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Cranberry false blossom disease (CFBD) is caused by a leathopper-vectored
phytoplasma infection. CFBD results in distinctive branching of the upright shoots
(witches’ broom) and the formation of deformed flowers that fail to produce fruit.
This disease is reemerging and poses a serious threat to the cranberry industry.
To determine the impact of the disease on host gene expression, we compared
transcriptome profiles between plants with CFBD and uninfected cranberry plants. We
found that phytoplasma infection induced expression of 132 genes, and suppressed 225
genes, compared to uninfected cranberry plants. Differentially expressed genes between
uninfected and infected plants were largely associated with primary and secondary
metabolic, defensive, and developmental pathways. Phytoplasma infection increased
the expression of genes associated with nutrient metabolism, while suppressing genes
associated with defensive pathways. This expression profile change supports the “host
manipulation hypothesis,” whereby CFBD enhances host quality for insect vectors, thus
promoting phytoplasma transmission.

Keywords: false blossom, Vaccinium macrocarpon, transcriptome analysis, RNASeq, RT-qPCR, host manipulation
hypothesis

INTRODUCTION

Phytoplasmas, class Mollicutes, phylum Tenericutes (Hogenhout et al, 2008), are obligate
vector-borne bacteria that colonize the phloem tissue of infected plants (Chen, 1971). Collectively,
phytoplasmas cause over 700 plant diseases worldwide (Maejima et al., 2014), frequently resulting
in devastating losses to agricultural productivity (Lee et al., 2000; Bertaccini, 2007). Due in part to
a lack of a rigid cell wall and a minimal genome devoid of coding genes for ATP synthases and
sugar uptake, phytoplasmas are highly dependent on their plant hosts (Christensen et al., 2005;
Kube et al., 2012). Phytoplasmas are almost exclusively vectored by insects in the order Hemiptera,
such as leafhoppers, planthoppers, and psyllids (Weintraub and Beanland, 2006; Hogenhout et al.,
2008). When inhabiting the host plant, phytoplasmas rely on the nutrient-rich phloem tissue (Chen,
1971); while in the insect vector, the phytoplasmas rely on the nutrient-rich food sources in the
hemolymph (Hogenhout et al., 2008). Phytoplasma-infected plants develop diverse symptoms,
such as witches’ broom, leaf yellowing or reddening, growth aberrations (proliferations, internode
shortening, and stunting), and flower malformations (size reduction, virescence, and phyllody)
(Chang, 1998; Namba, 2002). Phytoplasma infection can also cause phloem tissue aberrations, such
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as extensive phloem necrosis and excess formation of phloem,
resulting in swollen veins (Lee et al., 2000).

The physiological, biochemical, and molecular mechanisms
of phytoplasma infection are still unclear. Furthermore, the
interactions between phytoplasmas, their plant host, and
their insect vector are poorly understood. This is partly
because phytoplasmas currently cannot be cultured in the
laboratory (Mou et al, 2013). Despite the challenges this
presents, recent research has demonstrated that phytoplasmas
produce effector proteins that interact with plant transcription
factors. The phytoplasma can thereby manipulate infected
plants developmental processes, phytohormone biosynthesis,
and defense responses (Sugio and Hogenhout, 2012). Moreover,
some phytoplasma-produced effector proteins were shown to
induce phytoplasma-associated disease symptoms in Arabidopsis
thaliana L. (Heynh.), such as phyllody, witches' broom, and
dwarfism (Hoshi et al,, 2009; Sugio and Hogenhout, 2012;
Maejima et al., 2014), while an effector protein of aster yellows
phytoplasma strain witches’ broom was shown to suppress
salicylic acid (SA)-mediated defense responses (Lu et al., 2014).
Some phytoplasmas harbor plasmids (Lee et al., 2004; Bai et al.,
2006; Ishii et al., 2009). The causal agent of Paulownia witches’
broom was shown to harbor two plasmids that encode several
expressed proteins, some of which were predicted to encode
secreted or membrane-localized proteins that may act as effectors
(Lin et al., 2009). Candidatus Phytoplasma asteris, onion yellows
strain (OY-M), was shown to harbor a plasmid in which ORF3
encodes a membrane protein that is important for adaptation to
its insect host (Ishii et al., 2009).

