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ABSTRACT

Huanglongbing (HLB or Citrus Greening Disease) is a destructive citrus disease that has impacted the U.S. citrus
industry as well as global citrus industry for many years. There is yet to be a practical cure for HLB. Currently, there
are only temporary and costly solutions of applying insecticides to target the psyllid vector and burning down the
infected trees. Here we investigated the protein and phosphoprotein differences between control (healthy) and
diseased citrus leaves to identify potential biomarkers essential towards fighting HLB within the trees themselves.
Proteins were extracted from control and diseased leaves, followed by trypsin digestion, phosphopeptide enrichment
and labelfree quantitative proteomics. In total, we identified 1539 proteins and 278 phosphoproteins, among which
63 proteins and 23 phosphoproteins exhibited significant changes between control and diseased samples. Proteins
in response to stimulus were increased at both total protein level and phosphorylation level. Interestingly, proteins
related to membranes and complexes were decreased, but increased at phosphorylation level. Several differential
phosphoproteins (e.g., a nuclear pore complex protein and a glutathione-S-transferase) could play important roles in
battling the devastating disease HLB, one that we can hopefully conquer in the near future.
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(from 8.0 to 2.2 billion tons) in the yield of oranges for processing
in the United States during the past decade [5].

INTRODUCTION

Citrus greening is a deadly disease that has devastated global citrus
communities for almost a century [1,2]. Citrus greening is known
by many epithets around the globe, including Huanglongbing
(HLB) (yellow dragon disease), Citrus vein phloem degeneration,
and yellow shoot disease to name a few. Each of these names

C. liber is transmitted through two main psyllid vectors: The Asian
citrus psyllid, Diaphorina citri, and the African citrus psyllid, Trioza
erytreae. The psyllids transfer the bacteria after encountering it in
the phloem of an infected plant. As the bacterium is known only

refer to the pathogenic, gram-negative a-proteobacteria known as able to thrive in the phloem of citrus plants and in the microbiome

Candidatus Liberbacter (abbreviated C. Liber) [3]. There are three

of the psyllid vector, it has been near impossible to culture and

known species of the C. Liber genus that infect citrus, aptly named
depending on the bacterium’s origin: C. Liber. asiaticus (CLas), C.
Liber africanus, and C. Liber americanus [1,4]. The first documented
case of the disease was reported in 1919 in China [1]. Later, in
1937 an African variant was reported in South Africa, and it finally
appeared in the United States in the state of Florida in August
2005 [1,5]. In 2016, 90% of Florida’s citrus acres were infected with
HLB, with approximately 80% of the citrus population infected
with the disease [6]. HLB was responsible for 72.2% reduction

study C. Liber in vitro. C. Liber infected citrus trees display a variety of
symptoms, including accumulation of starch, chlorosis of the leaves,
and decrease in growth [1,7,8]. Fruits produced by the plants are
irregularly shaped, colored and taste sour and bitter, making them
inferior for consumption and marketing. Eventually, the damages
incurred by the plant result in its inevitable death within 5 years.
This disease has cost the U.S. agriculture industry an approximate
$4.5 billion in total damages and losses [9]. Many methods have
been proposed to combat the pathogen, such as controlling the
psyllid vectors through the use of pesticides, creating disease-free
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nursery through the use of sterilized propagating material, and
by simply burning the infected trees [1,10]. However, as there can
be a latency period between the time of infection and the time
of detection, most of the methods are simply inefficient and
unsustainable to quarantine and eradicate the disease [11].

Recent metabolomics, transcriptomics, and proteomics efforts
have provided a few clues as to how the pathogen interacts with
its vector and host. In metabolomics, work has been done in
identifying citrus response to C. Liber infections, with a recent study
documenting increases of seven amino acids (glycine, isoleucine,
phenylalanine, proline, serine, threonine, and tryptophan) and
five organic acids (benzoic acid, citric acid, fumaric acid, salicylic
acid (SA), and succinic acid) after infection with CLas, indicating
that these amino acids and organic acids may play a role in the
defense of citrus plants, particularly in the activation of SA [12].
In transcriptomics, several studies found that genes related to
photosynthesis (mainly in the light reaction) and carbohydrate
metabolisms were down-regulated in HLB infected plants [13-15].
Conversely, genes related to oxidation-reduction (redox), transport,
starch biosynthesis, and sucrose metabolism are up-regulated [13-
17]. A recent study has identified transcripts of constitutive disease
resistance genes (CDR) involved in HLB resistance [18]. However,
it is well known that transcripts do not correlate well with protein
levels and cannot predict protein post-translational modifications
(PTMs) [19]. Thus, proteomic analyses must be conducted to
accurately decode the mechanisms of HLB.

In proteomics, multiple proteins were identified in HLB infected
citrus. They include phloem-specific lectin PP2-like proteins,
miraculinllike proteins, Cu/Zn superoxide dismutase, copper
ion binding protein, germin-like proteins, subtilisin-like proteins,
and serine carboxypeptidase-like 40 proteins [11,20-22]. The
phloem-specific lectin PP2-like proteins are used for carbohydrate
binding and accumulation [23]. The other proteins (miraculinl
like proteins, Cu/Zn superoxide dismutase, and copper ion
binding protein, germin-like proteins, subtilisin-like proteins, and
serine carboxypeptidase-like 40 proteins) are all found in defense
pathways and stress signaling pathways [24-27]. A recent study has
also shown that HLB defense in citrus leaves was correlated with an
induction of proteins involved in detoxification, e.g., glutathione

S-transferases (GSTs) [28].

