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The tomato-potato psyllid, Bactericera cockerelli (Sulc), belonging to the
Hemiptera order, is an insect pest of solanaceous crops and vectors a
fastidious bacterium, Candidatus Liberibacter solanacearum (CLso), the
presumptive causal agent of zebra chip and vein greening diseases in potatoes
and tomatoes, respectively. The genome of B. cockerelli has been sequenced
recently, providing new avenues to elucidate mechanistic insights into
pathogenesis in vegetable crops. In this study, we performed RNA-sequencing
of the critical psyllid organs (salivary glands and ovaries) involved in CLso
pathology and transmission to host plants. Transcriptome analysis revealed
differentially expressed genes and organ-specific enrichment of gene ontology
(GO) terms related to metabolic processes, response to stress/stimulus,
phagocytosis, proteolysis, endocytosis, and provided candidate genes
encoding transcription factors (TFs). To examine gene regulatory networks
across the psyllid organs under CLso(-) and CLso(+) conditions, we performed
weighted gene co-expression network analysis (WGCNA), and unique modules
differentiating the psyllid organs were identified. A comparative GO analysis of
the unique gene modules revealed functional terms enriched in response to
stress, gene regulation, and cell division processes in the ovaries. In contrast,
respiration, transport, and neuronal transmission-related GO terms were
enriched in the salivary glands. Altogether, this study reveals new insights into
tissue-specific expression of the psyllid organs in the absence or presence of
CLso bacterium. This knowledge can be leveraged to develop new pest and
disease management strategies by delineating the regulatory networks involved
in the psyllid-CLso interaction.
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Introduction

The tomato-potato psyllid, Bactericera cockerelli (Hemiptera:
Triozidae), is an important insect pest among several vegetable
crops, including tomatoes, potatoes, peppers, and eggplants
(Wenninger and Rashed, 2024). The growing prevalence and
spread of B. cockerelli in several American and Oceanian
countries, especially in the face of global climate changes, is
concerning (Wan et al., 2020; Mora et al, 2021). B. cockerelli
transmits Candidatus Liberibacter solanacearum (CLso), the
presumptive causal agent of potato zebra chip and tomato vein
greening diseases (Mora et al, 2021). This insect feeds on the
phloem tissues of plants to obtain nutrients and essential amino
acids. Not only the host plants are adversely damaged by feeding-
associated injury and nutrient depletion (Valenzuela et al., 2020;
Mora et al, 2021), the transmission of CLso bacterium during
feeding further aggravates plant health by inducing various disease
symptoms, including chlorosis, necrosis, upward leaf curing, and
stunting (Munyaneza, 2012; Avila et al., 2019; Mora et al,, 2021).
The interactions and relationship between the psyllid and
bacterium have yet to be fully understood. A mutually beneficial
relationship between the psyllid and certain species of
endosymbiont bacteria, including Wolbachia and Sodalis species,
has been reported (Cooper et al., 2022). In one scenario, CLso could
exist in the psyllid under a symbiotic relationship. In this context,
CLso may gain nutrition from the psyllid (Tsuchida et al., 2004),
while the bacteria may offer psyllids protection from their natural
predators, host plant defenses, insecticides, and/or other
environmental hazards (Qiu and Scholthof, 2000; Montllor et al.,
2002; Heyworth and Ferrari, 2016; Doremus and Oliver, 2017). In
contrast, in a second scenario, CLso could have a negative
relationship as a pathogen/parasite of the insect. There are few
reports of CLso adversely affecting metabolic and reproductive
fitness in B. cockerelli (Nachappa et al., 2014; Albuquerque
Tomilhero Frias et al., 2020). The presence of CLso in the psyllid
reduces the efficacy of female oviposition and reproduction, which
subsequently determines the selection of the host plants. The
phenomenon is described as the preference-performance
hypothesis (PPH) to ensure the successive transmission of the
bacterium mostly in the vasculature tissue of the host plants
(Mayhew, 1997; Gripenberg et al., 2010; Jones, 2022). Regardless,
understanding the intricate interactions (beneficial or
antagonistic) between the psyllid and the bacterium is crucial for
developing strategies to control the psyllid- and CLso-induced
crop losses.

The fastidious (unculturable) nature of the CLso bacterium
thriving in limited environments within the insect and host plant
tissues further hampers our understanding of the processes
involved in pathogenesis. With the advent of next-generation
sequencing, genome-wide studies have become a vital approach to
studying the relationship between plant and insect vectors and the
associated microbes. A few studies analyzed transcriptomes of B.
cockerelli in response to CLso by employing de-novo assemblies
since the reference genome was previously unavailable (Nachappa
et al, 2012; Huot et al, 2018). The results showed dynamic
expression of psyllid genes and enrichment of functional terms
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related to the immune response under the influence of CLso
(Nachappa et al., 2012; Huot et al., 2018). We have also examined
CLso transcriptomes and identified potential candidate genes
underlying plant-pathogen and psyllid interactions (Ibanez et al,
2014). However, tissue-specific expression profiles of the B.
cockerelli vectoring CLso remain unexplored.

In this study, leveraging the recently released psyllid reference
genome (Kwak et al., 2023), we performed RNA-Seq and
transcriptome analysis of the psyllid organs (salivary glands and
ovaries), which are critical for CLso biology and transmission. We
identified differentially expressed genes (DEGs) under the influence
of the CLso bacterium, organ-specific genes, and co-expressed
modules distinguishing the two distinct psyllid organs using
weighted gene co-expression network analysis (WGCNA).
Furthermore, comparative GO enrichment analysis revealed
specific biological processes enriched among the ovaries and the
salivary glands, implicating insights into CLso acquisition,
replication, and transmission in the psyllid vector.

Materials and methods

Insect maintenance, RNA isolation, and
RNA-Sequencing

B. cockerelli colonies free of CLso [CLso(-)] or carrying CLso
(haplotype B) [CLso(+)] were reared on potato plants and
maintained at the Texas A&M AgriLife Research & Extension
Center, Weslaco, Texas. The absence [CLso(-)] or presence [CLso
(+)] of the CLso bacterium in the psyllid salivary glands and ovaries
was determined by employing molecular diagnostics; polymerase chain
reaction (PCR) using 16S rDNA primers specific to the CLso (Avila
etal., 2019). Further, salivary glands and ovaries of teneral adult psyllids
were carefully dissected under the microscope. Briefly, total RNA from
three biological replicates representing the salivary glands and ovaries
of CLso(-) and CLso(+) psyllids were extracted using a Direct-zol RNA
Miniprep kit (Zymo Research, Irvine, CA). The quantity and quality of
the RNA samples were estimated by NanoDrop-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and
Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively.
The four RNA samples representing CLso(-) and CLso(+) conditions
of the salivary glands and ovaries were further processed to prepare
libraries and sequenced in paired-end mode to obtain 150 bp long
reads per Illumina’s recommendations (San Diego, CA) at Texas A&M
AgriLife Genomics and Bioinformatics Services (College Station, TX).
The raw files of RNA-Seq data of the four samples, each with three
biological replicates, have been deposited at NCBI's Gene Expression
Omnibus (GEO) under the PRJNA1076531
accession number.

BioProject

RNA-Seq data processing and gene
expression analysis

The quality of the paired-end reads was analyzed using the NGS
QC Toolkit using the default parameters (Patel and Jain, 2012). The
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high-quality reads were mapped to the reference genome of B.
cockerelli (Kwalk et al., 2023) using the STAR aligner at default
settings (Dobin et al., 2013). The number of reads in each gene was
estimated using the reference annotations (Kwalk et al., 2023) and
the feature Counts tool at the default settings (Liao et al., 2014).
Differentially expressed genes (DEGs) under CLso(+)/CLso(-)
[CLso(-) as reference] in each organ and/or between the two
organs (ovaries/salivary glands; salivary glands as reference)
under CLso(+) and CLso(-) conditions were estimated with the
default normalization algorithms implements in DESeq2 tool (Love
etal, 2014). In addition, each gene’s expression level was estimated
using the normalized read count data by considering read depth and
gene size (fragments per kilobase per million mapped
fragments; FPKM).