Phytoplasma infection can lead to the production of defense
proteins, increased phenolic compounds, and overproduction
of hydrogen peroxide in host plants, such as apple and corn
(Junqueira et al., 2004; Musetti et al., 2004). The phytoplasma
that causes Bois noir disease of grapevine was found to affect
host carbohydrate metabolism (Hren et al., 2009). Although
the previously mentioned effector protein of aster yellows
phytoplasma strain witches’ broom suppresses SA-mediated
defense responses in Arabidopsis (Lu et al., 2014), phytoplasma
infection in apple induced SA-mediated defense responses and
suppression of the jasmonic acid (JA) biosynthetic pathway
(Musetti et al., 2013). Normally, plants induce SA against
biotrophic and hemibiotrophic pathogens (Thomma et al., 1998)
and against piercing-sucking insects (War et al., 2012), whereas
JA is primarily induced as defense against leaf-chewing insects
and necrotrophic pathogens (Liu et al., 2016). The suppression
of SA- and/or JA-mediated responses in the phytoplasma-
infected plants may facilitate feeding by herbivorous insects. In
addition, phytoplasma-encoded effector proteins can increase
volatiles that attract the insect vectors (Orlovskis and Hogenhout,
2016). Thus, modification of host plant phytochemical processes
(such as nutrient translocation, chemical defense production,
and volatile production) not only affects the host plant growth
and development, but also influences the host plant-insect
vector interaction.

A phytoplasma in the subgroup 16SrIII-Y causes cranberry
false blossom disease (CFBD) in the American cranberry
(Vaccinium macrocarpon Aiton) (Lee et al., 2014; Polashock et al.,

2017). CFBD relies specifically on the blunt-nosed leafhopper
(Limotettix vaccinii Van Duzee) to vector the phytoplasma that
causes disease (Beckwith and Hutton, 1929). CFBD-affected
plants produce bunched upright shoots forming a witches’
broom, while leaves turn reddish earlier than uninfected plants
in the fall (De Lange and Rodriguez-Saona, 2015), and flowers
are malformed, exhibiting an enlarged calyx and shortened,
discolored, and streaked petals (Dobroscky, 1931); affected
flowers fail to set fruit. Between 1920 and 1940, this disease was
a major threat to cranberry production and nearly wiped out the
industry in New Jersey, USA. However, CFBD was subsequently
controlled with the use of insecticides, removal of infected plants
from the fields, and the release of improved cultivars that are
less attractive to the insect vector (Chandler et al., 1947). After
several years, disease incidence declined, and the disease was only
sporadically reported. Recently, the disease has reappeared on
many cranberry farms with increasing incidence being reported
(Lee et al., 2014).

As a first step to broaden our understanding of the
physiological, biochemical, and molecular —mechanisms
underlying CFBD, we performed transcriptome analysis
to determine the phytoplasma-induced alterations in gene
expression in infected cranberry. This information will help to
further elucidate how changes in gene expression, induced in
the host, contribute to vector attraction, potentially promoting
transmission of this important reemerging disease.

MATERIALS AND METHODS

Plant Materials

Healthy (uninfected) runners (V. macrocarpon cv. Crimson
Queen) were kindly provided by Integrity Propagation
(Chatsworth, NJ, USA), while phytoplasma-infected plants
of the same cultivar were collected from a commercial cranberry
farm in Chatsworth, NJ. The runners were obtained in November
2016 and 2017 and stored at 10°C until used for propagation.
The plants collected in November 2016 were clonally propagated
in February 2017 and used for the transcriptional profiling
study, whereas the plants collected in 2017 were propagated in
February 2018 and were used for the real-time quantitative PCR
(RT-qPCR) analysis of key selected genes.