Although these transcriptomics and proteomics studies have
identified some key differences between healthy and HLB infected
citrus, to get a clear picture of the effects of HLB we should consider
the various posttranslational modifications, especially protein
phosphorylation. By studying phosphoproteins we can identify key
proteins involved in signal transduction pathways and metabolic
regulations, which are critical for citrus defense. In this study, we
report changes in both the total proteome and phosphoproteome
of CLas-infected and control Citrus sinensis leaves. Our aim is to
identify potential phosphoproteins needed in the citrus’ defense
against HLB in hopes to prevent further catastrophic damage by C.
Liber species to citrus and to other potential hosts.
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MATERIALS AND METHODS
Growth conditions of tree seedlings

Trees were acquired from Phillip Rucks Citrus Nursery from
Frostproof, FL, USA. The seedlings are of the Valencia Orange
variety (Citrus sinensis) on Kuharski rootstock. Plants were grown in
a Fafard Citrus Mix soil from Sungro Horticulture (Agawam, MA,
USA) in a greenhouse with a controlled temperature of 28°C and
humidity of 74%. The seedlings were watered once every three days
for one minute with a flow-regulated drip line from Jain Irrigation
Systems Ltd (Fresno, USA) with a flow rate of 2 L/min. A fertilizer
composed up of 20% nitrogen, 10% phosphate, 20% potash,
0.15% water magnesium, 0.0125% boron, 0.0125% chelated
coppet, 0.05% chelated iron, 0.025% chelated manganese, 0.005%
molybdenum, and 0.025% chelated Zinc was dissolved in water to
produce a 5% stock solution. It was then diluted 100 times in water
to achieve a final nitrogen concentration of 100 ppm and applied
every other week. HLB infected trees were generated as previously

described [29].
Leaf protein extraction using a phenol method

Two grams of fresh leaves (as one biological replicate) of healthy
and infected leaves were ground in liquid nitrogen in a mortar and
pestle. A phenol method [30] was used to extract the proteins from
four biological replicates of the control (healthy) leaves and four
biological replicates of the treatment (infected) leaves. Briefly, 5.0
mL of Tris pH 8.8 buffered phenol and 5.0 mL of extraction media
(0.1 M Tris-HCI pH 8.8, 10 mM EDTA, 0.4% 2-mercaptoethanol,
and 0.9 M sucrose) was added to the leaf powder and continued
grinding for 30 seconds. The samples were transferred to Falcon
tubes and agitated them at 4°C for 30 min. After centrifugation
at 5000 g and 4°C for 10 min, the phenol phase was removed,
and the aqueous phase was back-extracted with 5 mL phenol and
5 mL extraction buffer). The second extraction was combined
with the first extraction. Then five volumes of 0.1 M ammonium
acetate in 100% methanol was used to precipitate the phenol
extracted proteins overnight at -20°C. Afterwards, the precipitate
was collected through centrifugation at 20,000 g, 4°C for 20 min.
The samples were washed five times each, two times with 0.1 M
ammonium acetate in methanol, two times with ice cold 80%
acetone and finally once with cold 70% ethanol (-20°C). The final
pellet was solubilized in 6 M urea and 0.1% SDS with agitation at
room temperature for 1 h.

Protein assay, gel electrophoresis, and trypsin digestion

A Bradford assay (BioRad, Hercules, CA, USA) and 1-D SDS gel
electrophoresis were used to evaluate the quantity and quality
of the proteins. The samples were diluted six times in 50 mM
ammonium bicarbonate, pH 8.5, and then reduced by 10 mM
tris(2-carboxyethyl)-phosphine at room temperature for 1 h,
followed by alkylation by 20 mM iodoacetamide in the dark for
30 min. Trypsin (Promega, Fitchburg, WI, USA) was added (w/w
for enzyme : sample=1 : 100) for digestion overnight at 37°C.
After trypsin digestion, each sample was split into two groups: one
for phosphopeptide enrichment (90 pg) and the other for total
proteomic analysis (10 pg).
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Phosphopeptide enrichment and ZipTip clean up

Phosphopeptides were enriched with the NuTip (TiO,/ZrO,,
Glygen, Columbia, MD, USA) according to manufacture
instructions. Briefly, the protein digest was lyophilized to dryness and
then solubilized in 10 pl of sample buffer (3% acetonitrile (ACN),
0.1% acetic acid +0.01% trifluoroacetic acid (TFA)) and 10 pl of
binding solution (80% ACN, 5% TFA). The peptides were loaded
into the NuTip by aspired and expelled 100 times. The unbound
peptides were then rinsed off using 200 pl of washing solution
(80% ACN, 1% TFA with pH less than 3). Phosphopeptides were
eluted by aspiring and expelling 50 times with an elution solution
(3% NH4OH in water, pH=11). Finally, the eluted peptides were
acidified using 2 pl of formic acid. The samples were dried using
a speedvac and stored at -20°C. The other 10% of peptides were
cleaned up using ZipTip solid phase extraction according the
manufacturer’s instructions (MilliporeSigma, St. Louis, MO, USA).