Principal component analysis

Principal component analysis (PCA) was performed using the
expression values (FPKM) with the Factoextra package in the R
program to examine the relationship among the four samples. The
Pearson correlation coefficient (R) among the four samples was
estimated and shown via heatmap using Python scripts.

Chromosome-wide gene expression
and distribution

To examine the chromosome-wide expression patterns, we first
classified all genes into expressed (=0.5 FPKM) or not-expressed
(<0.5 FPKM) categories. Subsequently, the frequency of expressed
genes per 100 KB was estimated and plotted via Circos-plot
(Krzywinski et al., 2009). Likewise, the chromosome-wide
expression level was estimated and visualized using box plots.

Tissue-specific expression analysis

To examine organ-specific expression under CLso(+) and CLso
(-) conditions, we estimated the tissue specificity index (TSI)
(Kryuchkova-Mostacci and Robinson-Rechavi, 2017) among the
four samples. Only the expressed (=0.5 FPKM) genes in any of the
four samples were selected and used as input to determine TSI in
the R program. Those genes with 0.9 TSI in any of the four
samples were considered specifically expressed, as described
previously (Jain et al., 2022a).

Gene co-expression network analysis

We performed a weighted gene co-expression network
(WGCNA; v1.61) (Langfelder and Horvath, 2008) analysis among
the four distinct samples to identify sets of co-expressed genes
exhibiting significant correlation. Genes with >0.1 FPKM in any of
the four samples were selected and transformed into a log, scale.
Those genes with >0.1 variances (based on their log, transformed
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FPKM values) were further used to determine significantly
correlated modules. A cut-off of 9 B-value (soft-threshold power)
and scale-free topology index (R?*) was used to estimate the
adjacency matrix and sets of co-expressed modules with high
correlation (R) and significance (P-value) as described earlier
(Garg et al,, 2017). The relationship of the co-expressed modules
was determined using the default parameters implemented in the
WGCNA program and displayed as a dendrogram.

Gene ontology analysis

To examine the functional relevance of the DEGs and co-
expressed genes, we performed gene ontology (GO) enrichment
analysis using the BINGO plug-in implemented in Cytoscape
(v3.9.1) (Shannon et al, 2003). The enriched GO terms with
<0.05 P-value were considered significant. The number of genes
and significance level (P-value) in each enriched GO term were
presented via bubble plots generated in the R program. Moreover,
comparative GO analyses among the different sets of genes were
examined using the EnrichmentMap tool implemented in
Cytoscape (v3.9.1) (Shannon et al., 2003).

Identification of genes encoding
transcription factors

To assign transcription factors (TFs), we performed a local
blastP between amino acid sequences of the psyllid proteins with
amino acid sequences of Drosophila melanogaster TFs available in
AnimalTFDB (v3.0) (Shen et al., 2023). The most significant match
with a cutoff of <0.005 P-value was assigned for each gene of D.
melanogaster to determine TFs in B. cockerelli.

Results and discussion

Genomic and transcriptomic attributes of
B. cockerelli

Psyllid tissue-specific transcriptome rendered in a total of 8.44-
11.78 million paired-end reads for each sample. Of these, 93-95%
were high-quality reads, as determined by the NGS QC Toolkit
(Patel and Jain, 2012). The reads were next mapped to the B.
cockerelli reference genome (Kwak et al., 2023). The current B.
cockerelli genome draft is the first release and consists of ~4409
scaffolds of at least >1 kb size, with 13 biggest scaffolds representing
13 distinct chromosomes, covering ~92% of the psyllid genome
(Kwak et al., 2023). Due to noncontiguous sequences in the smaller
scaffolds, we only mapped the RNA-Seq reads to the 13 biggest
scaffolds. In total, ~4.71-7.48 million read pairs were mapped
uniquely (~53-66%) to the 13 biggest scaffolds of the reference
genome (Kwak et al., 2023) (Supplementary Table 1). The mapping
percentage could be marginally higher if the reads were mapped to
all other scaffolds. Approximately 19,699 genes were annotated on
the 13 chromosomes (Kwak et al,, 2023). All the downstream
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transcriptome analyses were performed with these reference
gene annotations.

First, we examined the broader relationships of the four distinct
samples representing the salivary glands and ovaries of CLso(-) and
CLso(+) psyllids using the FPKM expression metric. The
transcriptome profiles of the salivary glands and ovaries were
quite distinct, with Pearson’s correlation of 0.34 and 0.38 under
CLso(-) and CLso(+) conditions, respectively. In response to CLso
[CLso(-) vs CLso(+)] within the specific organ(s), a correlation of
0.97 and 0.74 were detected in the salivary glands and ovaries,
respectively (Figures 1A, B). These correlations were as expected
since transcriptomes of distinct tissue types/organs would be more
disparate than the overall gene expression profiles influenced by
CLso’s presence. Recently, a tissue-specific transcriptome analysis
of another closely related psyllid, Diaphorina citri (Asian citrus
psyllid), vectoring Candidatus Liberibacter asiaticus (CLas), the
presumptive causal agent of Huanglongbing disease was reported
(Mann et al, 2022). The results showed unique transcriptome
profiles in the distinct organs responding to CLas (Mann et al,
2022). Our results in B. cockerelli in response to CLso were broadly
similar to those observed for the tissue-specific transcriptomes of
the Asian citrus psyllid vectoring CLas in the virtue of organ-
specific transcriptome signatures under the influence of fastidious
bacteria (Mann et al., 2022).

Chromosome-wide transcriptome
dynamics of B. cockerelli

The 13 chromosomes of B. cockerelli were assigned into 12
autosomes and one sex chromosome (Kwak et al., 2023). The size of
the autosomes ranged from 23.61 65.45 Mb, while the sex
chromosome spanned 22 Mb (Kwak et al., 2023). The genomic
attributes of the ~19,699 B. cockerelli annotated genes and their
expression dynamics remain unexplored. Here, we analyzed the
length distribution of the ~19,699 B. cockerelli genes. A substantial
fraction (26.3%) of the genes were ~1-3 kb long (Supplementary
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Figure 1A). Next, we examined the chromosome-wide expression
profiles based on the FPKM metric. Genes with >0.5 FPKM were
considered expressed (Jain et al., 2022b). Among the 12 autosomes,
~980-2888 genes were located per chromosome. Of them, ~535-
1,598 (~37.96-61.2%) genes were found to be expressed in any of
the four distinct samples analyzed. A similar analysis was
performed with the single sex chromosome, too. The percentage
of expressed genes on the sex chromosome was greater (58.59-
68.98%; 531 out of 693 annotated genes) than the autosomes
(Supplementary Figure 1B; Supplementary Table 2). Further, we
estimated the frequency of expressed genes in a window size of 100
kb, as shown via Circos-plot. In general, the expressed genes were
found to be evenly distributed across the length of most of the
chromosomes (Supplementary Figure 2A). Interestingly, ChrX
harbored the highest frequency (58.59-68.98%) of expressed genes
(20.5 FPKM) and the least frequency in Chrl2 (37.96-44.59%) and
Chrl (39.44-43.39%) in any of the four samples analyzed
(Supplementary Figures 1B, 2A). Moreover, the expression level
of genes located in ChrX (1.18-2.69; log, transformed FPKM
median expression) also exhibited higher expression than
autosomes (0.16-0.63; log, transformed FPKM median
expression) in all four samples analyzed (Supplementary
Figure 2B). The high-level expression of genes on the sex
chromosome may be critical for regulating biological processes
related to sex determination and governing reproductive
development processes in B. cockerelli.