For propagation, stem cuttings (~7 cm) were rooted in 50:50
v/v peat:sand mix in 4 x 4cm cells. All cuttings were placed
in a greenhouse (20 & 2°C; 70 & 10% relative humidity; 15:9
light:dark) and fertilized every 3 weeks, with PRO-SOL 20-20-20
N-P-K All Purpose Plant Food (Pro Sol Inc., Ozark, AL, USA) at
a rate of 165 ppm N, and watered daily. After rooting, plants of
each type (infected and uninfected) were transplanted into 7 x
7 cm pots. To ensure a sufficient number of uniform plants for
subsequent experiments, five rooted cuttings were transplanted
per pot. Plants were grown in the greenhouse under ambient
conditions until they were used in experiments in June.

Prior to experiments, 10 plants (5 plants from infected and
uninfected plants) from 10 randomly selected pots were DNA
fingerprinted using sequence characterized amplified region
(SCAR) markers (Polashock and Vorsa, 2002) to verify that all
plants were genetically identical (cv. Crimson Queen). Another
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10 plants (5 plants from infected and uninfected plants) from 10
pots were randomly selected and tested for phytoplasma infection
by using a nested PCR assay (Lee et al., 2014) to verify that only
infected plants were positive for the presence of phytoplasma.

Total RNA Extraction

For the transcriptional profiling study, total RNA was extracted
from leaves of three uninfected plants and three infected plants
from six different pots. Total RNA was also extracted from
five plants from each group (uninfected and infected) for RT-
qPCR analysis of selected genes. Briefly, fresh cranberry leaves,
approximately 50-75mg, and two 5-mm stainless steel beads
were added to 2-mL Safe-Lock tubes (Eppendorf North America,
Hauppauge, NY) filled with 800 pnL cetyltrimethylammonium
bromide buffer. Samples were ground for 1 min at 30 Hz with
a TissueLyser II instrument (Qiagen, Germantown, MD). The
sample suspensions were extracted with 700 L chloroform
and then centrifuged at 11,000 ¢ for 5min. Supernatants were
transferred to new tubes. For nucleic acid precipitation, 0.7
volumes of isopropanol were added to each tube, incubated on
ice for 10 min, and centrifuged at 13,000¢ for 5min. Pellets
were washed in 500 pL of 70% ethanol and centrifuged at
maximum speed for 1 min and then all remaining ethanol was
removed from the tubes by using a micropipette. Remaining
pellets were resuspended in 400 L of RNase-free water, and the
RNA was precipitated by the addition of 100 L of 10 M lithium
chloride and an overnight incubation on ice. After the overnight
incubation, the samples were centrifuged at 13,000 ¢ for 5 min.
The pellets were resuspended in 400 L RNase-free water. Forty
microliters of 3 M sodium acetate and 880 (L of 100% ethanol
were added for RNA reprecipitation. After a 10-min incubation
onice, the samples were centrifuged at 13,000 g for 10 min. Pellets
were washed with 70% ethanol and resuspended in 50 L RNase-
free water. The RNA concentrations were determined using
a Nanodrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA) with absorbance ratios of A260/280 and
A260/230 nm.

cDNA Library Construction

RNA was sent to the Novogene Corporation (Sacramento, CA)
for library construction and sequencing. Three independent
cDNA libraries were constructed for each treatment (uninfected
and infected). Prior to library construction, all samples were
tested for RNA integrity and determined to be of sufficient
quality, as determined by Novogene, using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). After
passing the quality-control procedures, mRNA was enriched
using oligo(dT) beads. The mRNA was randomly fragmented,
and the first-strand ¢cDNA was synthesized using random
hexamers and reverse transcriptase. Then, the second strand
was synthesized with a custom Illumina second-strand synthesis
buffer (Illumina Inc, San Diego, CA) with DNA polymerase I,
dNTPs, and RNase H. The double-stranded cDNA fragments
were purified, end repaired, poly-A tailed, adapter ligated, size
selected, and PCR enriched. Library concentration was quantified
using a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA), then
diluted to 1 ng/pL before checking insert size on an Agilent 2100,

