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Abstract: Asian citrus psyllid (ACP, Diaphorina citri) is the vector for the bacteria, Candidatus Liberi-

bacter asiaticus (CLas), that causes Huanglongbing (HLB, citrus greening disease). Although studies 

have reported proteomic and transcriptomic responses within the psyllid midgut after CLas infec-

tion, these analyses have been limited and have not examined correlated expression profiles in re-

lation to CLas infection. With a comprehensive psyllid RNAseq data from the Citrus Greening Ex-

pression Network (CGEN), a total of 743 genes (Official Gene Set v3, OGSv3) were determined as 

differentially expressed genes (DEGs) in response to CLas infection. Forty-one modules of co-ex-

pressed genes were identified using a weighted gene co-expression network analysis (WGCNA). 

The functional analysis of infection-associated modules showed that genes involved in muscle con-

traction, peptidase and iron binding activities were correlated, which may correspond to enhanced 

vector dispersal, altered feeding/digestion, and sequestering free iron. Additional associated mod-

ules identified that Golgi apparatus and endoplasmic reticulum processes may be a signal indicat-

ing altered intracellular protein consumption during infection. This study provides a novel under-

standing of molecular mechanisms involved in CLas-psyllid interaction which can be potential tar-

gets for disrupting CLas transmission. 

Keywords: Asian citrus psyllid; Huanglongbing; DEGs; weighted gene co-expression analysis; 

functional enrichment analysis; citrus; citrus greening; pathogen; expression networks; co-expres-

sion  

 

1. Introduction 

Asian citrus psyllid (ACP, Diaphorina citri) feeds on phloem, where it serves as a vec-

tor for Candidatus Liberibacter asiaticus (CLas). This bacterium serves as an agent for cit-

rus greening disease (Huanglongbing, HLB). Infected nymphs feed and spread CLas 

quickly as individuals move through the tree. The bacteria will eventually move to the 

roots, causing systemic infection of the citrus tree, and this phenomenon usually precedes 

any symptoms [1]1/14/2022 6:07:00 PM. Often an infected tree will serve as a source of 

inoculum for surrounding trees for months before infection is confirmed. 

There is no cure for citrus greening disease. Infected trees are asymptomatic in the 

early stages [2]. The time of symptom onset of different species varies from a few months 

to several years after infection [3]. Trees infected by HLB have many significant symptoms 

as the infection becomes systemic, such as leaf chlorosis, dead shoots, fruit shedding, 
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deformed small fruits, and reduced internal fruit quality [4], which ultimately leads to 

tree death and huge economic losses. 

Network method applications have grown rapidly in bioinformatics to better under-

stand interacting genes and more subtle gene expression profile differences.  Weighted 

gene co-expression network analysis (WGCNA) has a unique advantage in identifying 

and understanding complex molecular interactions. In specific, this method has proven 

useful for the identification of specific correlated transcriptional changes that have been 

overlooked using other methods for RNA-seq analyses, allowing the identification of new 

drug targets or responses to specific factors [5].  

In this study, WGCNA was used to detect the dominant genes and modules which 

are closely related to response to CLas infection in the psyllid gut. This was followed by 

standard RNA-seq analyses using DEseq2 for comparison to the WGCNA. These analyses 

were followed by Gene Ontology (GO) enrichment and metabolic pathway analysis that 

showed upregulation of gene groups associated with psyllid muscle movement, pepti-

dase activity, and the COPI-dependent Golgi-to-ER retrograde traffic pathway. 

2. Methods 

2.1. RNAseq Data Set 

A comprehensive RNAseq data set was acquired from the Citrus Greening Expres-

sion Network (CGEN) and used to analyze tissue-specific transcriptional data sets of adult 

psyllid intestine from two citrus hosts (C. medica and Citrus spp.) in relation to infection 

status [6,7]. Weighted gene co-expression network analysis and functional enrichment 

analysis of co-expression genes were conducted based on D. citri genes (Official Gene Set 

v3, OGSv3) with 21,345 genes [7]. Gene expression values were obtained after mapping 

RNAseq reads with HISAT2 [8] and quantified by StringTie using the transcripts per mil-

lion reads (TPM) metric. 