Transcription factors (TFs) play an important role in regulating
the expression of downstream genes via binding in their cis-
regulatory elements (CREs) (Priest et al, 2009; Wittkopp and
Kalay, 2011). However, the genes encoding TFs in B. cockerelli are
not well annotated or described in the released genome (Kwalk et al.,
2023). Therefore, we annotated and characterized the TFs in B.
cockerelli based on the most significant match with drosophila’s TFs
available in AnimalTFDB (v3.0) (Shen et al., 2023). A total of 801
genes encoding TFs were detected in B. cockerelli. Of these, 528-575
TFs were found to be expressed with >0.5 FPKM (Figure 2A). The
percentage of expressed TFs (65.92-71.79%) was substantially
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Transcriptome profile of the tomato-potato psyllid organs in response to CLso infection. (A, B) Correlation among transcriptomes of the psyllid
salivary glands and ovaries in control psyllids [CLso(-)] and those carrying bacterium [CLso(+)] is shown via PCA plot (A) and heatmap (B). The scale

depicts Pearson’s correlation coefficient (R).
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Expression profile of genes encoding TFs and non-TFs. (A) The number of expressed (>0.5 FPKM) genes encoding TFs and non-TFs in the salivary
glands and ovaries in control psyllids [CLso(-)] and those carrying bacterium [CLso(+)] is shown in a bar plot. (B) The expression level of the genes
encoding TFs and non-TFs of the four samples given in (A) is shown via a violin plot. (C) The fraction of different types of expressed TFs in any of the

four samples given in (A, B) is shown via a pie chart.

higher than non-TF genes (46.71-52.39%) across the four different
samples (Figure 2B; Supplementary Table 3). Among the expressed
TFs, 2f-H2C2 (30.37%), zf-C2H2 (22.43%), BTB (9.97%),
homeodomain (5.3%), and HLH (4.21%) were the five topmost
represented classes of TFs (Figure 2C; Supplementary Table 3).
Further, to examine genes expressed in an organ-specific
manner in the salivary glands and ovaries in the CLso(-) or CLso
(+) conditions, we estimated the tissue specificity index (TSI) of the
four distinct samples using their FPKM values (Kryuchkova-
Mostacci and Robinson-Rechavi, 2017). The relevance and
estimation methods are quite different from differential
expression analysis. In TSI, a set of uniquely expressed genes is
determined in a tissue/organ/condition-specific manner with
reference to all the other remaining samples. In contrast,
differential expression analysis is performed between two samples,
representing only one reference. TSI analysis showed that 123 and
20 genes exhibited tissue-specific expression under the CLso(-)
condition in the salivary glands and ovaries, respectively.
Likewise, 119 and 41 genes showed a tissue-specific expression
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under the CLso(+) condition in the salivary glands and ovaries,
respectively (Figure 3A). Gene ontology (GO) analysis revealed
significant enrichment of processes involved in localization/
transport, signaling, and endocytosis preferentially/specifically
under CLso(+) condition in the salivary glands. Likewise, specific
enrichment of GO terms involved in the primary metabolic process,
macromolecule metabolic process, and protein metabolic processes
were observed under the CLso(+) condition in the ovaries. In
contrast, significantly enriched processes under the CLso(-)
condition in both organs were represented with only a few genes,
rendering only a trivial correlation in the absence of CLso
(Figure 3B). In addition, other attributes of GO enrichment
analysis, such as molecular function and cellular component, were
interrogated. Molecular function GO terms involved in DNA
binding, signal transducer activity, ATP binding, and membrane
transporter activity were enriched in specifically expressed genes in
salivary glands under CLso(+) condition, and localized in the
membrane, plasma membrane, membrane-bound vesicles
(Supplementary Figures 3A, B). Likewise, GO terms related to
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A tissue-specific expression of the psyllid genes in response to CLso. (A) Heatmap showing the expression level of genes expressed in a tissue-
specific manner (>0.9 TSI) of the psyllid salivary glands and ovaries under CLso(-) and CLso(+) conditions. The scale represents the expression level
(FPKM) in a row-wise z-score. The number of genes in each category is shown at the bottom of the heatmap. (B) The enriched GO terms in the
uniquely expressed genes in the salivary glands and ovaries under CLso(-) and CLso(+) conditions are shown via a bubble plot. The scale represents
the significance level (P-value) and number of genes in each enriched GO term.

catalytic activity, peptidase/endopeptidase activity, and localization
in intracellular spaces were enriched under the CLso(+) condition
in ovaries. Conversely, the enrichment of the molecular function
and cellular component GO terms were underrepresented in CLso
(-) condition in both the salivary glands and ovaries
(Supplementary Figures 3A, B). We suggest that the influence of
CLso might be implicated in determining unique signatures of the
two distinct organs via regulating stress-responsive biological
processes and functions.

Differential expression analysis in response
to CLso within the distinct organ(s)

A few previous studies analyzed the differential expression of
genes in response to CLso in the whole psyllid (B. cockerelli)
(Nachappa et al, 2012; Huot et al, 2018). The psyllid salivary
glands and ovaries are vital organs for pathogenesis and
transmission to the host plants. Therefore, a tissue-specific
differential expression analysis in these organs in response to CLso
may provide blueprints for insect-pathogen interactions. We identified
DEGs between CLso(-) and CLso(+) conditions [CLso(-) as reference]
within the distinct organ(s). A total of 110 and 93 genes exhibited up-
and downregulation under the CLso(+)/CLso(-) condition in the
ovaries (Figure 4A; Supplementary Table 4). Likewise, 514 and 479
genes showed up- and downregulation in response to CLso in the
salivary glands, respectively (Figure 4B; Supplementary Table 4).
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Next, we identified common and unique sets of genes that were
up- and downregulated in response to CLso in the two psyllid
organs. A total of 54 and 461 genes were upregulated explicitly in
the ovaries and salivary glands, respectively. Likewise, 66 and 449
genes exhibited specific downregulation in the ovaries and salivary
glands, respectively (Figure 4C). To examine the functional
relevance of these uniquely up- and downregulations in response
to CLso, we analyzed the enrichment of GO terms. Our results
showed that specifically upregulated genes in CLso-infected ovaries
were related to GO terms involved in primary/macromolecule/
protein metabolic processes, proteolysis, and cuticle development.
For instance, the GO term ‘proteolysis’ contained the genes
encoding trypsin 1, carboxypeptidase N, and cathepsin LI. These
are critical proteolytic enzymes involved in diverse biological
processes, such as reproduction, embryo development, and
immunity (Law et al, 1977; Krautz et al, 2014; Jagdale et al,
2017; Yu et al, 2019; Ferrara et al, 2020). The upregulation of
cathepsin L1 (BcCathLl) in psyllid ovaries might suggest that the
host is mounting a tissue-specific immune response against CLso.
Also, it could be associated with ovarian diapause, reducing the
number of eggs oviposited, as was demonstrated in Coccinella
septempunctata (Linnaeus) (Chen et al., 2022). The
transcriptional modulation of proteolytic enzymes (upregulation)
determined in our study might also be related to a previous study by
Albuquerque Tomilhero Frias et al., 2020, wherein CLso-infected
females (haplotype B, same as used in this study) showed reduced
oocyte development and eggs oviposited compared to uninfected
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FIGURE 4

Differential expression in response to CLso in the tomato-potato psyllid organs. (A, B) The differential expression profiles in response to CLso as
compared to the uninfected control [CLso(+)/CLso(-)] in the ovaries (A) and salivary glands (B) are shown via volcano plots. The number of up- and
down-regulated genes is given in parentheses. (C) The number of genes exhibiting common and unique among the up- and downregulated genes
given in (A, B) is shown via Venn diagram. (D) The enrichment of GO terms for the sets of uniquely up and downregulated genes in response to

CLso in the two distinct organs are shown. Scales represent the significance

level (p-value) and number of genes in each enriched GO term.

