al., 2018). There are
potential advantages to the prophage-harboring strains during
host colonization. Prophages contribute to “Ca. Liberibacter
spp.” diversity (Tomimura et al., 2009; Wulff et al., 2014; Jain
et al., 2017a), while there is a small proportion of Las strains
without prophages (Silva et al., 2019; Zheng et al., 2018, 2021).
A higher read mapping was observed in genes from SC1 and
P-JXGC-3 prophages and a few mapped to SC2. There are
several genes potentially involved in lysogenic conversion in
SC2 (Zhang et al., 2011), as well as in plant defense suppression,
such as peroxidases coded by SC2_gp095 and SC2_gp100 (Jain
et al., 2015). The absence of reads mapping to SC2, at least
in the late region that is phage specific, in the current study
is in accordance with the absence of a “standard” SC2 in Las
strains from Brazil (Silva et al., 2019; Silva et al., 2021), as well
as in the Las strain CoFLP1 from Colombia that is a strain
from South America with a completely sequenced genome
(Wang et al., 2021). Coding sequences for B2I23_RS05520 and
B2I23_RS05445 are phage located and among the most mapped
genes in Las in the gut of D. citri. While B2I23_RS05445 is
exclusive from type 3 prophage, there might be a bias in read
mapping for B2I23_RS05520, since this gene has identical
copies in SC1 and type 3 prophages, both belonging to the
early gene region of high similarity among Las prophages.
Both genes were also highly mapped in Las transcriptome from
citrus (Li et al., 2021). Genes whose products are involved in
phage activity were expressed, such as SC1_gp115 (terminase),
SC1_gp195 (exonuclease), SC1_gp210 DNA (polymerase A),
and SC1_gp220 (helicase). The absence of reads mapped to
SC1_gp090 (major capsid protein) and SC1_gp110 (holin) from
Las while in the psyllid gut indicates no production of viral
particles. Nevertheless, there is low similarity in the genomic
sequence between SC1_gp090 (UF506) and Las strain 9PA (Silva
et al., 2021) or the isolate CoFLP (Wang et al., 2021), and even
though the Las strain from Brazil is not completely sequenced,
the absence of the major capsid protein gene in the strain used
is more likely, since neighboring genes are present as is the
case of SC1_gp110 (holin) in that strain. The orthologous gene
CD16_RS05495 that codes for a major capsid protein from Las
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strain A4 was expressed in citrus and dodder (Li et al., 2021),
in agreement with phage particles being found in periwinkle
(Zhang et al., 2011). Read mapping to SC2_gp020 would not
be expected if the SC2 prophage is absent in the studied Las
strain, but reads were mapped to this exclusive gene. Nonetheless,
the presence of only SC2_gp020 from the late region from
SC2 might indicate rearrangement among 3′ and 5′ of the
SC2 prophage, as observed for the Las strain 9PA, and besides
that, genes exclusive to the 5′ of SC2 are also present in Las
Brazilian strains (Silva et al., 2019, 2021). The expression of
the SC1 prophage late genes was outstanding but not all genes
were expressed, indicating specific transcription inhibition in the
psyllid, as observed for SC1_gp110 (holin) (Jain et al., 2017a)
and adjacent genes.

Read mapping of Las genes indicates a high number of genes
being expressed in the initial step of D. citri gut colonization.
Such genes should be essential for Las to colonize insect organs,
since higher read coverage was observed after longer feeding
periods in Las-affected plants. The low percentage of non-
expressed genes indicates that the reduced genome of Las is
highly active in transcription. Transcriptome studies should help
define targets to better understand the interaction of Liberibacter
with its hosts and to design strategies to better cope with HLB in
the near future.
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