2.2. Weighted Gene Co-Expression Analysis (WGCNA) 

 

Figure 1. Weighted Gene Co-expression Analysis (WGCNA) based pipeline applied to 

transcriptomics data from the gut of psyllids reared on C. medica (Experiment 1) and Citrus spp. 

(Experiment 2). Experiment 3 was the combined data set. 

2.3. Gene Module Detection and Differential Gene Expression 

We filtered out 1750 genes with low variance among the samples as the input for 

network construction. The best estimation for signed network soft thresholding was 16 in 

experiment 1 (Figure 1). Then multiple co-expression modules were obtained by dynamic 

tree-cutting based on TOM clustering analysis [9]. DESeq2 version 1.30.1 [10] was used to 
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determine if the observed difference in expression counts is significant between CLas-in-

fected and CLas-free samples. The significantly differential expressed genes (p-value < 

0.01, fold change > 1) were also compared with WGCNA gene in main modules with R 

package UpSetR version 1.4.0 [11]. A WGCNA embedded function was applied to obtain 

the hub gene which summarizes a module with its high node connectivity [12]. Three 

specific previous experiments were analyses. Experiment 1 consisted of four CLas infected 

and four healthy psyllid gut samples from host C. medica, Experiment 2 consisted of three 

CLas infected and three healthy psyllid midgut samples from host Citrus spp., and Exper-

iment 3 was the combination of Experiment 1 and Experiment 2. 

2.4. Functional Annotation and Enrichment 

Using a pipeline of functional annotation provided by AgBase [13,14], GOanna, In-

terProScan and KOBAS were used to transfer Gene Ontology (GO) and pathway func-

tional annotations to the Diaphorina citri genes. GO functional enrichment analysis was 

carried out with R package topGO [15] (version 2.42) with  a Fisher exact test (p-value < 

0.05). Pathway enrichment analysis was obtained by KOBAS based on a Fisher exact test 

(p-value < 0.05).  

3. Results 

3.1. WGCNA for C. medica Psyllid Gut Transcriptome 

In Experiment 1, we detected 41 modules. The sizes for the two largest modules (tur-

quoise and blue) were 5364 and 3735 respectively. Intermodule correlations were visual-

ized using a heatmap where the dendrogram branch tips are module names and the 

heatmap describes the intermodule connectivity (Figure 2). We then compared the sam-

ple’s first principle component expression level in each module. Though the original sam-

ples were derived from two conditions (CLas infected and CLas-free), variance among 

replicates was found in most of the detected modules (38/41). Only “turquoise” and 

“blue” modules had consistent expression levels between replicates in control and in-

fected samples with the pink modules still showing variation (Supplementary figure 1). 

Therefore, we decided to examine “turquoise” and “blue” modules for genes or pathways 

involved in response to CLas infection. 

 

Figure 2. Intermodule dendrogram and its corresponding heatmap. Each tip of the dendrogram 

represents a specific module from WGCNA of transcriptome of the psyllid gut reared on C. medica 

in response to CLas infection (Experiment 1) and the heatmap diagonal represents correlation=1. 
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3.2. Differential Expression and Functional Enrichment 

We then applied DEG analysis to identify genes in the correlated modules that are 

also differentially expressed in response to CLas infection. Blue module has the largest 

proportion of DEGs (421/743, 56.7%) among all modules (Supplementary figure 2). By 

comparing the significant GO annotations between DEGs and blue module genes, we 

found peptidase activity and iron-related transport activity based on both analyses (Sup-

plementary table 2). Previous evidence has shown that psyllid limits its free form iron 

transport for CLas iron starvation [16]. Our GO term enrichment supported this evidence 

especially with the ferric iron binding function (p-value = 0.01659). We also found associ-

ation with muscle contraction (Table 1) and peptidase activity (Supplementary table 1). 

Within the cellular component ontology, troponin complex, striated muscle thin filament, 

myofibril and sarcomere are all significantly annotated GO terms with 80% (p-

value=0.0087) enrichment. The blue module was mainly involved in metabolism-related 

pathways (p-value < 0.05) while the genes in the turquoise module are related to transcrip-

tion-related pathways (Supplementary table 3).  