Different colors indicated the enrichment of GO terms in each class of genes. (E) A comparative enrichment of GO terms across the four sets of
uniquely up and downregulated genes in response to CLso in the two distinct organs. Node size indicates the number of genes, and different colors

depict different sets of DEGs.

psyllids. We hypothesize that reduced progeny could be associated
with the survival and reproduction of the CLso-infected psyllids in
the host plants. A body of evidence revealed the preference-
performance hypothesis (PPH), which determines the choice of
host plant selection by the phytophagous insect to ensure female
oviposition and successive transmission of the offspring (Mayhew,
1997; Gripenberg et al., 2010). The phenomenon of PPH is
supposedly implicated in the CLso-infected phytophagous psyllids
for their successive transmission. Likewise, GO terms related to
cellular/metabolic processes, response to stimuli/stress,
reproductive cellular process, oxidation-reduction, cell cycle
phase, membrane organization, vesicle-mediated transport, RNA
splicing, phagocytosis, and programmed cell death were enriched in
specifically upregulated genes in the salivary glands (Figure 4D). For
instance, transcripts of Carboxypeptidases (E and M) from the GO
term ‘vesicle-mediated transport’ were up-regulated explicitly in
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CLso-infected salivary glands. Carboxypeptidases belong to a large
family of enzymes governing the cleavage of C-terminal residues
(Gomis-Riith, 2008) and they play an important role in several
biological processes, such as control of peptide activity at the cell
surface and post-translational processing of extracellular proteins
and peptides (Reznik and Fricker, 2001). The function of
Carboxypeptidases is still unclear in tomato/potato-psyllid-CLso
interactions. However, these proteins could be plausibly involved in
the defense response of the host plants. We hypothesize that the
colonization of salivary glands by CLso may modulate the
expression of host vesicle-mediated transport-related genes to
evade plant-immune defenses towards the pathogen, degrading
critical proteins and peptides necessary to reduce insect feeding
behavior and the probability of CLso transmission. An electrical
penetration graph study on CLso-infected psyllids showed a
significant increase in salivation, phloem ingestion, and several
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probes in comparison to the uninfected psyllids (Valenzuela et al.,
2020), supporting our hypothesis; further investigations will unveil
the function of vesicle-mediated transport-related genes in the
potato psyllid-CLso interaction. Conversely, GO terms involved
in the metabolic process, response to stimuli, small molecule
metabolic process, and phagocytosis were enriched in the
specifically downregulated genes in the ovaries. Likewise, GO
terms involved in RNA splicing/processing, locomotion, and
homeostatic processes were enriched in specifically downregulated
genes in the salivary glands (Figure 4D).

Next, we performed a comparative GO among the four sets of
specifically up- and downregulated genes in response to CLso. The
comparative GO enrichment analysis enables us to identify relatively
more significant GO terms among the multiple sets of genes with
greater stringent criteria than the conventional GO enrichment
analysis from a single set of genes. Amino acid/histamine/guanosine
metabolic processes, cuticle development, and protein repair terms
were exclusively enriched in specifically upregulated genes in the
ovaries. Likewise, in response to stress, DNA metabolic and
DNA replication-related GO terms were enriched in specifically
upregulated genes in the salivary glands (Figure 4E). Conversely, no
GO terms were enriched in specifically downregulated genes in the
ovaries. However, metabolic processes related to nucleic acid/
nitrogen compound/small molecule were enriched in specifically
downregulated genes in the salivary glands (Figure 4E). Further
analysis of the molecular function and cellular component GO
terms revealed the enrichment of metal ion binding, hydrolase
activity, peptidase activity, and localization in intracellular spaces in
the upregulated genes in response to the presence of CLso bacterium
in ovaries. Likewise, GO terms involved in metal ion binding,
hydrolase activity, oxidoreductase activity, ATPase binding, GTP
binding, and helicase activity were preferentially enriched and
localized in intracellular spaces, cytoplasm, cytoskeleton, and
ribonucleoprotein complexes in the presence of CLso in the salivary
glands (Supplementary Figures 4A, B). Conversely, enriched GO
terms in downregulated genes in the presence of CLso in the ovaries
included metal ion binding and oxidoreductase activity. Likewise,
cofactor binding, transferase activity, lyase activity, nuclease activity,
UDP-glucosyltransferase activity, and localization into the
cytoskeleton, nucleus, microtubule-associated complex, and lipid
particle were identified in the set of downregulated genes in the
presence of CLso in the salivary glands (Supplementary Figures 4A, B).
Overall, the results suggest that distinct transcriptional changes in
multiple biological processes and functions in salivary glands and
ovaries are crucial for the CLso-potato/tomato psyllid interactions.

Transcriptome dynamics across the distinct
organs in B. cockerelli

After initial acquisition by B. cockerelli, CLso multiplies and
circulates in the body of the psyllid. About two weeks after the
acquisition, the CLso reaches the salivary glands and acquires
potency to infect the host plants (Sengoda et al., 2013; Rashed
et al, 2014; Sengoda et al, 2014). In contrast, replication and
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vertical transmission of CLso in successive generations are mostly
confined to the ovaries and eggs of the psyllid (Hansen et al., 2008;
Casteel et al.,, 2012; Kean et al., 2019). Therefore, we next performed
a comparative analysis between the two organs (ovaries/salivary
glands) in the presence or absence of the bacterium. In the control
psyllids [CLso(-)], a total of 2,481 and 3,113 genes exhibited up- and
downregulations, respectively (Figure 5A; Supplementary Table 5).
Likewise, 2,526 and 3,043 genes showed up- and downregulations,
respectively, under the CLso(+) condition (Figure 5B;
Supplementary Table 5). Further, these four sets of up- and
downregulated genes were used to identify uniquely up- and
downregulated genes. In total, 493 and 689 genes exhibited
specific up- and downregulation between the ovaries and salivary
glands under the CLso(-) condition. Likewise, 535 and 622 genes
showed exclusively up- and downregulation, respectively, under the
CLso(+) condition (Figure 5C).

We performed an enrichment analysis of GO terms to gain
insights into the functional relevance of these specifically up- and
downregulated genes. Under the CLso(-) condition and
upregulation in the ovaries, GO terms involved in
macromolecule/nitrogen compound/nucleic acid metabolic
processes, cellular catabolic process, and proteolysis were
enriched. Conversely, GO terms involved in localization,
signaling, neurological system process, and polysaccharide
biosynthetic process were enriched under CLso(-) condition and
downregulated in the ovaries (Figure 5D). Likewise, in response to
CLso(+) condition and upregulation in the ovaries, GO terms
involved in nucleic acid/cellular macromolecule/DNA metabolic
processes were enriched. However, GO terms related to nucleic
acid/nitrogen compound metabolic processes, membrane
invagination, and endocytosis were enriched in the set of
downregulated genes under CLso(+) condition (Figure 5D).

Further, we performed comparative GO analysis among the
specifically up- and downregulated genes between the ovaries and
salivary glands under the CLso(-) and CLso(+) conditions.
Metabolic processes related to nucleic acid/RNA/nitrogen
compound/macromolecule were enriched in the upregulated
genes in the ovaries under both the CLso(-) and CLso(+)
conditions. However, metabolic processes involved in amino acid/
carboxylic acid/ketone bodies/organic acid were exclusively
enriched in response to CLso(+) condition in the ovaries.
Conversely, processes involved in membrane invagination and
endocytosis were specifically enriched in the set of downregulated
genes under the CLso(+) condition (Figure 5E). Previous studies
showed that the reproductive fitness of Bactericera cockerelli is
adversely affected by CLso’s presence (Nachappa et al., 2014;
Albuquerque Tomilhero Frias et al., 2020). Such antagonistic
relationships have been studied earlier (Schwenke et al., 2016).
The CLso replication and psyllid reproduction processes are
physiologically and energetically demanding and governed by
insect hormones, 20-hydroxyecdysone, and insulin/insulin-like
growth factor via endocrine-regulated energy metabolism
pathway (Lorenz and Gerd Gide, 2009; Schwenke et al., 2016).
Our results suggest that the perturbation of various metabolic
processes in response to CLso in the ovaries could be
corroborated by a trade-off between lower reproductive fitness
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indicated the enrichment of GO terms in each class of genes.