and quantified to greater accuracy by quantitative PCR. Libraries
were sequenced using the Illumina HiSeq platform. Clean reads
were obtained for sequence assembly after removing adaptors
and reads of poor quality. Transcriptome de novo assembly was
carried out with Trinity (Grabherr et al., 2011). The assembled
transcriptome was annotated using BLAST, applied by Novogene
(Sacramento, CA, USA), using seven databases, namely, NCBI
non-redundant protein sequences, NCBI nucleotide sequences,
Protein family, Eukaryotic Orthologous Groups/Cluster of
Orthologous Groups of protein, SwissProt, Kyoto Encyclopedia
of Genes and Genome (KEGG), and Gene Ontology (GO).
The evaluation threshold was le-5 for NCBI non-redundant
protein sequences, NCBI nucleotide sequences, and SwissProt
databases; le-3 for Eukaryotic Orthologous Groups; 0.01 for
Protein family; le-6 for GO; and le-10 for KEGG. Corset
(Davidson and Oshlack, 2014) was used for categorical clustering
of de novo-assembled contigs, while individual reads were aligned
with RSEM (Li and Dewey, 2011). Differentially expressed genes
(DEGsS) between uninfected and infected cranberry plants were
identified using DESeq (Anders and Huber, 2010).

Gene Expression

In 2018, five plants from each treatment (uninfected and
infected) were selected for RT-qPCR. Total RNA was extracted
from each sample by using the method described above. The
total RNA was treated with Optizyme DNasel (Fisher Scientific,
Hampton, New Hampshire, USA) to remove any residual DNA.
The ¢cDNA was synthesized using 1 pg of RNA and the
Superscript Vilo cDNA synthesis kit as per the manufacturer’s
(Invitrogen) protocol.

Based on the transcriptome data and de novo annotation, six
candidate target genes were selected for RT-qPCR. The genes
and the primers for the selected genes are listed in Table 1.
The expression of the actin and RNA helicase 8 genes were
used as the endogenous controls (Rodriguez-Saona et al., 2013),
while the dehydrodolichyl diphosphate synthase 6 gene was used
as the interplate calibrator. The primers of all candidate genes
and endogenous controls were designed using PrimerQuest
(Integrated DNA Technologies Inc., Skokie, IL, USA).

RT-qPCR reactions were performed using the Power SYBR
Green PCR Master Mix (Applied Biosystem, Foster City, CA,
USA) according to manufacturer’s directions. The reactions were
run on a QuantStudio 5 RT-qPCR System (Applied Biosystems)
with the following conditions: 50°C for 2 min; 95°C for 10 min;
and 40 cycles at 95°C for 15s and 58°C for 1 min, with melting
curve set at 95°C for 15s, 60°C for 1min, and 95°C for 1s.
There were three technical replicates for each sample. Relative
expression levels were calculated using the AACT method
using the QuantStudio Design & Analysis Software version
1.4.3 (Applied Biosystems). The relative expression data were
tested for normality and for homogeneity of variance to check
the parametric assumption requirement. If needed, data were
log;o transformed before using analysis of variance (ANOVA);
otherwise, non-parametric tests such as the Mann-Whitney U
test were used. All parametric and non-parametric tests were
performed using IBM SPSS Statistics package version 24 (IBM,
Armonk, NY, USA).

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2019 | Volume 7 | Article 178


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Pradit et al.

Phytoplasma Infection of Cranberry

TABLE 1 | Target genes and primer sequences for real-time gqPCR.

Target gene Primer
(Abbreviation)

F Primer R Primer
fructokinase-6 CTTGTGGTTTGCTTTGGTGAG ACCAAGACGAGCAATACCAAC
calcium-binding protein TGAAGCTCCTCGCATGAAATA CAAAGAAGGCGAGGAAAGTAATG
(CML)
Phenylalanine TGGCTTCTATGGTCC CG GGATGGTGCTTGAGTTTGTG
ammonia-lyase (PAL)
AP2-like factor GCAGTGGGAGTGATCAGATG GAGATTCCCATCGACCAGTTC
(AP2)
Wheat blue dwarf phytoplasma plasmid TGTAGGAGAATTTATATTAGGAGCAGG CCCGCTATTGCTCCAA C
(OWBD2)
Unknown, phytoplasma protein (Unknown GCAAGAACGCTTTCTGAACTAAA CCTGCCTTATGAGGATACAACTC
Phyt)
RESULTS “transporter activity” were of the highest proportion. Of the genes

Cranberry Identity and False Blossom
Phytoplasma Detection

All cranberry plants were of the same cultivar (Crimson Queen),
as determined using SCAR markers (data not shown). The
false blossom-infected plants used for these experiments tested
positive for phytoplasma by using the nested PCR assay described
above. Uninfected plants were all negative (data not shown).

