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ABSTRACT: “Candidatus Liberibacter asiaticus” (CLas) is the bacterium
associated with the citrus disease Huanglongbing (HLB). Current CLas
detection methods are unreliable during presymptomatic infection, and
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is challenging because CLas has yet to be isolated in pure culture. To
understand how CLas affects citrus metabolism and whether infected plants
produce systemic signals that can be used to develop improved detection
techniques, leaves from Washington Navel orange (Citrus sinensis (L.)
Osbeck) plants were graft-inoculated with CLas and longitudinally studied
using transcriptomics (RNA sequencing), proteomics (liquid chromatog-
raphy—tandem mass spectrometry), and metabolomics (proton nuclear ;
magnetic resonance). Photosynthesis gene expression and protein levels were |'de"ﬁfyd'm! fa%ﬂ&&fgmﬂ

lower in infected plants compared to controls during late infection, and lower

levels of photosynthesis proteins were identified as early as 8 weeks post-

grafting. These changes coordinated with higher sugar concentrations, which have been shown to accumulate during HLB. Cell wall
modification and degradation gene expression and proteins were higher in infected plants during late infection. Changes in gene
expression and proteins related to plant defense were observed in infected plants as early as 8 weeks post-grafting. These results
reveal coordinated changes in greenhouse navel leaves during CLas infection at the transcript, protein, and metabolite levels, which
can inform of biomarkers of early infection.
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B INTRODUCTION polymerase chain reaction (qQPCR).® No additional qPCR-

e . 9 .
Huanglongbing (HLB) is a serious citrus disease associated posm\.re treefs we‘re f.ound until 2015,” but since then, more
with three species of unculturable, phloem-limited bacteria, trees in California with HLB have been found. In 2018, 699

“Candidatus Liberibacter asiaticus” (CLas), “Candidatus trees with HLB were found in California, representing a 1601"/8
(CLam), and “Candidatus Liberi- increase in the number of diseased trees since 2017.

Additionally, D. citri has spread from southern California to
northern California,'' ™' threatening all citrus trees where they

Liberibacter americanus”
bacter africanus” (CLaf)." HLB causes poor fruit quality, fruit
drop, blotchy yellow mottle on leaves, and premature tree

death.”” The time for symptoms to appear after initial exist.
infection is variable, sometimes taking years to manifest.’ Understanding pathogenesis of CLas is challenging because,
CLas is vectored by the Asian citrus psyllid (Diaphorina citri until recently, the bacteria had not successfully been cultured
Kuwayama)® and can also be transmitted by grafting infected long-term,'* and pure cultures of CLas have yet to be
material onto healthy plants.” CLas was first confirmed in the maintained. Additionally, the bacteria do not have a uniform
U.S. in Florida in 2005. HLB is now widespread in Florida and distribution and concentration throughout the tree, making the
has led to a dramatic reduction in Florida’s citrus acreage and

. R, . 6
yield, resulting in billions of dollars of loss to the industry. Received: September 11, 2019
Decreased fruit quality and flavors may be mitigated by Published: December 30, 2019

blending juices, although it is becoming increasingly difficult to
find unaffected fruit in Florida.” In 2012, one tree in Hacienda
Heights, California, tested positive for CLas by quantitative
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Table 1. Quantitative Polymerase Chain Reaction (qQPCR) Ct Values for Control (Grafted with Clean Material) and Treatment
(Grafted with Material from CLas(+) Trees) Plants from Baseline (Pregraft) up to 46 Weeks Post-Grafting (wpg)“

control treatment

wpg NC 1 NC2 NC 3 NC_4 NC5 NC6 NHI NH2 NH3 NH4 NHS NHSG6
week 10 40 40 40 40 40 40 40 40 40 40 40 23.15
week 16 40 40 40 40 40 40 40 40 40 31.16 40 23.87
week 22 40 40 40 40 40 40 40 3374 40 40 40 26.61
week 30 40 40 40 40 40 40 2691 31.79 40 40 40 3237
week 35 40 40 40 40 40 40 25.86 20.97 40 26.16 40 23.39
week 40 40 40 35.69 (40) 36.87 (40) 40 40 35.77 20.36 38.84 25.07 40 20.53
week 46 40 40 40 40 40 40 20.77 19.38 40 22.63 40 21.04

“Trees were designated as “positive” (infected, CLas(+)) or “negative” (uninfected, CLas(—))for CLas using the APHIS-PPQ Ct cutoff of Ct < 37
for infected trees. Values in parentheses indicate Ct values after retesting. Samples from plants with names in bold were used for analyses.

development of detection techniques and treatments for HLB
challenging. However, understanding the citrus response to the
pathogen offers some insight into how CLas affects citrus.
Genomics, transcriptomics, proteomics, and metabolomics
allow for comprehensive detection of genes, transcripts,
proteins, and metabolites, respectively. These methods are
complementary to each other, and the combination of multiple
“omic”-based methods allows for a system-level overview of an
organism.'>'® There are several examples of systems biology
approaches that have been applied to plant systems such as rice
seedlings exposed to ozone,'” irradiated maize,"® nitrogen-
deficient maize,"® and transgenic maize lines.”® These studies
demonstrate the utility of a systems biology approach in
broadening our understanding of plant systems.

Several studies have used omic technologies to investigate
the effect of CLas on citrus metabolism. Metabolomic analysis
of Valencia oranges revealed differences in the metabolite
content of healthy, HLB-asymptomatic, and HLB-symptomatic
fruits.”*> The concentration of several amino acids directly
involved in plant defense was lower in HLB-affected fruit,
suggesting that the pathogen may suppress plant defenses.”’
Similar changes in the metabolome of HLB-symptomatic
Hamlin and Valencia fruits were also observed, even when
fruits were harvested from different locations.”* Transcriptomic
analysis of Valencia orange leaves and fruits revealed important
alterations in sucrose and starch metabolism that occur in
diseased trees, leading to the disruption in the source—sink
relationship.”* Another transcriptomic study of HLB-affected
Valencia fruit peel samples showed increased transcription of
photosynthesis light-dependent reaction genes and higher
levels of transcripts involved in protein degradation and
misfolding in diseased trees, as well as induction of salicylic
acid and jasmonic acid pathways.”> A combination of
proteomics and transcriptomics on CLas(+) Madam Vinous
leaves found differential regulation of the stress response and
transcription regulation pathways,”® as well as changes to cell
wall modification, protein degradation, and transcription
regulation in CLas(+) Sanhu red tangerine roots.”” Overall,
tew studies have utilized a combined multiple omics approach
to study the effect of CLas on HLB development in citrus.
Additionally, few are also true repeated measure (i.e.,
longitudinal) studies.

The objective of this work was to provide a broader and
clearer understanding of the metabolic changes that occur in
citrus trees infected with CLas using three omics platforms
(transcriptomics, proteomics, and metabolomics) and to
measure alterations over time during HLB progression. The
results inform of potential biomarkers of disease and molecular
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targets for treatment. Greenhouse Parent Washington Navel
orange (Citrus sinensis (L.) Osbeck) trees were grafted with
CLas-infected material (originating from Hacienda Heights,
California®) and sampled longitudinally starting at baseline
(before grafting) until severe symptom expression, which
included yellow mottle on leaves, leaf drop, and overall decline
in plant vigor at 46 weeks post-grafting (wpg).