Table 1. Functional profiles in cellular component ontology for blue module in Experiment 1 containing 4 CLas infected 

and 4 CLas free psyllid gut samples collected from C.medica. 

GO.ID Term Annotated 1 Significant 2 Expected 3 Classic 4 

GO:0005861 troponin complex 5 4 1.06 0.0084 

GO:0015629 actin cytoskeleton 87 27 18.49 0.0201 

GO:0005865 
striated muscle 

thin filament 
6 4 1.28 0.021 

GO:0036379 myofilament 6 4 1.28 0.021 
1Annotated represents annotated genes with certain GO term among the whole genome 
2 Significant represents the annotated genes with certain GO term among blue module 
3 Expected represents the expected genes to be annotated with certain GO term 
4 Classic represents the Fisher Exact test p-value 

 

For further assessment of the blue module, we analyzed the functional profile of the 

hub gene. Dcitr02g08650.1.1 is involved in Golgi-to-ER retrograde traffic activity and also 

contains the kinesin motor domain related to microtubule-based movement. This indi-

cates this hub gene may induce ER vesicles recycling molecules back from Golgi complex 

to ER in the cytoplasm.  

3.3. Low Network Connectivity for Other Experiments 

We analyzed the weighted gene co-expression network of Experiment 2 and 3 (Figure 

1), which detected 15 and 25 modules respectively. However, the constructed network 

showed relatively low conformation to the scale-free network characteristics. Experiment 

2 showed lower than 60% model fitness (Supplementary figure 5). Due to the differences 

of host plant species among samples in Experiment 1 and 2, there was no significant dif-

ference in transcriptome expression between the CLas infected and CLas-free psyllids in 

the multi-sample groups for principal component analysis (Supplementary figure 6) for 

Experiment 3. The primary driver for psyllid gene expression was the citrus host (Supple-

mentary figure 6) with a 57% variance among the samples irrespective of CLas infection 

status. Comparing the up and down regulated DEGs (p-value < 0.01) between Experiment 

1 and 2, the common genes were few (Figure 3). As a result, the network model fitness in 

Experiment 3 was lower than 70% in comparison to Experiment 1 which was 90%.  
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Figure 3. Upset plot for DEGs comparison between Experiment 1 and 2. Few common DEGs were 

found between Experiment 1 and 2. The largest overlap was between down regulated DEGs in 

Experiment 1 and up regulated DEGs in Experiment 2. 

4. Discussion 

In this study, we constructed a weighted gene co-expression network to detect the 

genes that are co-expressed in response to the CLas infection in the gut of the Asian citrus 

psyllid. We identified that psyllid muscle movement, peptidase activity and iron binding 

are associated with infection. The hub gene was annotated as participating in intracellular 

cargo transportation. In the following section, we will discuss gene modules with corre-

lated expression in response to CLas infection and citrus host-specific response in psyllid 

to CLas infection. 

4.1. Enhanced Muscle Movement, Free Amino Acid Production and Iron Binding in Response of 

CLas Infection  

We found muscle associated GO terms from the cellular component ontology in the 

blue module. A contraction within cross-striated flight muscle is the result of a single sar-

comere binding of Ca2+ on troponin C within the troponin complex where it displaces 

tropomyosin from actin (thin filament). Myosin finally ratchets with actin and shortens 

sarcomeres leading to muscle contraction [17]. Hence, we hypothesize that the blue mod-

ule might be involved in changes in psyllid dispersal after CLas infection. It has been re-

ported that CLas infection enhances CLas transmission by strengthening psyllid dispersal 

ability and increasing its flight initiation frequency [18]. 

Peptidase activity is significantly present in annotated proteins in the blue module 

and may indicate the production of free amino acid which could be utilized by CLas. Pre-

vious study shows evidence that CLas-infected psyllids had higher expression of haemo-

cyanin, an amino acid storage and energy-supplying protein, together with detection of 

more derived peptides from it [19]. Compared to the low adulthood haemocyanin expres-

sion in CLas free healthy psyllids, our enhanced peptidase activity revealed the increased 

energy stress in CLas infected adult psyllids, which might be associated with more feed-

ing that will promote transfer of CLas to more citrus hosts. 