and enhanced immunity of the psyllids. Further analysis of the
molecular function and cellular component GO terms revealed
enrichment of hydrolase activity, nucleotide binding, and
transferase/methyltransferase activity and localization into
membrane-bound organelle, nucleus, nuclear lumen, and
nucleoplasm in the set of upregulated genes in ovaries in the
presence of CLso bacterium. Likewise, nucleotide binding,
transferase activity, ATP binding, and hydrolase/helicase/ligase
activity and localization into the membrane and membrane-
bound organelle were identified among the upregulated genes in
the ovaries in the absence of CLso bacterium (Supplementary
Figures 5A, B). Conversely, the enriched GO terms in
downregulated genes were minimal in the presence of CLso while
a few GO terms, such as cation binding, transcription regulator
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activity, and mono-oxygenase activity and, localization into the
membrane-bound organelle, and membrane were enriched in the
absence of the CLso bacterium (Supplementary Figures 5A, B).
Next, we analyzed the differential expression of genes encoding
TFs between the ovaries and salivary glands under CLso(-) and
CLso(+) conditions. In total, 31 and 25 TFs under the CLso(-)
condition showed up- and downregulation in the ovaries,
respectively. Likewise, a total of 19 and 23 TFs were specifically
up- and downregulated, respectively, under CLso(+) condition in
the ovaries (Supplementary Figure 6A). Among them, TFs encoding
zinc-finger (zf-H2C2 and zf-C2H2) types, BTB, homeodomain,
HMG box, HLH, and bZIP were predominant (Supplementary
Figure 6B). Zinc finger and bZIP proteins are involved in diverse
processes, including growth, development, and immune response in
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different organisms (Alves et al., 2013; Fu and Blackshear, 2017;
Ralkhra and Rakhra, 2021; Zheng et al., 2021). Likewise, HLH and
HMG TFs were implicated in defense responses (Malarkey and
Churchill, 2012; Lee et al., 2014; Chen et al., 2017; Cook et al., 2020).
The TFs perturbed in the psyllid organs and associated with CLso
could also mediate signal transduction and contribute to psyllid
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growth, development, and stress responses. TFs play a crucial role in
regulating the expression of several associated downstream genes
and their dynamic expression between the ovaries and salivary
glands of the psyllids in the absence or presence of CLso bacterium
may provide blueprints and mechanistic insights into the
pathogenesis and transmission of the diseases to the host plants.
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Co-expression analysis revealed distinct
modules governing Psyllid and
CLso interactions

Gene co-expression and regulatory networks allow a better
understanding of biological functions and processes at a modular
level and can uncover new insights (Iyer-Pascuzzi et al, 2011;
Macneil and Walhout, 2011). We employed a weighted gene co-
expression network (WGCNA) to identify modules of co-expressed
genes. Eight modules (M1-M8) were identified, with the highest
number of genes in the M5 module (5517). In addition, only the M5
module exhibited a significant (P-value ranging from 0.008 to 8e-
04) correlation under CLso(-) and CLso(+) conditions in the
salivary glands and ovaries (Figure 6A; Supplementary Figure 7).
The pattern of modules was contrasting between the salivary glands
and ovaries but largely similar between the CLso(-) and CLso(+)
conditions within the individual organ(s). However, a subtle
difference in the significance level (P-value) in the M5 module
was observed between the CLso(+) and CLso(-) conditions. In the
salivary glands, the significance level under CLso(+) (P-value =
0.005) was slightly higher than the CLso(-) condition (P-value =
0.008). Likewise, a lower significance level was observed under CLso
(+) (P-value = 8e-04) than the CLso(-) condition (P-value = 0.004)
in the ovaries. The correlation and significance level of the co-
expressed genes between the CLso(-) and CLso(+) conditions of the
M5 module were similar in both the salivary glands and ovaries.
Conversely, a contrasting correlation and significance level of the
co-expressed genes between the salivary glands (R=-0.99) and the
ovaries (R=1.0) was observed (Figures 6A, B).

Next, we performed a comparative GO enrichment analysis to
gain deeper insights into the role of preferentially co-expressed genes
in the salivary glands and ovaries. Interestingly, transport, neuronal
transmission, cell adhesion, light stimulus, and respiration processes
were enriched in the set of genes preferentially expressed in the
salivary glands (Figure 6C). Many of these processes are relevant to
transmitting the bacterium to the vasculature of host plants. For
instance, neuronal transmission in Drosophila controls immunity
and governs behaviors to coexist with the pathogens (Montanari and
Royet, 2021). Cell adhesion molecules facilitate the invasion and
colonization of the pathogens in the host organism (Bisht and Meena,
2019). In addition, transport and respiration are physiologically and
energetically demanding processes during the infection of the host
organisms (Porcheron et al,, 2013; Killiny et al., 2018). In agreement,
previous studies in B. cockerelli have shown that salivary glands are
critical for CLso transmission to host plants (Sengoda et al., 2013;
Rashed et al, 2014; Sengoda et al,, 2014). Likewise, GO terms
involved in DNA replication, transcriptional regulation, translation,
cell division, and response to stress were enriched in the set of
preferentially expressed genes in the ovaries (Figure 6C). The
enrichment of processes related to bacterial replication, specifically
in the ovaries, is concurrent with the previously reported vertical
transmission of the bacterium in the eggs and ovaries of the psyllid
(Hansen et al., 2008; Casteel et al., 2012; Kean et al., 2019). Further,
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we examined the enrichment of molecular function and cellular
component GO terms in the distinct sets of genes preferentially
expressed in the salivary glands and ovaries. In the salivary glands,
GO terms involved in cation binding, transporter, oxidoreductase,
substrate-specific channel, ATPase, cofactor binding, NADH
dehydrogenase, voltage-gated channel, and calmodulin activity were
enriched and localized in the cytoplasm, plasma membrane, organelle
membrane, mitochondria, and respiratory chain (Supplementary
Figures 8A, B). In contrast, the enrichment of GO terms in the set
of ovaries’ preferential genes included hydrolase, nucleotide binding,
ATP binding, transferase activity, pyrophosphatase, ligase, helicase,
RNA polymerase, and chromatin binding function, and localization
into the cytoplasm, cytoskeleton, nucleus, chromosome, ribosome,
and proteasome complex were identified (Supplementary Figures 8A,
B). Overall, co-expression network analysis identified salivary gland
and ovary-specific genes and uncovered biological processes and
functions relevant to CLso acquisition and transmission into the host
psyllid organs.

Whether the interaction between psyllid and the bacterium is of
a beneficial nature or antagonistic can be debatable. In one scenario,
the positive interactions between the psyllid and the bacterium
could be crucial for their coexistence and confer an adaptive
advantage over their natural predators. However, we and others
have reported detrimental effects on the psyllid due to the presence
of CLso, such as a substantial reduction in reproductive fitness (Qiu
and Scholthof, 2000; Montllor et al., 2002; Nachappa et al., 2014;
Heyworth and Ferrari, 2016; Doremus and Oliver, 2017;
Albuquerque Tomilhero Frias et al., 2020). The trade-off is
strikingly not lethal, and the association has hence prevailed.

Conclusion

In this study, we characterized the salivary glands- and ovaries-
specific transcriptomes of B. cockerelli vectoring CLso by employing
the RNA-Seq approach and to identify molecular signatures of
organ-specific gene expression and gene regulatory networks in the
absence/presence of the bacterium. The study identified organ-
specific gene expression patterns and unique biological processes
affected in B. cockerelli organs in response to CLso. For instance,
biological processes related to neuronal transmission, cell adhesion,
light stimulus, and respiration processes were primarily affected in
the salivary glands. In contrast, cell division, DNA replication,
translation, transcription regulation, and response to stress were
affected in ovaries. These preferential biological processes may
underpin the developmental and phenotypic responses of psyllids
vectoring CLso and contribute to the lateral and vertical
transmission of the bacterium to plant hosts. Further
experimental studies will be needed to determine the role of the
candidate genes in these biological processes. Moreover, further
understanding the complex antagonistic or beneficial interactions
between psyllid and CLso is crucial for developing robust pest/
disease management strategies and reducing crop loss.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1393994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Singh Rajkumar et al.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The manuscript presents research on animals that do not
require ethical approval for their study.