B EXPERIMENTAL SECTION

Plant Material

All plants were grown and maintained in an insect-free
greenhouse at the Contained Research Facility at the
University of California, Davis. The greenhouse was main-
tained at 27 °C (£1.5 °C) with supplemental lighting (high-
pressure sodium lights; 16 h light:8 h dark). Humidity was not
controlled and ranged from 30 to 50% humidity throughout
the year.

Parent Washington Navel orange (or Washington navel, C.
sinensis (L.) Osbeck) scions were grafted onto 6 month-old
Carrizo rootstock. All plant materials were obtained from the
University of California, Riverside Citrus Clonal Protection
Program in _]ulgf 2013 and were tested and certified to be free
of pathogens.”>”’ For the duration of the experiment, plants
were grown in 2 gallon pots in a 2:1 mixture of UC mix no. 2
and peat moss. The plants were watered as needed, and at each
watering, the plants were fertilized with complete fertilizer (-
12-26) that contained the following micronutrients: magne-
sium (31 ppm), sulfate (SO, 125 ppm), iron (3 ppm),
manganese (0.50 ppm), zinc (0.15 ppm), copper (0.1S ppm),
boron (0.50 ppm), molybdenum (0.10 ppm), and calcium
(116 ppm).

In February 2014, three buds from CLas(+) or CLas(—)
navel source plants were T-bud grafted onto one branch (the
Navel scion) for each experimental plant. Six plants received
three CLas(+) grafts (treatment), and six plants received three
CLas(—) grafts (control). The three grafts were placed as close
to the main stem as possible. The source plants used to obtain
the buds for grafting had been assayed by qPCR for the
presence of CLas using the USDA standard protocol as
described by Li et al..”° The Ct value for the CLas(+) source
plant was 30.17, and the Ct value for the CLas(—) source plant
was 40. The initial CLas-infected plant material was obtained
from the USDA-ARS Citrus Quarantine Laboratory (Beltsville,
MD).

Symptoms of HLB first appeared in one tree (NH_6) at 22
wpg, two more trees (NH_1 and NH_2) at 26 wpg, and an
additional tree (NH_4) at 40 wpg. Symptoms included yellow

https://dx.doi.org/10.1021/acs.jproteome.9b00616
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leaf mottle and leaf deformities. By 46 wpg, these four plants
showed poor vigor and almost all leaves were symptomatic and
had severe yellowing. Two trees (NH_3 and NH_S) did not
exhibit HLB symptoms at any time point throughout this
study.

Sampling for metabolomics, transcriptomics, and proteomics
occurred between February 2014 and January 201S.
Asymptomatic leaves were sampled when available (2—26
wpg); only symptomatic leaves were selected at 46 wpg. Leaves
were sampled throughout the tree and were taken from
multiple points around the tree canopy and included leaves
that were both on the surface of the canopy as well as toward
the interior. The number of leaves sampled depended on the
overall size of the tree and the size of the leaves. For
metabolomics, each sample consisted of 2—6 pooled leaves
from a single tree and each tree was sampled at baseline and 2,
8, 10, 12, 14, 16, 18, 20, 22, 24, 26, and 46 wpg. Leaves were
immediately put on dry ice and stored at —80 °C until
extraction. A separate pool of 4—6 leaves from each tree was
collected at 8, 18, 26, and 46 wpg and used for both
transcriptomic and proteomic analyses. These leaves were
immediately frozen in liquid nitrogen, put on dry ice, and then
stored at —80 °C until analysis.

gPCR detection of ClLas

At 10 wpg and approximately monthly thereafter, a random
sampling of 6—8 leaves from each tree was pooled for gPCR
analysis (Table 1). Leaves were stored at —80 °C until analysis.
DNA was extracted from 200 mg (fresh weight) of leaf petioles
using the Qiagen MagAttract plant DNA extraction kit
(Qiagen, Valencia, CA, USA). qPCR was performed using
the USDA-APHIS-PPQ _protocol described by Li et al. using
the HLBas and HLBr primers and HLBp probe for CLas
detection and containing COX primers and probe as an
internal control.’® A tree was considered to be “positive” for
CLas (CLas(+)) if the Ct value was <37 (as per the USDA-
APHIS-PPQ standard) at more than one time point. Two
control trees (NC_3 and NC_4) had weakly positive Ct values
at 40 wpg. The exact same DNA samples were retested once
and yielded negative (Ct = 40) results; we therefore believe
that the initial positive results were due to sample
contamination.

Transcriptomics

RNA Isolation, cDNA Library Preparation, and High-
Throughput Sequencing. Four to six leaves per plant were
pooled and ground in liquid nitrogen using a mortar and
pestle. Total RNA was isolated from a maximum of 100 mg of
frozen, ground leaf material using the Qiagen RNeasy Plant
Mini Kit and treated with RNase-free DNase according to the
manufacturer’s instructions (Qiagen, Valencia, CA, USA). The
concentration of RNA was measured using a Qubit 3.0
fluorometer (Invitrogen, Carlsbad, CA, USA), purity was
measured using a NanoDrop, and quality was measured using
an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto,
CA, USA (RIN > 8.0)). A total of 1 ug of RNA per sample was
used for RNA sequencing (RNA-seq) of polyA-selected RNA.

Forty-eight cDNA libraries (control, n = 6; treatment, n = 6;
at four time points (8, 18, 26, and 46 wpg)) for RNA-seq were
generated using the Illumina TruSeq Stranded mRNA kit
(Illumina, San Diego, CA, USA) with a 200 bp insert size.
Libraries were size-selected to reduce the number of fragments
>670 bp to improve performance on the Illumina HiSeq4000.
Size selection on the final library was performed by adding
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0.55%X Agencourt AMPure XP beads (Beckman Coulter, Brea,
CA, USA) to 15 uL of each sample library. Samples were
incubated at room temperature for S min, beads were collected
on a magnetic stand for S min, and the supernatant was
collected. AMPure XP beads were added in to the resulting
supernatant in a 1:1 ratio, the mixture was incubated at room
temperature for 5 min, the beads were collected on a magnetic
stand for 5 min, and then the resulting supernatant was
removed. Two washes of 200 pL of 70% ethanol were
performed on each sample, followed by bead resuspension in
22.5 pL of Mumina TruSeq mRNA Stranded Kit Resuspension
Buffer. The mixture was incubated at room temperature for 2
min and then collected on a magnetic stand for 5 min. Twenty
microliters of the resulting supernatant was collected as the
final library for RNA-seq. Library concentration and quality
were analyzed using a Qubit 3.0 fluorometer and Agilent
Bioanalyzer, respectively. The libraries were pooled and
sequenced over five lanes of an Illumina HiSeq4000 as
paired-end reads (2 X 100 nucleotides) at the UC Davis
Genome Center. The sequencing data has been deposited to
GenBank and can be accessed at BioProject ID PRJNA417324.