LC-MS/MS analyses of total peptides and phosphopeptides

Peptides derived from the protein samples were resuspended in
0.1% formic acid for mass spectrometric analysis. The bottom-
up proteomics data acquisition was performed on an EASY-nLC
1200 ultra-performance liquid chromatography system (Thermo
Scientific, San Jose, CA, USA) connected to an Orbitrap Fusion
Tribrid instrument equipped with a nano-electrospray source
(Thermo Scientific, San Jose, CA, USA). The peptide samples were
loaded to a C18 trapping column (75 pm i.d. x 2 ¢cm, Acclaim
PepMap® 100 particles with 3 pm size and 100 A pores) and then
eluted using a C18 analytical column (75 pm i.d. x 25 ¢cm, 2 pm
particles with 100 A pore size). The flow rate was set at 300 nL/
minute with solvent A (0.1% formic acid in water) and solvent B
(0.1% formic acid and 99.9% acetonitrile) as the mobile phases.
Separation was conducted using the following gradient: 2% of B
over 0-3 min; 2%-40 % of B over 3-150 min, 40%-98 % of B over
150-151 min, and isocratic at 98% of B over 151-166 min, and
then from 98-2% of B from 166-167 min. The equilibration at
2% B is from 167 to 180 min. The full MS1 scan (m/z 35-2000)
was performed on the Orbitrap with a resolution of 120,000 at
m/z 400. The automatic gain control (AGC) target is 2e5 with
50 ms as the maximum injection time. Monoisotopic precursor
selection (MIPS) was enforced to filter for peptides. Peptides
bearing +2 to +6 charges were selected with an intensity threshold
of le4. Dynamic exclusion of 15 s was used to prevent resampling
the high abundance peptides. Top speed method was used for
data dependent acquisition within a cycle of 3 s. The MS/MS was
carried out in the ion trap, with a quadrupole isolation window of
1.3 Da. Fragmentation of the selected peptides by collision induced
dissociation (CID) was done at 35% of normalized collision
energy. For peptides with charges between +4 and +6, electron
transfer dissociation (ETD) was activated. The MS2 spectra were
detected in the linear ion trap with the AGC target as le4 and the
maximum injection time as 35 ms. The data generated in this study
have been submitted to Massive repository and can be accessed via

MSV000084179.
Label-free proteomics data analysis

The raw data files were processed with the Proteome Discoverer
(PD) software (version 2.2, Thermo Scientific, San Jose, CA, USA)

using a citrus database containing entries from Citrus sinensis and

C. clementina (www.citrusgenomedb.org). The precursor mass
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tolerance was set to 10 ppm with a fragment mass tolerance of
0.5 Da. Trypsin was selected as the enzyme and the maximum
missed cleavage of 1 was set. Carbamidomethylation (C) was set
as fixed modification with variable modifications of oxidation
(M) and acetylation (N-term). The PD processing workflow starts
with loading raw files using the “Spectrum Files” node, followed
by a “Spectrum Selector” for optionally filtering spectra based on
various criteria. Then the workflow branches: MS1 peptide features
are quantified in all runs by “LFQProfiler FF”, and MS2 spectra
are identified using the native PD node Sequest HT. Subsequently,
peptide identifications are validated using Percolator. The
consensus workflow is used to combine the individual processing
results. It starts with the obligatory “MSF Files” node for loading the
processing results stored in a Thermo MSF file. “LFQProfiler” then
exports peptide identifications and map onto their corresponding
quantified features. Statistical data analyses were performed in
R (version 3.5.1) to determine different abundance proteins.
A p<0.05 and two-fold change cutoff was applied to determine
differential proteins and phosphoproteins. Arabidopsis thaliana 1Ds
for the identified protein sequences were generated by a local blastp
algorithm against TAIR10 (20190711) with a ewvalue cutoff at 0.01.
Gene ontology (GO) annotation was identified by the Arabidopsis
IDs and WEGO [31] was used for GO visualization. Cytoscape
was used for differential abundance protein-protein interaction
networks using STRING protein database with confidence cutoff
at 0.8 and maximum additional interactors at 40. Mapman [32]
was used for protein functional annotation in metabolic pathways
using the A. thaliana IDs and protein change ratios (log2(treatment/
control)).

Multi-omics data analysis

To correlate proteomics and phosphoproteomics data acquired
in this study with transcriptomics, we downloaded GSE29633
[11] as the mRNA data set for comparison to the proteomics and
phosphoproteomics data. The rationale for selecting this data set
is that they used the Affymetrix GeneChip Citrus Genome Array.
The data from this chip can be directly matched to our proteomics
data through the same accession numbers. For multi-omic
correlation, the changing trends of the significantly differential
proteins, phosphoproteins and transcripts were compared.

RESULTS AND DISCUSSION

Phenotype of healthy and CLas infected leaves and protein
quality

Sweet oranges of the species C. sinensis are known to be HLB-
sensitive [14]. The phenotypes of healthy and CLas infected C.
sinensis leaves matched well those from previous literature [1]. The
top leaf, the control, is shown to be healthy and uninfected, as seen
by its uniform color and smooth texture in Figure 1A. The bottom
leaf, the treatment, is shown to be infected with CLas as the leaf
is seen to have dark, blotchy mottling, a little bit of yellowing, and
a thicker/leathery texture. Leaves from four control seedlings and
those from four diseased seedlings were used as biological replicates
for proteomics and phosphoproteomics experiments. After SDS gel
electrophoresis and Commassie blue staining, the proteins from
different samples fell within a 14 kDa and 200 kDa range. The
quality was acceptable and the amounts appeared equal among the
different replicate samples (Figure 1B).
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with four biological replicates labeled as 1 to 4.