Transcriptome Assembly and Annotation

An average of 58,605,833 reads were generated for uninfected
plants, while infected plants averaged 59,361,545 reads. The raw
reads were filtered to remove reads of low quality, leaving an
average of 55,074,020 (Q20: 97.7%, GC content: 46.08%) and
55,502,498 clean reads (Q20: 97.82%, GC content: 45.88%) for
the uninfected and infected transcriptomes, respectively. The
clean reads were de novo assembled using Trinity, resulting in
131,404 total unigenes with a size distribution consisting of
32,050 unigenes of 200-500 bp, 36,313 unigenes of 500-1,000
bp, 34,553 unigenes of 1000-2,000 bp, and 28,488 unigenes of
>2,000 bp. The average length of unigenes was 1,346 bp with an
N5 of 2,024 bp. Contigs were BLASTed against seven databases,
applied by Novogene, to achieve comprehensive gene functional
annotation. Of the 131,404 unigenes, 63.59% (83,564 unigenes)
were able to be annotated using at least one database.

Of the total unigenes, 43.83% (57,602 unigenes) were
annotated with Blast2GO version 2.5 (Gotz et al, 2008),
based on the protein annotation results of NCBI non-
redundant protein sequences and Protein family databases. After
annotation, unigenes were grouped into three main GO domains
namely, Biological Process, Cellular Component, and Molecular
Function (Figure 1). The predominant GO terms were cellular
process, metabolic process, binding, catalytic activity, and single-
organism process.

A large proportion of genes in the GO category biological
process were associated with “cellular process,” “metabolic
process,” and “single-organism metabolic process.” In the
molecular function category, “catalytic activity,” “binding” and

» «

categorized as cellular components, “cell part,” “membrane part”
and “organelle part” were the most enriched terms (Figure 1).

For Eukaryotic Orthologous Groups (KOG) classification,
26,863 unigenes were annotated using the NCBI gene
orthologous  relationships. ~Of the KOG categories
“general function prediction only” is the largest category
in which most genes were categorized, followed by
“post-translational modification, protein turnover, and
chaperones” and the group “translation, ribosomal structure,
and biogenesis.”

The 30,744 unigenes were annotated through the KEGG
Orthology database and were placed into 129 KEGG pathways.
The most represented pathways were “carbohydrate metabolism,”
“translation,” and “folding, sorting and degradation.”

Differential Expression of Genes

Differential expression analysis between uninfected and infected
plants showed 356 DEGs. Infected plants showed an upregulation
of 131 genes and downregulation of 225 genes, as compared with
uninfected plants. Two genes expressed only in infected plants
appear to be derived from the phytoplasma, as determined by
BLAST. As noted in Table 1, one was similar to wheat blue dwarf
phytoplasma plasmid (pWBD?2), suggesting that the phytoplasma
that causes CBFD in this experiment might harbor a plasmid. The
other gene was identified as encoding an unknown phytoplasma
protein. The DEGs mapped in the KEGG database showed that
the pathways most affected (q-value, <0.1) by CFBD were “cutin,
suberin, wax biosynthesis,” “carotenoid biosynthesis,” and “fatty
acid elongation” (Figure 2). Specifically, the genes related to
cutin, suberin, wax biosynthesis, fatty acid omega-hydrolase gene
(CYP86A1), and alcohol-forming fatty acyl-CoA reductase gene
(FAR) were downregulated. The carotenoid biosynthesis pathway
showed two different forms (sequences) of the (4) -abscisic acid
8'-hydroxylase, one of which was upregulated while the other
was downregulated. For fatty acid elongation, the very-long-
chain (3R)-3-hydroxyacyl-CoA dehydrogenase gene (PAS2) was
downregulated, as well as the 3-ketoacyl-CoA synthase gene.
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Defense-Related Genes