RNA-Seq Processing and Data Analysis. Sequencing
data was collected for all control (n = 6) and all treatment (n =
6) trees at 8, 18, 26, and 46 wpg, but only a subset of control
(n = 4) and treatment (n = 4) trees were included in analyses
based on qPCR results (Table 1). Raw reads were quality-
checked with FastQC v.0.11.2 and then trimmed using
Trimmomatic v.0.36°" to remove low-quality bases and
possible adapter contamination. The paired-end reads were
then mapped to the C. sinensis genome (downloaded from
http://phytozome.jgi.doe.gov) using TopHat2 v.2.1.1°% with
the default parameters used, except that the minimum and
maximum intron lengths were set to 20 and 10,000,
respectively. Raw read counts were obtained from the mapped
reads using featureCounts (subread v.1.5.0)** at the meta-
feature (exon) level. Differentially expressed genes were
identified at each time point using EdgeR v.3.14.0 (g value
(FDR) < 0.05 and log FC >1.0).”"** The input count table
from featureCounts was filtered to remove genes that did not
contain at least one count per million (CPM) per sample. The
total number of genes to pass this filter was 12,433, 12,652,
12,543, and 12,693 at 8, 18, 26, and 46 V\?g, respectively.

GO was assigned using Blast2GO.*® The number of
differentially expressed genes that were assigned to GO
terms was 193, 43, 524, and 1431 at 8, 18, 26, and 46 wpg,
respectively. Lists of the differentially expressed genes were
used for the input for a one-tailed Fisher’s exact test in
Blast2GO to identify significantly over-represented GO terms,
and the resulting p values were adjusted for FDR (g < 0.0S).
The resulting output of GO terms was reduced to the most
specific terms.

Functions of the differentially expressed genes (as well as
proteins and metabolites) were visualized with MapMan
(v.3.6.0). Genes, proteins, and metabolites were categorized
into MapMan bins using the program Mercator.”” These
MapMan bins were used to select the genes and proteins
included in the bubble plots (Figure 2). MapMan does not
allow different scales to be used for different marker types.
Therefore, to ease visualization of the metabolite changes,
metabolite markers using a different scale from the gene and
protein markers were overlaid onto MapMan graphics in
Adobe Illustrator.

https://dx.doi.org/10.1021/acs.jproteome.9b00616
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Proteomics

Citrus Leaf Protein Extraction and Precipitation.
Protein extraction was conducted at 8, 18, 26, and 46 wpg
on leaves from control (n = 4) and treatment (n = 4) trees
(based on qPCR results, Table 1); however, due to limitations
during sample preparation, the sample size of the treatment
and control groups were reduced (n = 3) at 8 and 46 wpg,
respectively (Table S3). The same pool of ground leaves that
was used for RNA-seq analysis was also used for protein
extraction. Five milliliters of precipitation solvent (10%
trichloroacetic acid in acetone with 2% f-mercaptoethanol)
was added to 20—40 mg of ground leaf samples. Samples were
vortexed, homogenized for 30 s (Kinematica Polytron),
sonicated for 30 s at 15% amplitude (Branson Digital Sonifier),
and stored overnight at —20 °C to allow proteins to
precipitate. The resulting protein pellet was washed three
times with 10 mL of ice-cold acetone. For the third acetone
wash, the acetone volume added was 10X w/v of the original
weighed tissue, and the protein slurry was divided into 1.5 mL
aliquots, which were pelleted, dried separately, and stored at
—80 °C.

Peptide Sample Preparation. Protein pellets were
resuspended in SO0 uL of protein reconstitution solvent (8
M urea, 100 mM triethylammonium bicarbonate (TEAB), pH
8.5 in water), vortexed, and incubated overnight at room
temperature with shaking at 1400 rpm (Tomy microtube mixer
MT-360). Samples were centrifuged at 16,100 X g for 10 min,
and the supernatant was collected. Sample protein concen-
tration was measured using the Quick Start Bradford protein
assay (Bio-Rad, Hercules, CA). Protein samples were reduced
with tris-carboxyethyl phosphine (TCEP): § uL of 200 mM
TCEP was added to 4 ug of protein in 100 yL of TEAB and
incubated at S5 °C for 1 h. Samples were briefly centrifuged at
room temperature to pull down any condensation and were
cooled to room temperature. Cysteine alkylation was
performed by adding S pL of 375 mM iodoacetamide to
each sample. Samples were vortexed, briefly centrifuged at
room temperature to pull down condensation, and incubated
for 1 h at room temperature in the dark. If necessary, 100 mM
TEAB was added to samples prior to trypsin digestion to
reduce urea concentration to <1 M. Sequencing grade
modified trypsin (Promega, Madison, WI) was added to
each sample (trypsin/protein ratio of 1:4 by weight), and
samples were vortexed, briefly centrifuged at room temperature
to pull down condensation, and incubated overnight at 30 °C.

C18 Column Cleanup. Dried trypsin-digested samples
were resuspended in 380 yL of 0.1% formic acid in water.
Samples were acidified to a pH < 3 by adding S uL of full
strength formic acid, and pH was tested via pH paper. Waters
Sep-Pak C18 1 cc vacuum cartridges (cat#: WAT054955) were
used with a Phenomenex vacuum manifold, with pressure kept
between 4 and S inHg. Columns were conditioned with 3 mL
of 100% acetonitrile, followed by 3 mL of 0.1% formic acid.
Columns were briefly dried to remove all liquid from the
column, and then samples were added and run through.
Columns were then washed with 3 mL of 0.1% formic acid and
briefly dried to remove all liquid from the column. Samples
were eluted off the column into a collection tube by adding
500 uL of 80:20 (v/v) acetonitrile/0.1% formic acid. The
column was dried to ensure that all eluent was collected.
Cleaned samples were speed vacuumed (Labconco Centrivap
concentrator equipped with a Savant VP100 pump) at room
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temperature for 1—3 h and stored at —80 °C before liquid
chromatography—mass spectrometry (LC—MS) analysis.