Moreover, the hub gene of the blue module (Dcitr02g08650.1.1, Table 3) is related to 

the microtubule-based movement and contains the kinesin domain. It also participates in 

the COPI-dependent Golgi-endoplasmic reticulum retrograde transport and kinesin path-

way. Kinesin is a motor protein traveling along microtubules and harnessing energy from 

ATP [20]. Different from most kinesins, motor proteins transport cargo to the nucleus. 

This retrograde transport is regulated by microtubule-directed COPI-coated vesicles 

[21,22]. This retrieval is also part of the compensatory process to maintain the homeostasis 
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of the Golgi complex as ER-to-Golgi is the major secretory step in intracellular cargo trans-

portation [23]. At the same time, a large amount of intracellular cargo transport also in-

creases the pressure on the ATP metabolism of psyllids, which may also explain that in-

fected psyllids are at a high hunger level, tend to forage more and their environmental 

resilience is greatly reduced [24].  

In the bacteria-host interaction, the host iron binding complexes are usually the 

source for maintaining bacteria iron homeostasis [25]. The foliar Fe application restored 

the infected citrus symptoms in previous findings indicating iron nutrition preference in 

CLas [26]. With an incomplete immune system, psyllid relies on co-evolved alternatives 

to limit CLas amplification [6,27]. Proteomic evidence has shown that iron binding protein 

is upregulated after CLas infection [6].  The consistency between enhanced ferric iron 

binding process from WGCNA and previous evidence suggests that psyllid sequesters the 

body free iron limiting the CLas proliferation. 

4.2. Citrus Host-Specific Psyllid Response to CLas Infection 

Host-specific psyllid responses are a common observation in vector biology experi-

ments and provide evidence for integrated pest management strategies customized to the 

local or regional pathosystem. It has been reported that volatile organic compounds 

(VOC) such as methyl salicylate released by certain citrus species altered the host-choice 

behavior in psyllids [28]. Furthermore, the nutrient element differences between infected 

but attractive citrus and healthy citrus [29] implies that the citrus host nutrient level may 

also be a factor in the host-specific response. Both factors affect the attractiveness of the 

citrus host for psyllid and eventually influence the CLas transmission rate. In Experiment 

3, when we combined psyllid gut transcripts from citrus hosts with distinct psyllid attrac-

tiveness, a significant host specific variance was introduced into analysis, which was det-

rimental for network connectivity and led to poor network model fitness. 

5. Conclusion 

In this study, we identified a co-expressed psyllid gene module in response to CLas 

infection, which promoted psyllid muscle movement, peptidase and iron binding activi-

ties. Its hub gene (Dcitr02g08650.1.1) was involved in the Golgi-to-ER retrograde traffic 

activity and contains the kinesin motor domain related to intracellular cargo transport. 

Both results suggest that these genes are of interest for the study of the response to CLas 

infection in psyllid guts. Our study provides new insights into the complex regulatory 

mechanisms of psyllid response to CLas infection using network analysis. Further work 

will be done to apply differential expression and WGCNA to transcriptomes from addi-

tional tissues and citrus hosts with a goal to identify host-specific solutions to citrus green-

ing in D. citri. 

Supplementary Materials: The following are available online at 

https://figshare.com/s/9678da9a91f448e4b62a, Abbreviations, Supplementary table 1, Supplemen-

tary table 2, Supplementary figure 1, Supplementary figure 2, Supplementary figure 3, Supplemen-

tary figure 4, Supplementary figure 5. 
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Abbreviations 