Plant defenses, in part, rely on changes in gene expression in
a myriad of biological pathways. The list of genes potentially
involved in defense can include those that relate to molecular
signaling, physical defenses (such as cell wall strengthening),
and chemical defense (secondary metabolite biosynthesis).
In this study, many of the genes related to plant defense
were downregulated in phytoplasma-infected plants relative to
uninfected plants (Figure 3). For example, two members of
the ATP-binding cassette transporter (ABC) family (ABCC and
ABCG) and a predicted endochitinase A were expressed only
in uninfected plants (i.e., they were downregulated in infected
plants). In contrast, some genes such as those related to mismatch
repair (MSH1 and RAD7), a gene in the glycosyl hydrolase
family, and a GTP pyrophosphokinase were expressed primarily
in infected plants.

Molecular signaling genes related to plant defense include
calcium-binding protein calmodulin-like protein 44 (CML),
ABC in various families and members, and cysteinyl-tRNA
synthase. CML is upregulated in phytoplasma-infected plants
relative to uninfected plants, whereas those in the ABC family
show downregulation in phytoplasma-infected plants. Cysteinyl-
tRNA synthase is slightly downregulated in infected plants.
Genes related to cell wall and wax synthesis include xyloglucosyl

transferase, beta-D-xylosidase7, and 3-ketoacyl-CoA synthase.
These genes were all downregulated in infected plants. The genes
associated with plant secondary compound biosynthesis
include enzymes such as anthocyanidin 3-O-glucoside
5-O-glucosyltransferase, ~ UDP-glucosyl transferase  73C,
phenylalanine ammonia-lyase (PAL), ent-copalyl diphosphate
synthase, and peroxidase. Anthocyanidin 3-O-glucoside 5-
O-glucosyltransferase and UDP-glucosyltransferase 73C were
slightly upregulated in phytoplasma-infected plants relative
to uninfected plants, whereas PAL, ent-copalyl diphosphate
synthase, and peroxidase were slightly downregulated in
infected plants.

Photosynthesis and Carbohydrate

Metabolism

The transcriptome results show differential expression of
two genes involved in photosynthesis; cytochrome b599 was
upregulated in infected plants, whereas photosystem II reaction
center I protein was downregulated (Figure 4). Genes related
to carbohydrate metabolism were also differentially regulated
(Figure 4). The genes that show upregulation in infected
plants include fructokinase, raffinose synthase, and malate
dehydrogenase, whereas the genes that show downregulation
relative to uninfected plants include polygalacturonase,
xyloglucosyl transferase, laccase, galacturonosyltransferase,
mannan endo-1,4-beta-mannosidase, and glycosyltransferase.

Flowering and Development

The genes AP2-like factor (AP2) and (4)-abscisic acid 8-
hydroxylase (E1.14.13.93) are related to the plant hormones
ethylene and abscisic acid, respectively. Both genes show
upregulation in infected plants (Figure 5). Other genes related
to flowering and development, such as FAR, suppressor of
overexpression of CONSTANS 1, circadian clock coupling factor
ZGT, phytochrome A, and transcription factor TGA, show
downregulation (Figure 5).

Expression of Selected Target Genes
(RT-gPCR)

The target genes (Table 1) were selected to verify differences
in the expression of phytoplasma-infected plants, relative to
uninfected plants, by RT-qPCR. The genes were selected to
be representative of the three functional groups described
above (defense, photosynthesis and carbohydrate metabolism,
and flowering and development). The genes selected were
fructokinase-6 (FX), CML, PAL, and AP2. The expression of FX,
which is related to carbohydrate metabolism, was significantly
(p < 0.01) increased in infected plants (Figure 6). The CML-
encoding gene, which is involved in defense signaling, was
significantly (p < 0.05) upregulated in infected plants. The
expression of the PAL-encoding gene, which is involved in the
early stages of secondary chemical defense synthesis, was lower
in the infected plants in the transcriptome data (Figure 3), but
the difference in expression by RT-qPCR was not significant
(p = 0.897) (Figure 6). The expression of the AP2-encoding
gene, which is involved in floral meristem development, was
significantly (p < 0.01) increased in infected plants (Figure 6).
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We also selected two genes that appear to be encoded
by the phytoplasma. One has similarity to wheat blue dwarf
phytoplasma plasmid (pWBD2), and the other (Unknown
Phyt) encodes a protein with similarity to “hypothetical
protein CPX 001471 (from Candidatus Phytoplasma pruni,
accession number KOR75512.1) and “hypothetical protein” from
Vaccinium witches’ broom phytoplasma (accession number WP
017193546.1). These two genes were shown in the transcriptome
data to be expressed only in false blossom-infected plants, and
RT-qPCR data confirmed their expression only in infected plants
(data not shown). Either one or both of these genes may encode
an effector and this possibility should be further explored.