Mass Spectrometry Analysis. Peptide samples were
reconstituted with 25 uL of 95:5 acetonitrile/water (v/v)
containing 0.1% formic acid and then separated by reversed-
phase chromatography using a Dionex UltiMate 3000 RSLC
system (Thermo Scientific, Sunnyvale, CA) equipped with a
Thermo 5 mm X 300 pm trapping column packed with
PepMap 100 S cm C18 particles and a Thermo 15 cm X 75 pm
Acclaim PepMap RSLC analytical column packed with C18 2
um particles. The injection volume was 3 pL. The loading
pump flow was SO pL/min of solvent A (98:2 water/
acetonitrile containing 0.1% formic acid) to load peptides on
the trapping column for 6 min, followed by reversed-phase
separation on the analytical column by application of a linear
gradient from 95% solvent A and 5% solvent B (95:S
acetonitrile/water containing 0.1% formic acid) to 67% solvent
A and 33% solvent B over 90 min with a 300 nL/min flow rate.
The gradient was increased to 90% B and held for S min before
returning to initial conditions for a 25 min re-equilibration
period. Then, 2.5 kV was applied to a metal emitter tip
(Thermo Scientific, Waltham, MA) in a Nanospray Flex ion
source to ionize the eluted peptides, and MS was then
performed using a Q-Exactive mass spectrometer (Thermo
Scientific). Data-dependent analysis was performed as follows:
a high-resolution MS1 scan from 300 to 2000 m/z at a
resolving power of 70,000 at 200 m/z, an automatic gain
control (AGC) target of 1 X 10° ions, and a maximum
injection time of 120 ms. A maximum of the 12 most abundant
ions in MS1 were selected for MS2 with an isolation window of
1.6 m/z and a normalized collision energy of 25, with the MS2
scans covering the range for 200—2000 m,/z at a resolution of
17,500, an AGC target of 5 X 10° ions, and a maximum
injection time of 60 ms. Ions included for MS2 were
dynamically excluded for 30 s. Exclusion criteria for MS2
included ions with one or six or greater or undetermined
charge states.

Proteomic Data Analysis. Thermo .raw files were
converted into the Mascot generic format (.mgf) using
MSConvert in ProteoWizard version 3.0.9393 (64-bit). A
nonredundant protein database containing 166,858 proteins
was created using predicted proteins from the sequenced
genomes of Citrus clementina v.1.0, C. sinensis v.1.1, and CLas,
as well as proteins from other citrus species from GenBank.
The C. clementina and C. sinensis genomes were from
Phytozome. The CLas sequences were sourced from the
gxpsy, psy62, and Ishi CLas genomes. Mascot Daemon 2.3.2
(Matrix Science, Boston, MA) was used to submit .mgf files for
Mascot searching against the citrus protein database. The
search database included a set of 112 common contaminant
proteins from yeast, bacteria, humans, and other animals. The
database included the reverse sequence of all proteins as a
decoy database for approximation of the false discovery rate.
MS/MS search parameters included parent ion mass tolerance
=15 ppm (monoisotopic), fragment ion mass tolerance = 0.80
Da (monoisotopic), fixed modifications (cysteine/carbamido-
methyl), variable modifications (asparagine; glutamine, deami-
dated; methionine, oxidation), and maximum one missed
cleavage. Files with the .dat extension resulting from Mascot
searching were loaded into Scaffold Q(+) 4.6.1 (version 4.6.1,
Proteome Software, Portland, OR) and used to calculate
normalized spectral counts for each protein from each sample.
Scaffold protein and peptide thresholds were set at 95%, with a

https://dx.doi.org/10.1021/acs.jproteome.9b00616
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Figure 1. Percent of differentially expressed/abundant genes and proteins with a higher (red) or lower (blue) mean fold change, and percent
metabolites with a higher median fold change in CLas(+) plants compared to healthy control plants at 8, 18, 26, and 46 weeks post-grafting.
Numbers indicate the number of genes, proteins, or metabolites that were higher or lower. *Median fold change was 1.00 for one metabolite.

minimum peptide number of two per protein resulting in a
protein false discovery rate (FDR) of 0.1% and a peptide FDR
of 0.36%.”**” The cluster mode was used in Scaffold to group
proteins with shared peptides and calculate weighted spectral
counts. The mass spectrometry proteomic data has been
deposited to the PRIDE archive (http://www.ebi.ac.uk/pride/
archive)*’ via the PRIDE partner repository"' with the dataset
identifier PDX006316. During initial analysis of weighted
spectral count data, proteins which had fewer than one spectral
count in all biological samples were removed and not
considered identified proteins. Statistical analysis of weighted
spectral count data for identification of proteins differentially
abundant between sample categories was performed in Scaffold
with a Fisher’s exact test (significance level p < 0.05 using the
Benjamini-Hochberg multiple test correction). Gene ontology
was performed on the proteomic dataset using Blast2GO as
described above.

Metabolomics

Leaf samples were prepared for proton nuclear magnetic
resonance ('H NMR) metabolomics as described by Chin et
al.** Approximately 15—25 leaf disks were sampled from the
mesophyllic tissue, midrib and petiole from each leaf using a
6.35 mm diameter (1/4 in) hole puncher. Leaf disks were
pooled and transferred to 2 mL tubes and lyophilized for 24 h
(Labconco FreeZone Plus). Following this, 75 mg of dried leaf
material was ground (Biospec Mini-BeadBeater 16) in a 2 mL
tube with one 3.5 mm glass bead for two 1 min intervals with a
30 s break in between intervals. Phosphate buffer (10 mM, pH
6.8) heated to 90 °C was added to the ground leaf material in a
1:20 (w/v) ratio based on the dry weight of the leaf sample
used and mixed for 15 min at 90 °C at 1000 rpm (Eppendorf
ThermoMixer C). Samples were then centrifuged at 4 °C for
15 min at 14,000 X g. The resulting supernatant (750 L) was
collected and centrifuged at 4 °C for 15 min at 14,000 X g.
Sixty-five microliters of internal standard containing 5 mM 3-
(trimethylsilyl)-1-propanesulfonic acid-ds (DSS-dg) was added
to 585 uL of the resulting supernatant, and 600 uL of the
subsequent mixture was transferred to 5 mm NMR tubes and
stored at 4 °C until NMR data acquisition (within 24 h of
sample preparation).

"H NMR was performed as described by Chin et al.** using
a Bruker Advance 600 MHz NMR spectrometer equipped with
a SampleJet. The Bruker “noesyprld” (RD-90°-t-90°-t,-ACQ)
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experiment was used. The acquisition parameters were as
follows: 12 ppm sweep width, 2.5 s acquisition time with 2.5 s
relaxation delay, and 100 ms mixing time with water saturation
applied during the relaxation delay and mixing time; spectra
were zero-filled with 128,000 data points, the number of scans
was 32, and an exponential apodization function corresponding
to a line broadening of 0.5 Hz was applied. Metabolites were
identified and quantified using Chenomx NMR suite v7.6
(Chenomx Inc., Edmonton, Alberta, Canada) and corrected
for dilution. Although 'H NMR data was collected for all
treatment (n = 6) and all control (n = 6) trees, only the subset
of treatment trees that tested qPCR(+) (Ct < 37) at multiple
time points (n = 4) and the subset of control trees that
consistently tested QPCR(—) (n = 4, Table 1) were included in
statistical analyses, with the exception of 26 wpg, where for
treatment n = 3, as one tree’s samples were unusable due to
improper storage.

Partial least-squares-discriminant analysis (PLS-DA) was
performed using SIMCA-P v13.0.3 with unit variance scaling
on log;-transformed data. The Mahalanobis distance was used
to quantify the distance between group centroids in the PLS-
DA plots, and a two sample Hotelling’s T* test was used to
determine if the cluster separation was statistically significant
with @ = 0.05 in R v3.4.1.* The metabolomics data have been
deposited to citrusgreening.org and can be accessed at https://
citrusgreening.org/metabolomics_host/index.