Abbreviations Full term 

ACP Asian citrus psyllid 

CLas Candidatus Liberibacter asiaticus 

WGCNA Weighted gene co-expression network analysis 

CGEN Citrus Greening Expression Network 

OGSv3 Official Gene Set v3 

HLB Huanglongbing 

GO Gene ontology 

C. medica Citrus medica 

ER Endoplasmic reticulum 

Supplementary table 1. Functional profiles for blue modules in Experiment 1 

GO.ID Term abbr. Annotated Significant Expected Classic Ontology 

GO:0043603 cellular amide metabolic process 449 128 93.74 4.60E-05 

biological 

process 

GO:0046916 

cellular transition metal ion homeo-

stasi... 10 8 2.09 0.00011 

GO:0043604 amide biosynthetic process 409 114 85.39 0.00032 

GO:0006518 peptide metabolic process 414 115 86.44 0.00035 

GO:0044281 small molecule metabolic process 566 150 118.17 0.0005 

GO:0006412 translation 381 106 79.55 0.00056 

GO:0055076 transition metal ion homeostasis 12 8 2.51 0.00078 

GO:0034470 ncRNA processing 139 45 29.02 0.00093 

GO:0043043 peptide biosynthetic process 391 107 81.64 0.00099 

GO:0034660 ncRNA metabolic process 212 63 44.26 0.00129 

GO:1901566 

organonitrogen compound biosynthetic 

pro... 697 176 145.52 0.00196 

GO:0015074 DNA integration 44 18 9.19 0.00197 

GO:0006396 RNA processing 361 98 75.37 0.0021 

GO:0006508 proteolysis 541 140 112.95 0.00213 

GO:0022613 ribonucleoprotein complex biogenesis 127 40 26.52 0.00306 
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GO:0000041 transition metal ion transport 14 8 2.92 0.00317 

GO:0046112 nucleobase biosynthetic process 14 8 2.92 0.00317 

GO:0042254 ribosome biogenesis 88 29 18.37 0.00535 

GO:0051347 

positive regulation of transferase ac-

tiv... 21 10 4.38 0.00557 

GO:0005840 ribosome 227 67 48.25 0.0016 

Cellular 

component 

GO:0005861 troponin complex 5 4 1.06 0.0084 

GO:0005773 vacuole 20 9 4.25 0.0147 

GO:0032991 protein-containing complex 1299 303 276.13 0.0157 

GO:0005743 mitochondrial inner membrane 74 24 15.73 0.016 

GO:0015629 actin cytoskeleton 87 27 18.49 0.0201 

GO:0005865 striated muscle thin filament 6 4 1.28 0.021 

GO:0031082 BLOC complex 6 4 1.28 0.021 

GO:0031083 BLOC-1 complex 6 4 1.28 0.021 

GO:0031414 

N-terminal protein acetyltransferase 

com... 6 4 1.28 0.021 

GO:0036379 myofilament 6 4 1.28 0.021 

GO:0033588 Elongator holoenzyme complex 9 5 1.91 0.0251 

GO:0048500 signal recognition particle 9 5 1.91 0.0251 

GO:1905354 exoribonuclease complex 9 5 1.91 0.0251 

GO:0019866 organelle inner membrane 77 24 16.37 0.026 

GO:0043228 non-membrane-bounded organelle 629 151 133.71 0.0389 

GO:0043232 

intracellular non-membrane-bounded 

organ... 629 151 133.71 0.0389 

GO:0019005 SCF ubiquitin ligase complex 7 4 1.49 0.0409 

GO:0005798 Golgi-associated vesicle 20 8 4.25 0.0443 

GO:0016742 hydroxymethyl- 9 7 1.79 0.0003 

Molecular 

Function 

GO:0003735 structural constituent of ribosome 228 66 45.35 0.00058 

GO:0005198 structural molecule activity 369 99 73.4 0.00061 

GO:0008233 peptidase activity 477 123 94.88 0.00077 

GO:0008234 cysteine-type peptidase activity 76 26 15.12 0.00235 

GO:1901682 

sulfur compound transmembrane 

transporte... 21 10 4.18 0.00386 

GO:0008271 

secondary active sulfate transmem-

brane t... 19 9 3.78 0.00636 

GO:0015116 

sulfate transmembrane transporter ac-

tivi... 19 9 3.78 0.00636 

GO:0004615 phosphomannomutase activity 3 3 0.6 0.00786 

GO:0004637 

phosphoribosylamine-glycine ligase ac-

tiv... 3 3 0.6 0.00786 
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GO:0016627 oxidoreductase activity 41 15 8.16 0.00956 