Figure 1: Leaf phenotype and protein profiles of control and diseased C. sinensis leaves. (A) Images of healthy (top) and CLas
infected leaves (bottom); (B) Commassie blue stained SDS gel of total protein extracts from control and diseased leaves, each

Proteomic and phosphoproteomic overview of healthy and
CLas infected leaves

Using labelfree quantitative proteomics of total proteins, we
observed 1539 non-redundant proteins, 63 of which were
differentially expressed proteins (DEPs) between healthy and
infected leaves as seen in Figure 2. Using enriched phosphopeptides,
we identified a total of 278 phosphoproteins, 23 of which were
DEPs between healthy and infected leaves (Figure 2). Based on GO
functional Classification shown in Figure 3, proteins in response
to stimulus increased in both total and phosphoproteome groups,
by 27% and 25%, respectively. Proteins with catalytic activity were
also increased in both groups, by 21% and 11%, respectively. In
contrast, proteins related to organelles, organelle parts and binding

all decreased in both groups by 10% and 2%, 15% and 3%, and
by 22% and 19% respectively. Proteins related to membranes
decreased by 7% in the total proteome group, but increased by
25% in the phosphoproteome group. Proteins related complex
decreased by 6% in the total proteome group, but increased by
44% in the phosphoproteome group. These results not only
revealed biological processes and molecular functions altered by the
CLas infection, but also highlight the importance of conducting
phophosphoproteomics in addition to total proteomics. For
examples, those proteins with decreased levels but increased
phosphorylation may function in the kinase phosphorylation
cascade, and thus may play important roles in signal transduction
and defense responses.
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Figure 2: Bar plots showing the number of Deferentially Expressed Proteins (DEP) and non-DEP proteins from the identified
proteins and phosphoproteins in control versus diseased C. sinensis leaves. Blue bars represent DEP proteins/phosphoproteins
and orange bars represent non-DEP proteins/phosphoproteins.
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Figure 3: GO enrichment of DEPs between control and diseased C. sinensis leaves (A) GO enrichment of total protein DEPs;
(B) GO enrichment of phosphoprotein DEPs. Red bars represent increased proteins after CLas infection; blue bars represent

decreased proteins after CLas infection.

CLas infection-induced protein level changes

As shown in Figure 2, 63 DEPs showed total protein level changes
in response to the CLas infection. Here we discuss a few interesting
DEPs. One was a chloroplastic ferritin-3, which is used in iron
storage and exhibits ferroxidase activity [33]. Chloroplast is one
of the major iron sinks in the plant cell, and thus it is prone to
oxidative damage [34,35]. In our samples, the ferritin-3 was
increased by 10.2 fold. With ferroxidase activity, it could oxidize
iron II to iron III to prevent hydroxyl radical production and
damage associated with the CLas infection [36]. However, the
overall antioxidant activity was decreased (Figures 3A and 3B).
This could be due to a multitude of factors, including the well-
known suppression of host anti-oxidative defense by pathogens
[37]. Another factor could be the impaired nutrient absorption
in the course of HLB development [22]. Thus, a lack of iron may
feedback regulate the expression of ferritin-3, as observed here.
These possibilities present exciting future research directions
toward understanding the citrus greening disease. Protein DJ-1
homolog B-like was also increased (by 5.2 fold). It very interesting
to find this protein as mutation to its human homolog DJ-1 is
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known to be associated with Parkinson’s disease and premature
cell death. When the protein was overexpressed in Arabidopsis, the
plants showed enhanced protection against environmental stresses
through activation of superoxide dismutase [38]. The molecular
mechanism underlying the activation is not known. In addition,
glutathione-S-transferases (GST) were increased (Supplemental
Table 1). For example, the most predominant GST23 showed a
five-fold increase. GSTs have been shown to be crucial in cellular
detoxification during oxidative stress response [35,39]. Previous
research has shown that HLB indeed causes oxidative stress, and
GSTs were proposed to be a likely component for relieving the
oxidative stress [40]. Thus, our observed increase in GSTs supports
the hypothesis in the previous study.

Another DEP showing a 6.5 fold increase after the CLas infection
was 3-isopropylmalate dehydratase small subunit 3-like (SSU3),
which is involved in leucine biosynthesis and female gametophyte
development [41-43]. The increase of SSU3 correlates with the
slight enrichment of the branch-chain amino acid pathway (Figure
4A). It is possible that SSU3 has other functions to contribute
to the HLB phenotype, together with blocked phloem transport



[22]. Interestingly, proteins related to auxin and jasmonate (JA)
biosynthesis were over-represented after CLas attack (Figure 5A).
Given that JA and salicylic acid (SA) are antagonistic hormones
[44,45], it was quite surprising to see increases in JA-related proteins
(Figure 5A). The biological implications of this result need to be
further investigated.

As to the decreased proteins, one was translation initiation factor
IF3-4 with a 8.6 fold decrease after the CLas infection. IF3 has been
shown to regulate chloroplastic gene translation initiation [46]. We
hypothesize that the decrease of IF3 in CLas infected plants may
account for the blotchy mottling and yellowing of the citrus leaves.
This decrease of IF3 correlates to the decrease of photosynthetic
light reactions shown in Figure 4A. IF3 has also been shown to play
amajor role in auxin homeostasis [47]. However, the overall increase
in the auxin biosynthesis after the CLas infection may promote
the expression of expansins, breakdown of the cell wall, and thus
HLB development [48,49]. Another protein that was decreased was
peroxiredoxin Q (PrxQQ). It catalyzes the conversion of hydrogen
peroxide and organic hydroperoxides into water. Thus, PrxQ
plays a critical role in protecting the cells from oxidative stressors,
especially the photosystem II complexes in the chloroplasts. It has
also been observed that PrxQQ deficient A. thaliana mutants had a
lower sensitivity to oxidants [50]. Thus, the decrease in PrxQ that
we observed is likely to contribute to an overall decrease in activity
in redox/antioxidant responses shown in Figure 5A.
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CLas infection-induced protein phosphorylation changes