B RESULTS

qPCR

qPCR was performed approximately every month starting at 10
wpg (Table 1). A tree was considered qPCR-positive for CLas
using the APHIS-PPQ_cutoft of Ct < 37. By the end of the
experiment (46 wpg), four of the six treatment trees that were
grafted with infected budwood had tested CLas(+) by qPCR at
multiple time points (Table 1). One treatment tree (NH_3)
had a non-40 Ct value above the APHIS cutoff at 38 wpg (Ct =
38.84) and no obvious visual symptoms of HLB and was not
included in statistical analyses. Among control trees, four of the
six control trees consistently tested CLas(—) throughout the
experiment (Table 1). Two control trees (NC_3 and NC_4)
had weakly positive Ct values at 40 wpg; however, retesting the
same DNA samples yielded negative (Ct = 40) results. Trees
that repeatedly tested positive and negative for CLas were used
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Table 2. Top 10 GO Terms for Each Time Point with the Lowest FDR Values (FDR < 0.05)“

8 wpg 18 wpg 26 wpg 46 wpg

GO ID GO name GO category gene protein gene protein gene protein gene protein
GO:0004332 fructose-bisphosphate aldolase activity M down down
GO:0004568 chitinase activity M up up up up
GO:0004857 enzyme inhibitor activity M up up
GO:0004866 endopeptidase inhibitor activity M down
GO:0005267 potassium channel activity M down
GO:0005576 extracellular region C down
GO0:0005618 cell wall C up
G0:0006032 chitin catabolic process B up up up up
G0:0006096 glycolytic process B down down
GO:000635S regulation of transcription, DNA-templated B down
G0:0009506 plasmodesma C up up
G0:0009522 photosystem I C down up down
G0:0009535 chloroplast thylakoid membrane C down down down
GO:0009538 photosystem I reaction center C down down
GO:0009654 photosystem II oxygen evolving complex C down down down
G0:0009664 plant-type cell wall organization B up up
GO:0009765 photosynthesis, light harvesting B down
G0:0009768 photosynthesis, light harvesting in photosystem I B down down down
G0:0009941 chloroplast envelope C down down down
GO:0010043 response to zinc ion B down
G0:0010287 plastoglobule C down down down
G0:0010951 negative regulation of endopeptidase activity B down up up
G0:0015979 photosynthesis B down
GO0:0016168 chlorophyll binding M down down down down
G0:0016998 cell wall macromolecule catabolic process B up up up
GO0:0018298 protein-chromophore linkage B down down down down
GO:0019898 extrinsic component of membrane C down down down
G0:0031409 pigment binding M down down down
GO:0031977 thylakoid lumen C down down
GO:0042744 hydrogen peroxide catabolic process B down
G0:0043086 negative regulation of catalytic activity B up up
GO:0045490 pectin catabolic process B up up
GO:0046872 metal ion binding M down down
GO:0055114 oxidation—reduction process B down down down
GO:0071805 potassium ion transmembrane transport B down

“Determined by a one-tailed Fisher’s exact test (FDR < 0.05) performed on genes and proteins with higher (“up”) or lower (“down”) expression/
abundance in infected plants versus controls. GO category: B = biological process, C = cellular component, and M = molecular function.

as selection criteria for infected treatment and uninfected
control trees, respectively. Therefore, four treatment and four
control trees were used in all analyses with the exception of 26
wpg for metabolomics (treatment, n = 3) and 8 wpg
(treatment, n = 3) and 46 wpg (control, n = 3) for proteomics
due to sampling limitations.

Transcriptomics

RNA extracted from leaf samples obtained at 8, 18, 26, and 46
wpg was used for construction of c¢cDNA libraries and
sequenced on an Illumina HiSeq4000 (PE100). The number
of differentially expressed genes at 8, 18, 26, and 46 wpg were
246, 54, 664, and 1844, respectively (llog, FCl > 1 and q <
0.05; Table S1). At 8 and 26 wpg, the number of differentially
expressed genes with higher expression levels in CLas(+)
plants compared to controls was almost two times greater than
the number of genes with lower expression levels (Figure 1).
At 18 wpg, the number of genes with higher expression levels
in CLas(+) plants was equal to the number with lower levels
(Figure 1).

724

At 8 and 18 wpg, no gene ontology (GO) terms were
significantly over-represented among the differentially ex-
pressed genes (Table 2 and Table S2). Nonetheless, at 8
wpg, several genes involved in phenylpropanoid metabolism
were differentially expressed; specifically, expressions of 4-
coumarate-CoA ligase (4CL), cinnamoyl-CoA reductase
(CCR), and cinnamyl alcohol dehydrogenase (CAD) were
higher in infected plants (Figure S1). Relatively few genes were
differentially expressed at 18 wpg compared to the other time
points; these included three genes encoding for expansins (two
with higher expression levels in CLas(+) and one lower in
CLas(+)), as well as one Kunitz family trypsin and protease
inhibitor gene (lower levels in CLas(+)) (Table S1). (These
genes are annotated as “Kunitz family trypsin and protease
inhibitor” (Phytozome) and “miraculin” or “miraculin-like”
(Blast2GO) (Tables S1—S3). Miraculin and miraculin-like
proteins have trypsin inhibitor activity and sequence similarity
with soybean Kunitz family trypsin inhibitors.**** For clarity,
only Kunitz family trypsin and protease inhibitor will be
further used.)

https://dx.doi.org/10.1021/acs.jproteome.9b00616
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At 26 wpg, cell wall modification genes (represented by
pectinesterases, pectate lyases, and glucan endo-1,3-$-glucosi-
dases) and chitinase genes had higher expression in CLas(+)
plants (Table 2). Expression of pectin methylesterase inhibitor
(PMEI) family genes (GO: enzyme inhibitor activity) was
higher in infected plants (Table 2). Additionally, although
related GO terms were not over-represented, genes involved in
phenylpropanoid metabolism, including 4CL, caffeoyl-CoA O-
methyltransferase (CCoAMT), and caffeic acid O-methyl-
transferase (COMT), had higher expression levels in infected
plants. CCR and CAD, however, had lower expression (Figure
S1).

At 46 wpg, photosynthesis gene expression was lower in
CLas(+) plants than controls (Figure 2). Genes directly
associated with photosynthesis (photosystem I- and photo-
system II-encoding genes (PSI and PSII, respectively), and
RuBisCO) and those associated with chlorophyll/chloroplasts
and thylakoid had lower expression levels in infected plants
(Table 2 and Figure S2). Gene expression related to cell wall
modifications was higher in CLas(+) plants (Table 2 and
Figure 2), which included genes encoding xyloglucan
endotransglycosylases, pectate lyase, pectinesterases, and
glycosyl hydrolase/endoglucanases. PMEI gene expression
was also higher in CLas(+) plants relative to controls. Several
genes in the phenylpropanoid pathway were differentially
expressed, although related GO terms were not over-
represented at 46 wpg (Figure S1).