Author contributions

MSR: Data curation, Formal analysis, Investigation,
Methodology, Software, Writing — original draft, Writing - review
& editing. FI-C: Formal analysis, Funding acquisition, Methodology,
Resources, Writing - original draft, Writing — review & editing. CA:
Formal analysis, Funding acquisition, Methodology, Resources,
Writing - original draft, Writing - review & editing. KM:
Conceptualization, Formal analysis, Funding acquisition,
Methodology, Resources, Supervision, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported in part by funds from USDA-NIFA (2021-70029-
36056, HATCH TEX09621, TEX0-7790), Texas A&M AgriLife
Institute for Advancing Health Through Agriculture to KM, and
Texas A&M AgriLife Research Insect-vectored Disease Seed Grants
(124190- 96210) to KM, FI-C, and CA.

References

Albuquerque Tomilhero Frias, A., Ibanez, F., Mendoza, A., De Carvalho Nunes, W.
M., and Tamborindeguy, C. (2020). Effects of “Candidatus Liberibacter solanacearum”
(haplotype B) on Bactericera cockerelli fitness and vitellogenesis. Insect Sci. 27, 58-68.
doi: 10.1111/1744-7917.12599

Alves, M. S., Dadalto, S. P., Goncalves, A. B., De Souza, G. B., Barros, V. A., and
Fietto, L. G. (2013). Plant bZIP transcription factors responsive to pathogens: a review.
Int. J. Mol. Sci. 14, 7815-7828. doi: 10.3390/ijms14047815

Avila, C. A, Marconi, T. G., Viloria, Z., Kurpis, J., and Del Rio, S. Y. (2019).
Bactericera cockerelli resistance in the wild tomato Solanum habrochaites is polygenic
and influenced by the presence of Candidatus Liberibacter solanacearum. Sci. Rep. 9,
14031. doi: 10.1038/541598-019-50379-7

Bisht, D., and Meena, L. S. (2019). Adhesion molecules facilitate host-pathogen
interaction & mediate Mycobacterium tuberculosis pathogenesis. Ind. J. Med. Res. 150,
23-32. doi: 10.4103/ijmr.IJMR_2055_16

Casteel, C. L., Hansen, A. K., Walling, L. L., and Paine, T. D. (2012). Manipulation of
plant defense responses by the tomato psyllid (Bactericerca cockerelli) and its associated
endosymbiont Candidatus Liberibacter psyllaurous. PloS One 7, €35191. doi: 10.1371/
annotation/9903158b-c45¢-44b9-b152-7ffb5bec0c32

Chen, H. D,, Kao, C. Y., Liu, B. Y., Huang, S. W., Kuo, C. J., Ruan, ]. W,, et al. (2017).
HLH-30/TFEB-mediated autophagy functions in a cell-autonomous manner for
epithelium intrinsic cellular defense against bacterial pore-forming toxin in C.
elegans. Autophagy 13, 371-385. doi: 10.1080/15548627.2016.1256933

Frontiers in Plant Science

12

10.3389/fpls.2024.1393994

Acknowledgments

We dedicate this manuscript to the late Dr. Ismael Badillo-
Vargas (1983-2022), who collaborated in the early stages of this
study. We also acknowledge the support of the Texas A&M AgriLife
Genomics and Bioinformatics Services for the RNA-sequencing and
the Texas A&M High-Performance Research Computing (HPRC)
for bioinformatics resources.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1393994/
full#supplementary-material

Chen, J., Guo, P, Li, Y., He, W., Chen, W., Shen, Z., et al. (2022). Cathepsin L
contributes to reproductive diapause by regulating lipid storage and survival of
Coccinella septempunctata (Linnaeus). Int. J. Mol. Sci. 24, 611. doi: 10.3390/
1jms24010611

Cook, M. E,, Jarjour, N. N,, Lin, C. C., and Edelson, B. T. (2020). Transcription factor
bhlhe40 in immunity and autoimmunity. Trends Immunol. 41, 1023-1036.
doi: 10.1016/j.it.2020.09.002

Cooper, W. R,, Horton, D. R., Swisher-Grimm, K., Krey, K., and Wildung, M. R.
(2022). Bacterial Endosymbionts of Bactericera maculipennis and Three Mitochondrial
Haplotypes of B. cockerelli (Hemiptera: Psylloidea: Triozidae). Environ. Entomol. 51,
94-107. doi: 10.1093/ee/nvab133

Dobin, A., Davis, C. A, Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013).
STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21. doi: 10.1093/
bioinformatics/bts635

Doremus, M. R, and Oliver, K. M. (2017). Aphid heritable symbiont exploits

defensive mutualism. Appl. Environ. Microbiol. 83, e03276-¢03216. doi: 10.1128/
AEM.03276-16

Ferrara, T. F., Schneider, V. K., Lima, P. S., Bronze, F. S., MaChado, M. F., Henrique-
Silva, F., et al. (2020). Gene expression studies and molecular characterization of a
cathepsin L-like from the Asian citrus psyllid Diaphorina citri, vector of Huanglongbing.
Int. ]. Biol. Macromol. 158, 375-383. doi: 10.1016/j.ijbiomac.2020.04.070

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1393994/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1393994/full#supplementary-material
https://doi.org/10.1111/1744-7917.12599
https://doi.org/10.3390/ijms14047815
https://doi.org/10.1038/s41598-019-50379-7
https://doi.org/10.4103/ijmr.IJMR_2055_16
https://doi.org/10.1371/annotation/9903158b-c45c-44b9-b152-7ffb5bec0c32
https://doi.org/10.1371/annotation/9903158b-c45c-44b9-b152-7ffb5bec0c32
https://doi.org/10.1080/15548627.2016.1256933
https://doi.org/10.3390/ijms24010611
https://doi.org/10.3390/ijms24010611
https://doi.org/10.1016/j.it.2020.09.002
https://doi.org/10.1093/ee/nvab133
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1128/AEM.03276-16
https://doi.org/10.1128/AEM.03276-16
https://doi.org/10.1016/j.ijbiomac.2020.04.070
https://doi.org/10.3389/fpls.2024.1393994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Singh Rajkumar et al.

Fu, M., and Blackshear, P. J. (2017). RNA-binding proteins in immune regulation: a
focus on CCCH zinc finger proteins. Nat. Rev. Immunol. 17, 130-143. doi: 10.1038/
nri.2016.129

Garg, R, Singh, V. K,, Rajkumar, M. S., Kumar, V., and Jain, M. (2017). Global
transcriptome and coexpression network analyses reveal cultivar-specific molecular
signatures associated with seed development and seed size/weight determination in
chickpea. Plant J. 91, 1088-1107. doi: 10.1111/tpj.13621

Gomis-Riith, F. (2008). Structure and mechanism of metallocarboxypeptidases. Crit.
Rev. Biochem. Mol. Biol. 43, 319-345. doi: 10.1080/10409230802376375

Gripenberg, S., Mayhew, P. J., Parnell, M., and Roslin, T. (2010). A meta-analysis of
preference-performance relationships in phytophagous insects. Ecol. Lett. 13, 383-393.
doi: 10.1111/j.1461-0248.2009.01433.x

Hansen, A. K., Trumble, J. T., Stouthamer, R., and Paine, T. D. (2008). A new
Huanglongbing species, “Candidatus Liberibacter psyllaurous,” found to infect tomato
and potato, is vectored by the psyllid Bactericera cockerelli (Sulc). Appl. Environ.
Microbiol. 74, 5862-5865. doi: 10.1128/ AEM.01268-08

Heyworth, E. R., and Ferrari, J. (2016). Heat stress affects facultative symbiont-
mediated protection from a parasitoid wasp. PloS One 11, €0167180. doi: 10.1371/
journal.pone.0167180

Huot, O. B, Levy, J. G., and Tamborindeguy, C. (2018). Global gene regulation in
tomato plant (Solanum lycopersicum) responding to vector (Bactericera cockerelli)
feeding and pathogen (‘Candidatus Liberibacter solanacearum’) infection. Plant Mol.
Biol. 97, 57-72. doi: 10.1007/s11103-018-0724-y