In total, 278 phosphoproteins were identified. Among them, 23
phospho-proteins were observed to have increased or decreased in
abundance (Figure 2, Supplemental Table 2). One such protein
that increased in phosphorylation by 4.4 fold was nuclear pore
complex (NPC) protein NUP98A. In humans and yeasts, NPCs
are crucial in protein and RNA transport as well as nuclear pore
reconstruction following mitosis. In plants, there has been limited
research done on NPCs. In Arabidopsis, NPCs have been shown
to be involved in pathogen interactions and hormone signaling
[51]. How phosphorylation regulates NPC functions and what
role it plays in HLB disease development are interesting questions
for future studies. Another protein GSTL3 showed increased
phosphorylation by 4.1 fold. A previous work using 2D gel to
study SA induced plant GSTs did not identify phosphorylation
of GSTs [52]. In this study, detection of GSTL3 phosphorylation
is significant as GSTL3 is part of the lambda Class of GSTs
(GSTLs), which catalyze the glutathione-dependent reduction of
S-glutathionyl-quercetin to quercetin under stress conditions [53].
Flavonoids are important in plant pathogen defense due to their
antioxidative properties and inhibition of pathogen enzymes [54].
An increase in the phosphorylated GSTL3 (Figure 5B) indicates
that during CLas infection, C. sinensis increased GSTL3 activity to
maintain and increase flavonoids for combating ROS and CLas
bacterium. An increase in the phosphorylation of GSTL3 could
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also explain the enrichment of the phosphorylation pathways of
redox and auxin as seen in Figure 5B. Previous literature has shown
that flavonoids tend to inhibit auxin pathways, facilitating pathogen
defense by protecting the natural pathogen barrier cell walls [54].
It is possible that the increase of flavonoids is a response to the
increase of auxins induced by CLas during the infection. However,
further research should be conducted to reach a conclusive answer.

As to decreased phosphorylation, the transportrelated proteins
stand out (Figure 3B). For example, phosphorylation of a SEC16B
isoform X1 showed a 2.3 fold decrease. SEC16B plays a role in
the transport of proteins between endoplasmic reticulum (ER)
and Golgi apparatus [55]. In contrast, the total level changes of
transport-related proteins were highly enriched (Figure 3A),
but phosphorylation was decreased (Figure 3B), indicating
phosphorylation may not be important in regulating the transport
activity. A signalingrelated VQ motif-containing protein (VQP)
4 was also decreased in phosphorylation. Previous research has
shown that VQPs are phosphorylated by mitogen-activated protein
kinases (MAPKSs), specifically MPK3 and MPKG6 [56]. When plants
expressing these MPK3/6-targeted VQPs (MVQs) were treated
with flagellin-derived peptide flg22, the MVQs were destabilized.
As MVQs are negative regulators of WRKY-mediated defense
gene expression, a destabilization of these MVQs allowed for up-
regulation of defense gene expression [56]. In our samples, we
observed a two-fold decrease in the phosphorylation of VQPs in
the CLas infected leaves compared to healthy leaves. This indicates
that phosphorylation of the MVQs decreased after the CLas

] Proteomics Bioinform, Vol. 14 Iss. 3 No: 528

infection, thus MVQs became stable, leading to decreased plant
defense response (Figures 3B and 5B) and the disease phenotype
(Figure 1).

Correlation between transcript level, protein level and
phosphoprotein level

The overall correlation of differential molecules in the
transcriptome, proteome and phosphoproteome is relatively low
(Supplemental Table 3), despite higher matching in the identified
molecules at the different levels. This result can be attributed to
the incomplete coverage of each omic technology, as well as the
different levels of regulations. It highlights the complementary
nature of each omic analysis, and the importance of conducting
multi-omics [19,57,58]. For example, transcription of a GST
L3 increased, but did not lead to any changes at the protein
level. However, its phosphorylation was increased after the CLas
infection (Supplemental Table 3). This result is consistent with a
previous report of GST L3 changes under high temperature stress
[59]. The biological implication of the GST L3 phosphorylation
needs to be further studied. For all the differential proteins, their
corresponding transcript levels either did not change significantly
or were not detected. This discordance between the protein level
and RNA level is welllknown, and may be attributed to PTMs,
different dynamics and stability of mRNAs and proteins [19]. It
is not surprising that the phosphorylation level changes exhibited
the least correlation with the transcript changes, since transcript
levels cannot predict the protein PTMs. On the other hand, the
decrease in phosphorylation of a 28 kDa ribonucleoprotein may be



attributed to the decrease of its protein level (Supplemental Table
3), again highlighting the utility and importance of multi-omics.