DISCUSSION

Cranberry false blossom disease (CFBD), caused by a
phytoplasma, is a serious threat to the cranberry industry.
This disease causes physiological and biochemical changes
in cranberry that influence the host-vector (blunt-nosed
leafhopper) interaction (Pradit et al., 2019). Here, we show
the changes in the cranberry transcriptome associated with
CFBD. Surprisingly, of the more than 131,000 unigenes in the
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FIGURE 5 | Heatmap of DEGs related to flowering and development. The left
side of the plot is the heatmap of log2 fold change of FPKM between all
infected and uninfected groups. The right side of the plot is the standard error
for all replicates divided by the average FPKM for the uninfected and infected
groups. See Supplemental Table 2 for gene names associated with all
abbreviations.

transcriptome, the expression of only 356 genes were influenced
by phytoplasma infection. Phytoplasma infection induced the
expression of 132 genes and suppressed the expression of 225
genes, relative to the uninfected, healthy plants. Other studies
found phytoplasma infection influences the expression of more
than 2,000 genes in grapevine (1,326 upregulated genes and 1,130
downregulated genes), Mexican lime tree (1,943 upregulated
genes and 862 downregulated genes), and Chinese jujube (2,070
upregulated and 2,196 downregulated genes) (Hren et al., 2009;
Mardi et al., 2015; Fan et al., 2017).

The stage of infection by phytoplasma, as well as the
plant tissue collected and timing of collection of those tissues,
can influence the differences in quality and quantity of gene
expression detected. In Jujube witches’ broom, the stage wherein
the plant showed weak symptoms had the greatest number
of DEGs, whereas the primary and late stage of phytoplasma
infection had a fewer number of DEGs (Wang et al., 2018). In
this study, the plants were approximately 4 months old when
the leaf tissue was collected for the experiments. At the time
tissue was collected, the infected plants were smaller in size

Frontiers in Ecology and Evolution | www.frontiersin.org

May 2019 | Volume 7 | Article 178


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Pradit et al.

Phytoplasma Infection of Cranberry

Carbohydrate Defense Flowering
25 related gene related gene n.s. and development
S 0 Uninfected plant
K7
3 2 1 = # Infected plant
—
o T M
x
x
@ 15 - .
[ -
c
[
1)
o 1
2
-
8
[
&L os
o ——
Fructokinase-6 CML PAL AP2
Gene
FIGURE 6 | Relative gene expression (mean, +SE) of selected genes. Asterisk indicates statistically significant differences (o < 0.05, **p < 0.01). n.s. = not
significant (p > 0.05).

and bushy (shorter internodes) relative to the uninfected plants.
The plants were considered to be young and, therefore, at the
primary stage of symptom development. In the field, severe
symptom development (witches’ broom) occurs in plants that
have been infected for many years. Moreover, the titer of the
bacteria in the plant can also play a role in gene expression.
Early in the growing season, jujube trees with Jujube witches
broom have high bacterial density in the root but very low in
the petiole, whereas when they are actively growing during the
season, a high density of phytoplasma is found in the petiole
(Yi et al, 2001). Here, we considered our plants to be early
in the growing season, and this may be one reason why the
number of DEGs detected seems relatively low. Furthermore, the
most dramatic morphological change in cranberry with CFBD
is the formation of deformed flowers. Thus, the transcriptome
of developing flower tissues is likely to exhibit a high number
of DEGs. It is also possible that the DEGs detected here might
differ in number and/or the magnitude of differential expression
in other cranberry cultivars.