Ibanez, F., Levy, J., and Tamborindeguy, C. (2014). Transcriptome analysis of
“Candidatus Liberibacter solanacearum” in its psyllid vector, Bactericera cockerelli.
PloS One 9, €100955. doi: 10.1371/journal.pone.0100955

Iyer-Pascuzzi, A. S., Jackson, T., Cui, H., Petricka, J. J., Busch, W., Tsukagoshi, H.,
et al. (2011). Cell identity regulators link development and stress responses in the
Arabidopsis root. Dev. Cell 21, 770-782. doi: 10.1016/j.devcel.2011.09.009

Jagdale, S., Bansode, S., and Joshi, R. (2017). Insect proteases: Structural-functional
outlook. Prot. Physiol. Pathol., 451-473. doi: 10.1007/978-981-10-2513-6_21

Jain, M., Bansal, J., Rajkumar, M. S., and Garg, R. (2022a). An integrated
transcriptome mapping the regulatory network of coding and long non-coding
RNAs provides a genomics resource in chickpea. Commun. Biol. 5, 1106.
doi: 10.1038/542003-022-04083-4

Jain, M., Bansal, J., Rajkumar, M. S., Sharma, N., Khurana, J. P., and Khurana, P.
(2022b). Draft genome sequence of Indian mulberry (Morus indica) provides a
resource for functional and translational genomics. Genomics 114, 110346.
doi: 10.1016/j.ygeno0.2022.110346

Jones, L. C. (2022). Insects allocate eggs adaptively according to plant age, stress,
disease or damage. Proceed Biol. Sci. 13, 20220831. doi: 10.1098/rspb.2022.0831

Kean, A. M., Nielsen, M. C., Davidson, M. M., Butler, R. C.,, and Vereijssen, J. (2019).
Host plant influences the establishment and performance of Amblydromalus limonicus,
a predator for Bactericera cockerelli. Pest Manag. Sci. 75, 787-792. doi: 10.1002/ps.5179

Killiny, N., Nehela, Y., Hijaz, F.,, and Vincent, C. I. (2018). A plant pathogenic
bacterium exploits the tricarboxylic acid cycle metabolic pathway of its insect vector.
Virulence 9, 99-109. doi: 10.1080/21505594.2017.1339008

Krautz, R., Arefin, B., and Theopold, U. (2014). Damage signals in the insect immune
response. Front. Plant Sci. 5, 342. doi: 10.3389/fpls.2014.00342

Kryuchkova-Mostacci, N., and Robinson-Rechavi, M. (2017). A benchmark of gene
expression tissue-specificity metrics. Brief Bioinform. 18, 205-214. doi: 10.1093/bib/
bbw008

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome Res. 19,
1639-1645. doi: 10.1101/gr.092759.109

Kwak, Y., Argandona, J. A., Degnan, P. H., and Hansen, A. K. (2023). Chromosomal-
level assembly of Bactericera cockerelli reveals rampant gene family expansions
impacting genome structure, function and insect-microbe-plant-interactions. Mol.
Ecol. Resour. 23, 233-252. doi: 10.1111/1755-0998.13693

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted
correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

Law, J. H,, Dunn, P. E,, and Kramer, K. J. (1977). Insect proteases and peptidases.
Adv Enzymol Relat Areas. Mol. Biol. 45, 389-425.

Lee, S. A, Kwak, M. S., Kim, S., and Shin, J. S. (2014). The role of high mobility group
box 1 in innate immunity. Yonsei Med. J. 55, 1165-1176. doi: 10.3349/ym;j.2014.55.5.1165

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30, 923-930.
doi: 10.1093/bioinformatics/btt656

Lorenz, M. W., and Gerd Gide, G. (2009). Hormonal regulation of energy
metabolism in insects as a driving force for performance. Integr. Comp. Biol. 49,
380-392. doi: 10.1093/icb/icp019

Love, M. L, Huber, W., and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/
513059-014-0550-8

Macneil, L. T., and Walhout, A. J. (2011). Gene regulatory networks and the role of
robustness and stochasticity in the control of gene expression. Genome Res. 21, 645-
657. doi: 10.1101/gr.097378.109

Frontiers in Plant Science

13

10.3389/fpls.2024.1393994

Malarkey, C. S., and Churchill, M. E. (2012). The high mobility group box: the
ultimate utility player of a cell. Trends Biochem. Sci. 37, 553-562. doi: 10.1016/
j.tibs.2012.09.003

Mann, M., Saha, S., Cicero, ]. M., Pitino, M., Moulton, K., Hunter, W. B,, et al. (2022).
Lessons learned about the biology and genomics of Diaphorina citri infection with
“Candidatus Liberibacter asiaticus” by integrating new and archived organ-specific
transcriptome data. Gigascience 11, 1-16. doi: 10.1093/gigascience/giac035

Mayhew, P. J. (1997). Adaptive patterns of host-plant selection by phytophagous
insects. Oikos 79, 417-428. doi: 10.2307/3546884

Montanari, M., and Royet, J. (2021). Impact of microorganisms and parasites on
neuronally controlled drosophila behaviours. Cells 10, 2350. doi: 10.3390/cells10092350

Montllor, C. B., Maxmen, A., and Purcell, A. H. (2002). Facultative bacterial
endosymbionts benefit pea aphids Acyrthosiphon pisum under heat stress. Ecol.
Entomol. 27, 189-195. doi: 10.1046/j.1365-2311.2002.00393.x

Mora, V., Ramasamy, M., Damaj, M. B., Irigoyen, S., Ancona, V., Ibanez, F., et al.
(2021). Potato zebra chip: An overview of the disease, control strategies and prospects.
Front. Microbiol. 12, 700663. doi: 10.3389/fmicb.2021.700663

Munyaneza, J. E. (2012). Zebra Chip Disease of Potato: Biology, epidemiology, and
management. Am. J. Potato Res. 89, 329-350. doi: 10.1007/s12230-012-9262-3

Nachappa, P., Levy, J., Pierson, E., and Tamborindeguy, C. (2014). Correlation
between “Candidatus Liberibacter solanacearum” infection levels and fecundity in its
psyllid vector. J. Invertebr. Pathol. 115, 55-61. doi: 10.1016/j.jip.2013.10.008

Nachappa, P., Levy, J., and Tamborindeguy, C. (2012). Transcriptome analyses of
Bactericera cockerelli adults in response to “Candidatus Liberibacter solanacearum”
infection. Mol. Genet. Genomics 287, 803-817. doi: 10.1007/s00438-012-0713-9

Patel, R. K., and Jain, M. (2012). GS QC Toolkit: a toolkit for quality control of next
generation sequencing data. PloS One 7, €30619. doi: 10.1371/journal.pone.0030619

Porcheron, G., Garénaux, A., Proulx, J., Sabri, M., and Dozois, C. M. (2013). Iron,
copper, zinc, and manganese transport and regulation in pathogenic Enterobacteria:
correlations between strains, site of infection and the relative importance of the
different metal transport systems for virulence. Front. Cell Infect. Microbiol. 3, 90.
doi: 10.3389/fcimb.2013.00090

Priest, H. D, Filichkin, S. A., and MocKkler, T. C. (2009). Cis-regulatory elements in
plant cell signaling. Curr. Opin. Plant Biol. 12, 643-649. doi: 10.1016/j.pbi.2009.07.016

Qiu, W. P., and Scholthof, K.-B. G. (2000). In vitro- and in vivo-generated defective
RNAs of satellite panicum mosaic virus define cis-acting RNA elements required for
replication and movement. J. Virol. 74, 2247-2254. doi: 10.1128/JV1.74.5.2247-
2254.2000

Rakhra, G., and Rakhra, G. (2021). Zinc finger proteins: insights into the
transcriptional and post transcriptional regulation of immune response. Mol. Biol.
Rep. 48, 5735-5743. doi: 10.1007/s11033-021-06556-x