Proteomics

Tandem mass spectrometry (MS/MS)-based proteomics was
conducted at 8, 18, 26, and 46 wpg. A total of 382 proteins
were identified from all samples at all time points (Table S3),
of which 248 were found to be differentially abundant between
CLas(—) and CLas(+) grafted trees at one or more of the four
time points analyzed (Table S4). At 8 wpg, the number of
proteins with higher abundance in CLas(+) plants (56) was
greater than the number with higher abundance in control
plants (40) (Figure 1). At 18, 26, and 46 wpg, however, more
proteins had higher abundance in control plants compared to
infected plants (Figure 1). At 46 wpg, 104 proteins were found
to be more abundant in CLas(—) compared to CLas(+) plants,
while only 34 proteins were found to be more abundant in
CLas(+) compared to CLas(—) plants.

At 8 wpg, photosynthesis-related proteins had lower
abundance in CLas(+) plants (Figure 2). Most PSII and
ATP synthase proteins had lower abundance in CLas(+) plants
compared to controls (Figure S2 and Table S2). Proteins
involved in the plant stress response were overall more
abundant in infected plants at 8 wpg (Figure 2). Six Kunitz
family trypsin and protease inhibitors had higher levels in
infected plants, and one was slightly lower, although no trypsin
inhibitor genes were differentially expressed at 8 wpg (Figure
S3 (“PR-proteins”)).

At 18 wpg, chitinase proteins were more abundant in
infected plants, and proteins involved in protein degradation
were less abundant (Table 2). Photosynthesis proteins were
overall less abundant in infected plants compared to controls
(Figure 2), including most PSI reaction center proteins (Table
2 and Figure S2). Five Kunitz family trypsin inhibitors had
higher levels, and one had lower levels at 18 wpg (Figure S3
(PR-proteins)).

At 26 wpg, chitinase proteins were more abundant in
infected plants (Table 2). Negative regulation of endopepti-
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Figure 2. Overview of the average log, FC of genes (green), proteins
(blue), and metabolites (yellow) involved in (a) cell wall metabolism,
(b) photosynthesis, and (c) stress response at 8, 18, 26, and 46 wpg.
The area of each marker is scaled to the number of genes, proteins, or
metabolites.

dase activity was observed, corresponding to five Kunitz family
trypsin inhibitor proteins (all higher in infected plants), two
serine protease inhibitor proteins (both higher), and a cysteine
protease inhibitor protein (lower) (Table S4). Although seven
Kunitz family trypsin inhibitor proteins had higher levels in
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infected plants compared to controls at 26 wpg, no related
genes were differentially expressed (Figure S3 (“PR-proteins”)
and Tables S1 and S4)). Photosynthesis proteins, including
PSI proteins and a subunit for RuBisCO, were less abundant in
infected plants at 26 wpg (Figure S2 and Table 2).

At 46 wpg, photosynthesis proteins were also less abundant
in infected compared to healthy plants (Figure 2), including
proteins involved with photosystem II oxygen evolving
complex, protein-chromophore linkage, chlorophyll binding,
and thylakoid membrane (Table 2 and Figure S2). Many of the
same GO terms were also downregulated in the transcriptome
data at 46 wpg (Table S2). Indeed, several RuBisCo-related
and Calvin cycle-related proteins were less abundant in
CLas(+) plants at 46 wpg (Figure S2). Similar to 18 and 26
wpg proteins, chitinase levels were also higher in infected
plants.

Metabolomics

'H NMR metabolomics was conducted at baseline and 2, 8, 10,
12, 14, 16, 18, 20, 22, 24, 26, and 46 wpg. Twenty-six
metabolites were identified and quantified for each sample;
these included carbohydrates, amino acids, and organic acids,
as well as several other small molecules, including one
unknown molecule (“unknown-1”), which was identified by
singlet peaks at 2.9 and 4.1 ppm.

Metabolite concentrations were highly variable over time
and between plants (Table S5), and thus, differences in
metabolite concentrations between control and infected plants
at specific time points did not reach statistical significance
(using repeated measures ANCOVA using baseline as the
covariate). The metabolome is highly dynamic and complex,
and a single metabolite may participate in several metabolic
pathways or interact with multiple enzymes.*”*’ Even small
stimuli, such as slight changes in light or temperature, can
change plant metabolism and be reflected in the metab-
olome.”® One key constraint in the experiment was sample
size. Only four plants per group were analyzed, which may not
have been sufficient to establish statistical significance for many
of the metabolites. Nonetheless, we observed trends in the
metabolite changes between control and CLas(+) plants
during infection.

Partial least-squares-discriminant analysis (PLS-DA) was
used to determine differences in the leaf metabolome between
infected and control plants; samples from all time points were
included in the model to determine differences that were
independent of time (Figure 3, R?X = 0.323, R*Y = 0.452).
Permutation testing (100 permutations) indicated a valid
model. The Mahalanobis distance between the centroids of the
two groups (control and infected) along components 1 and 2
was 192, and a two sample Hotelling’s T” test indicated
significant separation between the centroids of the two groups
(calculated F value = 28.29; critical F value = 3.09; a = 0.05).
The resulting PLS-DA loading plot (Figure 3) and variable
importance on the projection (VIP) scores (>1) were used to
identify metabolites that were higher or lower in infected
plants compared with control throughout infection. Specifi-
cally, uridine, cytidine, asparagine, aspartate, choline, and
synephrine were generally lower in the infected plants
compared with control plants from 14 to 22 wpg (Figure 4).
Proline, proline betaine, limonin glucoside, and trigonelline
were higher in the infected plants compared to controls at
most time points (Figure 4).
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Figure 3. (a) Partial least-squares-discriminant analysis score plot of
control (blue) and CLas(+) (red) Navel leaf samples at baseline and
2, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, and 46 wpg and (b)
corresponding loading plot. At baseline, both control and treatment

plants are considered CLas(—) because it was pregraft. R*X = 0.323;
R%Y = 0.452; Q* = 0.254.

There were several metabolites that did not contribute to the
observed separation in the PLS-DA plot but changed over the
course of the infection (Figures 3 and 4). Specifically, fructose,
glucose, and sucrose were mostly higher in infected plants at 8,
10, and 12 wpg but lower in concentration at 18, 22, and 24
wpg (Figure 4). Notably, sucrose and glucose concentrations
were higher in all infected plants at 46 wpg compared to
controls, when photosynthesis transcripts and proteins were
less abundant in infected plants (Table 2 and Figure 2).
Additionally, the median phenylalanine concentration was
higher in infected plants relative to control at 8 and 12 wpg, as
well as at 26 wpg, when multiple genes involved in the
phenylpropanoid pathway were differentially expressed (Figure
S1).

B DISCUSSION

This study utilized a systems biology approach to understand
CLas-induced perturbations in a citrus host over time.
Greenhouse Navel trees were graft-inoculated with the
Hacienda Heights, California, isolate of CLas, and leaves
were analyzed to determine differences in the transcriptome,
proteome, and metabolome between infected and uninfected
plants over the course of 46 weeks.