CONCLUSION

The study aimed to detect and measure differentially expressed
proteins and phosphoproteins (DEPs) between healthy C. sinensis
plants and those infected by CLas. Using LCMS/MS-based label-
free quantitative proteomics and phosphopeptide enrichment,
we were able to identify 1539 proteins and 278 phosphoproteins.
Among them, 63 proteins and 23 phosphoproteins were DEPs. In
the total protein group, multiple proteins related to stress, redox
and hormone pathways appeared to play an important role in CLas
defense. In the phosphoprotein group, we discovered interesting
phosphorylation changes in several proteins, such as the nuclear
pore complex, GSTL3, SEC16B and VQ motif protein 4 (VQP4).
The increase of phosphorylation of GSTL3 may regulate cellular
flavonoid contents to alleviate oxidative stress during pathogen
infection. We also noted the decreased phosphorylation of VQP4 in
the MVQ pathway, potentially contributing to the HLB phenotype.
Our analysis of the enrichment of phosphoprotein pathways and
especially the phosphoproteins (e.g., VQP4 in MPK signaling) may
facilitate the development of novel approaches to combating CLas
infection of citrus plants in the future.

ACKNOWLEDGMENTS

The authors would like to thank Drs. Lei Pan, Craig Dufresne
and Wei Zhu for advice and assistance with the experiments.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Bové JM. Huanglongbing: A destructive, newly-emerging, century-old
disease of citrus. ] Plant Pathol. 2006;88:7-37.

2. Batool A, Iftikhar Y, Mughal SM, Khan MM, Jaskani M], Abbas M,
et al. Citrus greening disease-a major cause of citrus decline in the

world-a review. Hort Sci. 2007;34:159-166.

3. Jagoueix S, Bove ]M, Garnier M. The phloem-limited bacterium of
greening disease of citrus is a member of the o subdivision of the

Proteobacteria. Int ] System Evo Microbiol. 1994;44:379-386.
4.  Coletta-Filho HD, Takita MA, Targon MLPN, Machado MA. Analysis

of 16S rDNA sequences from citrus huanglongbing bacteria reveal a
different “Ca. Liberibacter” strain associated with citrus disease in

Sao Paulo. Plant Dis. 2007;89:848-852.
5.  Dala-Paula BM, Plotto A, Bai ], Manthey JA, Baldwin EA, Ferrarezi

RS, et al. Effect of Huanglongbing or greening disease on orange
juice quality. Front Plant Sci. 2019;9:1976.

6. Singerman A, Useche P. Impact of citrus greening on citrus operations

in Florida. FE983. 2019;1-4.

7. Brlansky RH, Rogers ME. Citrus Huanglongbing: Understanding
the vector-pathogen interaction for disease management. APSnet.

2007;1207.

8.  Kim ]S, Sagaram US, Burns JK, Li JL, Wang N. Response of sweet
orange (Citrus sinensis) to ‘Candidatus Liberibacter asiaticus’ infection:
Microscopy and microarray analyses. Phytopathol. 2019;99:50-57.

9. Neupane D, Moss C, Bruggen AV. Estimating citrus production loss
due to citrus Huanglongbing in Florida. AG Econ. 2016;1-25.

J Proteomics Bioinform, Vol. 14 Iss. 3 No: 528

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

21.

OPEN aACCESS Freely available online

Halbert SE, Manjunath KL. Asian citrus psyllids (Sternorrhyncha:
Psyllidae) and greening disease of citrus: A literature review and

assessment of risk in Florida. F1 Entomol. 2004;330-353.
Fan ], Chen C, Yu Q, Brlansky RH, Li ZG, Gmitter Jr FG.

Comparative iTRAQ proteome and transcriptome analyses of sweet
orange infected by “Candidatus Liberibacter asiaticus”. Physiol Plant.
2011;143:235-245.

Killiny N, Nehela Y. Metabolomic response to Huanglongbing: Role
of carboxylic compounds in Citrus sinensis response to ‘Candidatus
Liberibacter asiaticus’ and its vector, Diaphorina citri. Mol. Plant-

Microbe Interact. 2017;30:666-678.

Liao HL, Burns JK. Gene expression in Citrus sinensis fruit tissues
harvested from Huanglongbinginfected trees: Comparison with

girdled fruit. ] Exp Bot. 2012;63:3307-3319.
Martinelli F, Reagan RL, Uratsu SL, Phu ML, Albrecht U, Zhao W,

et al. Gene regulatory networks elucidating Huanglongbing disease

mechanisms. PLoS One. 2013;8:e74256.

Xu M, Li Y, Zheng Z, Dai Z, Tao Y, Deng X, et al. Transcriptional
analyses of mandarins seriously infected by ‘Candidatus Liberibacter

asiaticus’. PLoS One. 2015;10:e0133652.

Mafra V, Martins PK, Francisco CS, Ribeiro-Alves M, Freitas-Astta
J, Machado MA, et al. Candidatus Liberibacter americanus induces
significant reprogramming of the transcriptome of the susceptible

citrus genotype. BMC Genom. 2013;14:247.

Zhao H, Sun R, Albrecht U, Padmanabhan C, Wang A, Coffey
MD, et al. Small RNA profiling reveals phosphorus deficiency as a
contributing factor in symptom expression for citrus Huanglongbing

disease. Mol Plant. 2013;6:301-310.
Rawat N, Kumar B, Albrecht U, Du D, Huang M, Yu Q, et al.

Genome resequencing and transcriptome profiling reveal structural
diversity and expression patterns of constitutive disease resistance
genes in Huanglongbingtolerant Poncirus trifoliata and its hybrids.

Hort Res. 2017;4:17064.
Walley JW, Sartor RC, Shen Z, Schmitz R], Wu KJ, Urich MA, et

al. Integration of omic networks in a developmental atlas of maize.

Science. 2016;353:814-818.

Albrecht U, Bowman KD. Gene expression in Citrus sinensis (L.)
Osbeck following infection with the bacterial pathogen Candidatus
Liberibacter asiaticus causing Huanglongbing in Florida. Plant Sci.