Rashed, A., Workneh, F., Paetzold, L., Gray, J., and Rush, C. M. (2014). Zebra chip
disease development in relation to plant age and time of ‘Candidatus Liberibacter
solanacearum’ Infection. Plant Dis. 98, 24-31. doi: 10.1094/PDIS-04-13-0366-RE

Reznik, S. E., and Fricker, L. D. (2001). Carboxypeptidases from A to Z: Implications
in embryonic development and Wnt binding. Cell Mol. Life Sci. 58, 1790-1804.
doi: 10.1007/PL00000819

Schwenke, R. A., Lazzaro, B. P, and Wolfner, M. F. (2016). Reproduction-immunity
trade-offs in insects. Annu. Rev. Entomol. 61, 239-256. doi: 10.1146/annurev-ento-
010715-023924

Sengoda, V. G., Buchman, J. L., Henne, D. C,, Pappu, H. R,, and Munyaneza, J. E.
(2013). Candidatus Liberibacter solanacearum” titer over time in Bactericera cockerelli
(Hemiptera: Triozidae) after acquisition from infected potato and tomato plants. J.
Econ. Entomol. 106, 1964-1972. doi: 10.1603/EC13129

Sengoda, V. G., Cooper, W. R., Swisher, K. D., Henne, D. C., and Munyaneza, J. E.
(2014). Latent period and transmission of “Candidatus Liberibacter solanacearum” by
the potato psyllid Bactericera cockerelli (Hemiptera: Triozidae). PloS One 9, €93475.
doi: 10.1371/journal.pone.0093475

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: a software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Shen, W. K., Chen, S. Y., Gan, Z. Q,, Zhang, Y. Z,, Yue, T., Chen, M. M., et al. (2023).
AnimalTFDB 4.0: a comprehensive animal transcription factor database updated with
variation and expression annotations. Nucleic Acids Res. 51, D39-D45. doi: 10.1093/
nar/gkac907

Tsuchida, T., Koga, R., and Fukatsu, T. (2004). Host plant specialization governed by
facultative symbiont. Science 303, 1989. doi: 10.1126/science.1094611

Valenzuela, I, Sandanayaka, M., Powell, K, 8., Norng, S., and Vereijssen, J. (2020).
Feeding behaviour of Bactericera cockerelli (Sulc) (Hemiptera: Psylloidea: Triozidae)
changes when infected with Candidatus Liberibacter solanacearum. Arthropod-Plant
Interact. 14, 653-669. doi: 10.1007/s11829-020-09777-2

Wan, J., Wang, R, Ren, Y., and Mckirdy, S. (2020). Potential distribution and the
risks of Bactericera cockerelli and Its associated plant pathogen Candidatus Liberibacter
Solanacearum for global potato production. Insects 11, 298. doi: 10.3390/
insects11050298

Wenninger, E. J., and Rashed, A. (2024). Biology, ecology, and management of the
potato psyllid, Bactericera cockerelli (Hemiptera: Triozidae), and zebra chip disease in
potato. Annu. Rev. Entomol. 69, 139-157. doi: 10.1146/annurev-ento-020123-014734

frontiersin.org


https://doi.org/10.1038/nri.2016.129
https://doi.org/10.1038/nri.2016.129
https://doi.org/10.1111/tpj.13621
https://doi.org/10.1080/10409230802376375
https://doi.org/10.1111/j.1461-0248.2009.01433.x
https://doi.org/10.1128/AEM.01268-08
https://doi.org/10.1371/journal.pone.0167180
https://doi.org/10.1371/journal.pone.0167180
https://doi.org/10.1007/s11103-018-0724-y
https://doi.org/10.1371/journal.pone.0100955
https://doi.org/10.1016/j.devcel.2011.09.009
https://doi.org/10.1007/978-981-10-2513-6_21
https://doi.org/10.1038/s42003-022-04083-4
https://doi.org/10.1016/j.ygeno.2022.110346
https://doi.org/10.1098/rspb.2022.0831
https://doi.org/10.1002/ps.5179
https://doi.org/10.1080/21505594.2017.1339008
https://doi.org/10.3389/fpls.2014.00342
https://doi.org/10.1093/bib/bbw008
https://doi.org/10.1093/bib/bbw008
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1111/1755-0998.13693
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.3349/ymj.2014.55.5.1165
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/icb/icp019
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1101/gr.097378.109
https://doi.org/10.1016/j.tibs.2012.09.003
https://doi.org/10.1016/j.tibs.2012.09.003
https://doi.org/10.1093/gigascience/giac035
https://doi.org/10.2307/3546884
https://doi.org/10.3390/cells10092350
https://doi.org/10.1046/j.1365-2311.2002.00393.x
https://doi.org/10.3389/fmicb.2021.700663
https://doi.org/10.1007/s12230-012-9262-3
https://doi.org/10.1016/j.jip.2013.10.008
https://doi.org/10.1007/s00438-012-0713-9
https://doi.org/10.1371/journal.pone.0030619
https://doi.org/10.3389/fcimb.2013.00090
https://doi.org/10.1016/j.pbi.2009.07.016
https://doi.org/10.1128/JVI.74.5.2247-2254.2000
https://doi.org/10.1128/JVI.74.5.2247-2254.2000
https://doi.org/10.1007/s11033-021-06556-x
https://doi.org/10.1094/PDIS-04-13-0366-RE
https://doi.org/10.1007/PL00000819
https://doi.org/10.1146/annurev-ento-010715-023924
https://doi.org/10.1146/annurev-ento-010715-023924
https://doi.org/10.1603/EC13129
https://doi.org/10.1371/journal.pone.0093475
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkac907
https://doi.org/10.1093/nar/gkac907
https://doi.org/10.1126/science.1094611
https://doi.org/10.1007/s11829-020-09777-2
https://doi.org/10.3390/insects11050298
https://doi.org/10.3390/insects11050298
https://doi.org/10.1146/annurev-ento-020123-014734
https://doi.org/10.3389/fpls.2024.1393994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Singh Rajkumar et al.

Wittkopp, P. J., and Kalay, G. (2011). Cis-regulatory elements: molecular
mechanisms and evolutionary processes underlying divergence. Nat. Rev. Genet. 13,
59-69. doi: 10.1038/nrg3095

Yu, H. Z, Huang, Y. L, Li, N. Y,, Xie, Y. X,, Zhou, C. H,, and Lu, Z. J. (2019).
Potential roles of two Cathepsin genes, DcCath-L and DcCath-O in the innate immune

Frontiers in Plant Science

14

10.3389/fpls.2024.1393994

response of Diaphorina citri. J. Asia-Pacific Entomol. 22, 1060-1069. doi: 10.1016/
j.-aspen.2019.05.010

Zheng, Z., Aihemaiti, Y., Liu, J., Afridi, M. L, Yang, S., Zhang, X, et al. (2021). The
bZIP transcription factor ZIP-11 Is required for the innate immune regulation in
Caenorhabditis elegans. Front. Immunol. 12, 744454. doi: 10.3389/fimmu.2021.744454

frontiersin.org


https://doi.org/10.1038/nrg3095
https://doi.org/10.1016/j.aspen.2019.05.010
https://doi.org/10.1016/j.aspen.2019.05.010
https://doi.org/10.3389/fimmu.2021.744454
https://doi.org/10.3389/fpls.2024.1393994
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Insights into Bactericera cockerelli and Candidatus Liberibacter solanacearum interaction: a tissue-specific transcriptomic approach
	Introduction
	Materials and methods
	Insect maintenance, RNA isolation, and RNA-Sequencing
	RNA-Seq data processing and gene expression analysis
	Principal component analysis
	Chromosome-wide gene expression and distribution
	Tissue-specific expression analysis
	Gene co-expression network analysis
	Gene ontology analysis
	Identification of genes encoding transcription factors

	Results and discussion
	Genomic and transcriptomic attributes of B. cockerelli
	Chromosome-wide transcriptome dynamics of B. cockerelli
	Differential expression analysis in response to CLso within the distinct organ(s)
	Transcriptome dynamics across the distinct organs in B. cockerelli
	Co-expression analysis revealed distinct modules governing Psyllid and CLso interactions

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