ClLas Infection Alters Photosynthesis

A substantial decrease of photosynthesis-related gene ex-
pression and protein abundance was observed in CLas(+)
plants relative to controls at 26 and 46 wpg, and lower protein
abundance was also observed at all time points in infected
plants (Figure 2). Others have also found downregulation of
photosynthesis genes and proteins during CLas infec-
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Metabolite weeks post-grafting
0 2 8 10 12 14 16 18 20 22 24 26 46
Fructose| 0.86 0.79 1.26 1.52 1.00 0.89 1.46 9 0.99 0.71 1.02
gb Glucose| 0.68 1.56 1.14 1.73 1.18 0.95 1.21 1.23 0.76 0.72
2 Sucrose| 1.23 0.93 0.87 1.27 1.70 1.22 0.92 0.75 1.15 0.89 0.74 1.35
Galactose| 1.07 1.02 0.98 1.41 1.15 1.15 0.80 0.84 0.84 0.98 0.98 1.28 1.17
Alanine| 0.92 1.05 1.32 1.39 0.95 0.91 0.77 1.01 0.99 0.76 1.03 1.22
Valine| 1.10 1.03 1.33 0.91 1.43 0.76 1.98 1.39 0.92 0.88
Leucine| 1.23 1.03 1.73 0.92 1.31 0.78 1.17 0.96 1.27 0.85 1.20
“ Asparagine| 0.87 1.15 0.72 0.72 0.95 0.67 1.90
§ Aspartate| 0.88 0.93 0.82 0.76 1.15
° Threonine| 1.11 1.09 1.60 1.14 1.64 0.64 0.87 1.15 0.71 1.02 0.75 1.84 0.95
€ Isoleucine| 1.08 0.87 1.61 1.23 1.10 0.94 1.37 0.67 131 1.10 0.65
< Lysine[ 0.88 0.97 1.59 1.35 1.16 0.73 1.47 0.86 0.68 1.36
Phenylalanine| 1.10 0.91 1.24 1.05 171 0.86 1.08 1.06 0.84 0.98 0.97 0.92
Arginine 1.36 1.09 0.87 1.59 1.34 1.37 0.80 0.90 1.24 1.01
Proline| 1.22 1.15 1.41 1.32 1.33 1.07 1.52 0.83 1.12 1.31 1.27 1.70 1.35
Proline Betaine| 1.12 1.11 1.10 1.31 1.35 0.90 1.00 0.94 1.20 1.59
4-Aminobutyrate (GABA)| 1.03 0.94 0.97 1.38 0.90 0.96 1.09 1.04
Uridine| 1.16 0.91 1.21 1.16 0.93 0.81 0.72 0.88 0.78
Cytidine| 1.08 1.08 1.16 1.14 1.01 0.77 0.76 0.78 0.79
0 Choline| 1.34 0.95 1.02 1.11 1.30 0.96 0.80 0.89 0.89 1.03
g Synephrine| 0.91 1.08 0.90 1.16 0.71 0.67 0.86 0.92 0.81
S Methanol| 1.36 1.09 1.10 1.19 1.33 0.95 0.77 0.81 1.11 1.03 0.75
Unknown-1| 1.18 0.67 1.49 1.09 1.02 0.68 0.80 0.64 1.23 1.27 0.91 0.92
myo-Inositol| 1.26 1.02 1.08 1.17 0.96 0.85 0.87 1.42 0.90 0.85 0.97
Trigonelline| 0.88 1.20 0.93 1.57 1.44 0.89 1.24 1.05 1.17 0.72 1.08 1.43
Limonin glucoside| 1.02 1.17 0.82 1.16 1.25 1.05 1.64 1.53 1.90 1.89 0.81

Figure 4. Fold change of median metabolite concentrations (infected relative to control) at each time point (wpg). Red indicates a higher median
concentration, and blue indicates a lower median concentration in CLas(+) plants relative to controls. Bold borders indicate time points at which

transcriptomic and proteomic analyses were also conducted.

tion,”¥*"™>* although upregulation of light reaction genes in

symptomatic fruit has also been reported.”*** Negative
regulation of photosynthesis during infection or in the
presence of other stressors has been reported, which is
thought to help channel resources for defense.’*"*

These changes in photosynthesis gene expression and
protein abundance corresponded to changes in sugar
concentrations (Figure 2). Given reports of carbohydrate and
starch accumulation within the leaves of HLB-affected
citrus,”>~>* it is possible that this accumulation of sugars
further inhibits photosynthesis.”” We observed the largest
effect of CLas on photosynthesis at the gene, protein, and
metabolite levels at 46 wpg.

CLas Infection Induces Cell Wall Changes

Substantial changes to cell wall-related gene expression and
protein abundance were observed at 26 and 46 wpg (Table 2,
Figure 2). Cell wall modifications improve the physical barrier
between the plant and pathogen,’”®" which may be especially
important for HLB given the phloem-limited nature of CLas. A
meta-analysis of microarray data found upregulation of cell wall
probe sets in CLas resistant citrus varieties at 17 wpg but
downregulation in susceptible varieties during infection.”
Cellulose synthase (26 and 46 wpg) and callose synthase (46
wpg) gene expressions were higher in infected plants compared
to controls (Table S1). Regulation of cellulose synthase during
HLB is mixed and appears to depend on the variety and
organ 25546364

Additionally, changes in gene expression of lignin synthesis
via the phenylpropanoid pathway was observed (Figure S1).
Like cellulose, lignin strengthens the cell wall and increased
synthesis can occur in response to pathogens.”” The
hydroxycinnamyl alcohols coniferyl, sinapyl, and p-coumaryl
alcohols, are the main monolignol building blocks of lignin and
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are synthesized from phenylalanine.*® Exogenous application
of phenylalanine was shown to increase the production of the
p-coumaryl alcohol and coniferyl alcohol, as well as the
transcripts for PAL, 4CL, CCoAMT, and CCR, which are
involved in lignin biosynthesis, in pine.”’