GO:0000049 tRNA binding 14 7 2.78 0.0112 

GO:0140101 catalytic activity 97 29 19.29 0.01183 

GO:0030234 enzyme regulator activity 160 44 31.83 0.01189 

GO:0070008 serine-type exopeptidase activity 24 10 4.77 0.01204 

GO:0004185 serine-type carboxypeptidase activity 18 8 3.58 0.01567 

GO:0003824 catalytic activity 4344 905 864.08 0.01645 

GO:0003997 acyl-CoA oxidase activity 6 4 1.19 0.01659 

GO:0005337 

nucleoside transmembrane transporter 

act... 6 4 1.19 0.01659 

Supplementary table 2 Functional profiles for intersection genes between blue modules and DEGs in Experiment 1 

GO.ID Term Annotated Significant Expected Classic Ontology 

GO:0006518 peptide metabolic process 414 36 12.1 2.40E-09 

Biological process 

GO:0043043 peptide biosynthetic process 391 33 11.43 2.50E-08 

GO:1901566 organonitrogen compound biosynthetic pro... 697 45 20.38 2.10E-07 

GO:0006826 iron ion transport 7 5 0.2 4.10E-07 

GO:0006879 cellular iron ion homeostasis 7 4 0.2 2.30E-05 

GO:0000041 transition metal ion transport 14 5 0.41 3.30E-05 

GO:0055072 iron ion homeostasis 8 4 0.23 4.50E-05 

GO:0005840 ribosome 227 32 7.77 1.60E-12 

Cellular 

component 

GO:0043232 intracellular non-membrane-bounded organ... 629 38 21.52 0.00019 

GO:0043228 non-membrane-bounded organelle 629 38 21.52 0.00019 

GO:0031090 organelle membrane 257 18 8.79 0.00258 

GO:0019866 organelle inner membrane 77 8 2.63 0.00441 

GO:0003735 structural constituent of ribosome 228 31 6.47 2.40E-13 

Molecular function 

GO:0005198 structural molecule activity 369 35 10.47 2.40E-10 

GO:0008199 ferric iron binding 6 4 0.17 9.10E-06 

GO:0004185 serine-type carboxypeptidase activity 18 5 0.51 0.00011 

GO:0070008 serine-type exopeptidase activity 24 5 0.68 0.00048 

GO:0008238 exopeptidase activity 58 7 1.65 0.00119 

GO:0050661 NADP binding 20 3 0.57 0.01803 
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Supplementary figure 1 First principle component expression level among the modules between 8 samples (C. medica host, CLas-

infected and CLas free) in “turquoise”, “blue” and “pink” modules. “Turquoise” and “blue” modules had consistent expression 

levels between replicates in control and infected samples with the pink modules showing variation. 
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Supplementary figure 2 Upset plot of DEGs and module genes intersection in the Experiment 1. Turquoise module has the largest 

module size but blue module has the greatest number of DEGs (forth black bar) among all the detected modules. Yellow and sky-

blue3 modules have few DEGs corresponding to their lower module size. 

 

Supplementary figure 3 Average expression level among the 41 modules between total 8 samples in the Experiment 1. Besides 

“Turquoise” and “blue” modules, other modules all showed variation in expression levels between replicates in control and in-

fected samples. Here grey module was a collection of low connectivity genes among the genome with few biological meaning. 
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Supplementary figure 4 Intramodule genes connectivity in the Experiment 1 in 41 modules. Here most of modules were showing 

high gene connectivity within the module except grey module which was a collection of low connectivity genes among the genome 

with few biological meaning. 
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Supplementary figure 5 Experiment 2 Soft thresholding picking while the scale free topology model fit is low (R2 < 0.6)  

 

Supplementary figure 6 PCA plot for Experiment 3 samples. No significant difference in transcriptome expression between the 

CLas infected and CLas-free psyllids in the multi-sample groups of eight CLas infected and healthy psyllid gut sample from 

C.medica host and six CLas infected and healthy psyllid midgut sample from Citrus spp.. 
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