2008;175:291-306.
Aritua V, Achor D, Gmitter FG, Albrigo G, Wang N. Transcriptional

and microscopic analyses of citrus stem and root responses to

Candidatus Liberibacter asiaticus infection. PLoS One. 2013;8: ¢73742.
Zhong Y, Cheng CZ, Jiang NH, Jiang B, Zhang YY, Wu B, et al.

Comparative transcriptome and iTRAQ proteome analyses of citrus
root responses to Candidatus Liberibacter asiaticus infection. PLoS

One. 2015;10:e0126973.

Bostwick DE, Dannenhoffer JM, Skaggs MI, Lister RM, Larkins
BA, Thompson GA. Pumpkin phloem lectin genes are specifically
expressed in companion cells. Plant Cell. 1992;4:1539-1548.

Bogacheva AM. Plant subtilisins. Biochem. 1996;64:287-293.

Patnaik D, Khurana P. Germins and germin like proteins: An

overview. Indian. J. Exp. Biol. 2001;39: 191-200.

Hara M, Fujinaga M, Kuboi T. Metal binding by citrus dehydrin with
histidine-rich domains. J. Exp. Bot. 2005;56: 2695-2703.

Lustgarten M, Muller FL, Van Remmen H. An objective appraisal
of the free radical theory of aging. In Handbook of the Biology of
Aging. 2011;177-202.


https://doi.org/10.1099/00207713-44-3-379
https://dx.doi.org/10.3389%2Ffpls.2018.01976
https://crec.ifas.ufl.edu/extension/economics/pdf/Impact Citrus Greening web.pdf
https://crec.ifas.ufl.edu/extension/economics/pdf/Impact Citrus Greening web.pdf
https://doi.org/10.1094/phyto-99-1-0050
https://bioone.org/journals/florida-entomologist/volume-87/issue-3/0015-4040(2004)087%5b0330:ACPSPA%5d2.0.CO;2/ASIAN-CITRUS-PSYLLIDS-STERNORRHYNCHA--PSYLLIDAE-AND-GREENING-DISEASE-OF/10.1653/0015-4040(2004)087%5b0330:ACPSPA%5d2.0.CO;2.full
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0126973
https://doi.org/10.1093/jxb/ers070
https://dx.doi.org/10.1371%2Fjournal.pone.0074256
https://dx.doi.org/10.1371%2Fjournal.pone.0133652
https://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-14-247
https://doi.org/10.1093/mp/sst002
https://www.nature.com/articles/hortres201764
https://doi.org/10.1126/science.aag1125
https://dx.doi.org/10.1371%2Fjournal.pone.0073742
https://doi.org/10.1371/journal.pone.0126973
https://pubmed.ncbi.nlm.nih.gov/11495276/
https://doi.org/10.1093/jxb/eri262
https://mdanderson.elsevierpure.com/en/publications/an-objective-appraisal-of-the-free-radical-theory-of-aging

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

Balan B, Ibanez AM, Dandekar AM, Caruso T, Martinelli F.
Identifying host molecular features strongly linked with responses to
Huanglongbing disease in citrus leaves. Front. Plant Sci. 2018;9:277.

Nwugo CC, Doud MS, Duan YP, Lin H. Proteomics analysis reveals
novel host molecular mechanisms associated with thermotherapy of
'Ca. Liberibacter asiaticus-infected citrus plants. BMC Plant Biol.
2016;16:253.

Hajduch M, Ganapathy A, Stein JW, Thelen J]. A systematic proteomic
study of seed filling in soybean. Establishment of high-resolution two-
dimensional reference maps, expression profiles, and an interactive

proteome database. Plant Physiol. 2005;137:1397-1419.

Ye ], Zhang Y, Cui H, Liu J, Wu Y, Cheng Y, et al. WEGO 2.0: a web
tool for analyzing and plotting GO annotations, 2018 update. Nucl
Acids Res. 2018;46:W71-\W75.

Thimm O, Blising O, Gibon Y, Nagel A, Meyer S, Kriiger P, et al.
MAPMAN: A user driven tool to display genomics data sets onto
diagrams of metabolic pathways and other biological processes. Plant

J.2004;37:914-939.

Nair PM, Ramaswamy NK. Isolation of 34 kDa protein from spinach
chloroplasts having ferrooxidase and H2O2-dependent dark O2
evolution activities. Indian J Biochem Biophys. 1991;28:22-29.

LopezMillan AF, Duy D, Philippar K. Chloroplast iron transport
proteins-function and impact on plant physiology. Front Plant Sci.

201657:178.
Yu ], LiY, Qin Z, Guo S, Li Y, Miao Y, et al. Plant chloroplast stress

response: Insights from thiol redox proteomics. Antioxid Redox

Signal. 2020;33:35-57.

Matika DEF, Loake GJ. Redox regulation in plant immune function.
Antioxid Redox Signal. 2014;21:1373-1388.

Novaes RD, Teixeira AL, de Miranda AS. Oxidative stress in microbial
diseases: Pathogen, host, and therapeutics. Oxid Med Cell Longev.
2019,8159562.

Xu XM, Lin H, Maple ], Bjorkblom B, Alves G, Larsen JP, et al. The
Arabidopsis DJ-1a protein confers stress protection through cytosolic

SOD activation. ] Cell Sci. 2010;123:1644-1651.