At 8 wpg, the median phenylalanine concentration was
higher in CLas(+) plants compared to controls, and expression
of genes involved in hydroxycinnamyl alcohol synthesis (4CL,
CCR, CAD) was higher in infected plants (Figure S1). At 26
wpg, phenylalanine concentration was also higher in CLas(+)
plants and the expression of 4CL was higher in CLas(+) plants
while CAD expression was lower. CAD deficiency has been
shown to lead to the incorporation of the hyroxycinnamalde-
hyde monomers into lignin.(’g_70 Indeed, at 46 wpg, phenyl-
alanine concentration was similar between control and infected
plants (Figure 4), and CAD expression was lower. Laccase,
which polymerizes monolignols, had higher expression in
CLas(+) plants at 46 wpg (Figure S1). Taken together, the
gene expression profile suggests a shift toward hydroxycinna-
maldehyde synthesis and incorporation into lignin at 26 and 46
Wpg:

Additionally, gene expression for expansins (GO: plant-type
cell wall organization) was higher in CLas(+) plants relative to
controls at 26 and 46 wpg (Table 2). Similar findings have
been observed with Mexican lime trees infected with the
phloem-limited pathogen that causes witches” broom disease;
expansin proteins were more abundant, and gene expression
was upregulated in infected plants.”"’* Expansins promote cell
growth by loosening the cell walls, and enhanced expansin
expression could therefore make the cell wall vulnerable and
improve CLas mobility.”
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CLas Infection Increases Cell Wall Degradation

The expression of genes and proteins involved in cell wall
degradation changed throughout infection (Figure 2).
Expression of several fJ-glucanase and glucan endo-1,3-5-
glucosidase genes and one f-glucanase protein was higher in
CLas(+) plants at 26 and 46 wpg (Figure S3 and Table S2). -
glucanase and glucan endo-1,3-f#-glucosidases cleave the j-1,3-
glucosidic linkages in callose, releasing glucose. Our observa-
tion of substantial changes in f-1,3-glucanase expression
during late stages of CLas infection is consistent with previous
studies.” %47 Higher levels of glucan endo-1,3-f-glucosidase
gene expression levels may result from an effort by the plant to
reduce cell wall occlusion. Conversely, this may represent an
opportunity for the pathogen to further spread throughout the
plant. For example, tobacco plants expressing antisense f3-1,3-
glucanases are less susceptible to viruses.”” Therefore,
increased callose degradation by inducing cell wall degradation
may weaken barriers to CLas spread and enable systemic
infection.

Cellulase gene expression was higher in CLas(+) plants at 46
wpg (Table S2). This is consistent with previous studies
showing upregulation of cellulase transcripts in CLas(+) lemon
and sweet orange leaf samples.’””” The increase in
glucosidase/glucanase and cellulase expression in CLas(+)
plants may correspond to the increased glucose concentration
at 26 and 46 wpg (Figure 4), which could lead to the feedback
inhibition of photosynthesis described above.”” Cell wall
fortification is often associated with plant defense as it
strengthens the physical barrier between the host and the
stressor.**°! Yet, we observed higher levels of both cell wall
degrading and cell wall strengthening gene expression and
protein abundance levels in infected plants at the same time
(Figure 2), highlighting the crucial and complex role of cell
wall regulation during CLas infection.

ClLas Infection and the Stress Response in Citrus

Induction of the stress response was observed as early as 8 wpg
(Figure 2). Notably, Kunitz family trypsin and protease
inhibitor proteins were more abundant in infected plants at
8,26, and 46 wpg and also had higher gene expression levels at
46 wpg (Figure S3 and Table S1). However, at 18 wpg, Kunitz
proteins and a transcript were less abundant in CLas(+) plants.
It was previously shown that rough lemon infected with CLas
exhibited downregulation of a Kunitz family protein at S wpg
but upregulation at 27 wpg.>>

Miraculin-like proteins have sequence similarity with
soybean Kunitz family trypsin inhibitor and have trypsin
inhibitor activity.”**> Previous proteomic analysis revealed that
miraculin-like proteins are downre%ulated in leaves from
symptomatic CLas(+) lemon plants.”” In another study, four
miraculin-like proteins were shown to be higher in abundance
in CLas-infected sweet orange plants before symptom
development, and once the plant displayed HLB symptoms,
the transcript for one miraculin-like protein was significantly
higher.26 Protease inhibitors have been shown to be induced
following insect and pathogen attack.”®”” Pathogens may
secrete proteases to modify plant defense proteins and
therefore overcome plant defense,”® although both proteases
and protease inhibitors are used by plants as well. Indeed, two
miraculin-like proteins with trypsin inhibitor activity have been
identified in Citrus jambhiri Lush and likely play a role in
pathogen defense.*> CLas has genes to encode an “offensive”
type I secretion system, which would allow for extracellular
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secretion of degradative enzymes such as proteases.”” There-
fore, the increase in expression and abundance of trypsin and
protease inhibitors might defend against CLas-secreted
proteases and may prove an effective mechanism of CLas
resistance.

Additionally, protease inhibitors may play a role in CLas
acquisition and transmission by the psyllid vector. A recent
study showed that aphids (Myzus persicae) fed a cysteine
protease inhibitor had restored transmission of Potato leafroll
virus.”" Similarly, mosquitoes (Aedes aegypti) with lower
trypsin gene expression and enzyme activity had higher rates
of dengue virus infection.”" Further investigation of the role of
protease inhibitors in CLas-infected citrus may provide more
information about the relationship between the pathogen, host,
and vector.

CLas Alters the Navel Metabolome

Analysis of the citrus metabolome over the course of infection
revealed several trends. First, we observed that some
metabolites changed with infection in a consistent manner,
such as asparagine and aspartate, which were generally lower in
infected plants until 26 wpg (Figure 4). Many other
metabolites, including sugars, several amino acids, and
nucleosides, had higher median concentrations in infected
plants between 8 wpg and 12 wpg but lower thereafter (Figure
4 and Table S5). The increase in concentration of several
metabolites suggests the induction of plant defense. For
example, proline, which has been shown to accumulate in
response to a variety of abiotic and biotic stressors,”>** had a
higher median concentration in infected plants compared to
controls at every time point except 18 wpg. Arginine, which is a
precursor for nitric oxide, had a higher median concentration
in infected plants at most time points; at 26 and 46 wpg, the
median concentrations were drastically higher in infected
plants.**

Defense is costly and requires amino acids, sugars, and other
small molecules as resources.””*® Defense gene expression and
protein levels were generally higher in infected plants than
controls at 8 wpg, but fewer defense genes and proteins were
differentially expressed at 18 wpg (the overall number of
differentially expressed genes and proteins was lower at 18 wpg
than the other time points (Tables S1 and S4)). At 18 wpg,
many metabolites were lower in concentration in CLas(+)
plants relative to controls, which may coordinate with the low
number of differentially expressed genes and differentially
abundant proteins. Similar findings have been reported for
microarray data of both lemons and oranges before FDR
correction.”” Whether this is direct inhibition of defense
pathways by the bacterium or whether the absence of defense
induction is a byproduct of pathogen evasion of host
recognition requires further investigation.

B CONCLUSIONS

CLas infection undoubtedly results in major changes to host
metabolism. The results presented here represent greenhouse
trees that were graft-inoculated with the Hacienda Heights,
California, isolate of CLas and therefore may differ from
mature field trees. Indeed, differences in development stages
can affect resource pools and influence the plant response to
stressors.”’ ™ One key limitation of this study is the small
number of replicates, which affected the power of the
metabolomic analysis as the biological variability was high
within (i.e., over time) and between plants. Nonetheless, we
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provide broad and clear evidence that supports reports of
changes of metabolism throughout infection from the
transcript, protein, and metabolite perspectives. These changes
are dynamic, with concerted changes in multiple systems,
providing evidence of metabolism changes even during early
infection. These findings may support future studies by
informing of novel molecular targets for treatment and
biomarkers for early detection of infection.
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