Gullner G, Komives T, Kirély L, Schroder P. Glutathione S-transferase
enzymes in plant-pathogen interactions. Front Plant Sci. 2010;9:1836.

Martinelli F, Dandekar AM. Genetic mechanisms of the devious
intruder Candidatus Liberibacter in citrus. Front Plant Sci. 2012;8:904.

Knill T, Reichelt M, Paetz C, Gershenzon ], Binder S. Arabidopsis
thaliana encodes a bacterial-type heterodimeric isopropylmalate
isomerase involved in both Leu biosynthesis and the Met chain
elongation pathway of glucosinolate formation. Plant Mol Biol.

2012;71:227-239.

He Y, Chen B, Pang Q, Strul JM, Chen S. Functional specification of
Arabidopsis isopropylmalate isomerases in glucosinolate and leucine

biosynthesis. Plant Cell Physiol. 2010;51:1480-1487.

Imhof J, Huber F, Reichelt M, Gershenzon ], Wiegreffe C, Lichler
K, et al. The small subunit 1 of the Arabidopsis isopropylmalate
isomerase is required for normal growth and development and the
early stages of glucosinolate formation. PLoS One. 2014;9:91071.

Tamaoki D, Seo S, Yamada S, Kano A, Miyamoto A, Shishido H, et
al. Jasmonic acid and salicylic acid activate a common defense system

in rice. Plant Signal. Behav. 2013;8:24260.

J Proteomics Bioinform, Vol. 14 Iss. 3 No: 528

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

51.

58.

59.

OPEN aACCESS Freely available online

Liu L, Sonbol FM, Huot B, Gu Y, Withers J, Mwimba M, et al.
Salicylic acid receptors activate jasmonic acid signalling through a
non-canonical pathway to promote effector-triggered immunity. Nat

Commun. 2016;7:13099.

Nesbit AD, Whippo C, Hangarter RP, Kehoe DM. Translation
initiation factor 3 families: what are their roles in regulating
cyanobacterial and chloroplast gene expression. Photosynth Res.

2015;126:147-159.
Zheng M, Liu X, Liang S, Fu S, Qi Y, Zhao ], et al. Chloroplast

translation initiation factors regulate leaf variegation and

development. Plant Physiol. 2016;172:1117-1130.

Wang Y, Zhou L, Yu X, Stover E, Luo F, Duan Y. Transcriptome
profiling of Huanglongbing (HLB) tolerant and susceptible citrus
plants reveals the role of basal resistance in HLB tolerance. Front

Plant Sci. 2016;7:933.

Kunkel BN, Harper CP. The roles of auxin during interactions
between bacterial plant pathogens and their hosts. J Exp Bot.
2018;69;245-254.

Lamkemeyer P, Laxa M, Collin V, Li W, Finkemeier I, Schottler
MA, et al. Peroxiredoxin Q of Arabidopsis thaliana is attached to
the thylakoids and functions in context of photosynthesis. Plant J.
2006;45:968-981.

Tamura K, Fukao Y, Iwamoto M, Haraguchi T, Hara-Nishimura
I. Identification and characterization of nuclear pore complex

components in Arabidopsis thaliana. Plant Cell. 2010;22:4084-4097.
Sappl PG, On late-Sanchez L, Singh KB, Millar AH. Proteomic

analysis of glutathione-S-transferases of Arabidopsis thaliana reveals
differential salicylic acid-induced expression of the plantspecific phi

and tau CLasses. Plant Mol Biol. 2010;54:205-219.

Dixon DP, Edwards R. Roles for stress-inducible lambda glutathione
transferases in flavonoid metabolism in plants as identified by ligand

fishing. ] Biol Chem. 2010;285:36322-36329.

Mierziak ], Kostyn K, Kulma A. Flavonoids as important molecules of
plant interactions with the environment. Mol. 2014;19:16240-16265.

Takagi ], Renna L, Takahashi H, Koumoto Y, Tamura K, Stefano G,
et al. MAIGO5 functions in protein export from Golgi-associated
endoplasmic reticulum exit sites in Arabidopsis. Plant Cell.

2013;25:4658-4675.

Pecher P, Eschen-Lippold L, Herklotz S, Kuhle K, Naumann K,
Bethke G, et al. The Arabidopsis thaliana mitogen-activated protein
kinases MPK3 and MPKG6 target a subclass of "'VQ-motif-containing

proteins to regulate immune responses. New Phytol. 2014;203:592-
606.

David L, Kang ], Dufresne D, Zhu D, Chen S. Multi-omics revealed
molecular mechanisms underlying guard cell systemic acquired

resistance. Int ] Mol Sci. 2021;22:191.
Zhu W, Han H, Liu A, Guan Q, Kang J, David L, et al. Combined

ultraviolet and darkness regulation of medicinal metabolites
in Mahonia bealei revealed by proteomics and metabolomics. ]

Proteomics. 2021; 233:104081.

Hao JH, Zhang LL, Li PP, Sun YC, Li JK, Qin XX, et al. Quantitative
proteomics analysis of Lettuce (Lactuca sativa L.) reveals molecular
basis-associated auxin and photosynthesis with bolting induced by
high temperature. Int ] Mol Sci. 2018;19:2967.


https://dx.doi.org/10.3389%2Ffpls.2018.00277
https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-016-0942-x
https://doi.org/10.1104/pp.104.056614
https://dx.doi.org/10.1093%2Fnar%2Fgky400
https://doi.org/10.1111/j.1365-313x.2004.02016.x
https://doi.org/10.1111/j.1365-313x.2004.02016.x