We considered three general groups when examining the
DEGs, namely, defense related, photosynthesis and carbohydrate
metabolism related, and flowering and development related,
as changes in these groups are likely to affect plant-vector
interactions and possibly disease spread.

Defense-Related Genes

The defense mechanisms of plants can be separated into physical
and chemical defenses (Bennett and Wallsgrove, 1994; Will and
van Bel, 2006). The physical defenses induce changes in the
physical structure of the plant, whereas the chemical defenses
range from changing phytohormone signaling, such as JA or
SA, to secondary plant chemical production and accumulation
(Freeman and Beattie, 2008).

The first physical barrier for the plant pathogen is the plant cell
wall, a rigid cellulose-based support. Cell walls are important for
maintaining cell structure, intercellular communication (Clarke
et al,, 1985), and defense against pathogens (Underwood, 2012;

Malinovsky et al., 2014). High-molecular-weight polysaccharides,
including cellulose, hemicellulose (typically xyloglucan or xylan),
and pectin, are the main components of plant cell walls.
Phytoplasma infection results in the structural modification
of host plants, such as cell wall enhancement (Rudzinska-
Langwald and Kaminska, 2001). The genes that are related to cell
wall modification in this study, such as xyloglucan:xyloglucosyl
transferase and beta-D-xylosidase 7, tended to be suppressed
in the infected plant (Figure 3). Xyloglucan is a structural
polysaccharide of the primary cell wall (Levy et al., 1991). The
xyloglucan:xyloglucosyl transferase, also known as xyloglucan
endotransglycosylase/hydrolase, is an enzyme involved in
cell wall elongation and reconstruction. Increased xyloglucan
endotransglycosylase/hydrolase activity at the infection site and
adjacent tissue were observed in tomato when parasitized by
dodder (Albert et al., 2004). The beta-D-xylosidase releases xylose
from xylan-containing oligosaccharides (Rahman et al., 2003)
and is potentially involved in secondary cell wall hemicellulose
metabolism. The suppression of this gene in plants can facilitate
the invasion of disease into the cell of the host plant (Minic, 2007;
Lippmann et al., 2009).

Phytoplasmas can be detected in most organs of phytoplasma-
infected plants. These bacteria colonize the sieve tubes of phloem
and seem to be in close contact with the plasma membrane
(Marcone, 2009). Membrane proteins of the phytoplasma are
considered a factor that plays a role in colonization and infection
of the host cell and triggers changes in the chemical metabolism
of the host plant (Malembic-Maher et al., 2005). Moreover,
phytoplasmas express effector proteins, specific molecules that
alter the host, to facilitate successful invasion of the plant (Sugio
et al., 2011). Our transcriptome and RT-qPCR results show
expression of at least one gene that may be on a plasmid
of the pathogen and one “hypothetical protein” that may
encode effectors.

Genes involved in signal transduction pathways, such as CML
and ABC in various families and members, can be important
in sensing and responding to phytoplasma infection. CML is an
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important Ca?* sensor, which plays a significant role in plant
tolerance to several biotic and abiotic stress (Ali et al., 2003).
Specifically, calcium/calmodulin-mediated regulation plays a role
in plant phytohormones, including SA and glucosinolate (Cheval
etal., 2013). In this study, phytoplasma infection increased CML
expression (log;Fold change = 3.768, Figure 3), suggesting an
induction of phytohormone-mediated signaling.

Functional ABC transporters are located in cell membranes
and act as ATP-driven pumps. ABC transporters move various
chemical substrates, such as lipids, phytohormones, and heavy
metals, through the plasma membrane (Kretzschmar et al., 2011).
ABC transporters are known to respond to abiotic and biotic
stresses and play important roles in detoxification (Lu et al.,
1998), hormone transport (Geisler et al., 2005; Kuromori et al.,
2010), and chemical defense (Badri et al., 2009). In rice, nearly
half of the ABCG members have a positive response to JA and
SA, the phytohormones associated with herbivore and pathogen
defense (Moons, 2008). NpPDR1, an ABCG protein of Tex-Mex
tobacco, was implicated in pathogen defense and was shown to
be involved in active terpenoid transport in plants (Jasinski et al.,
2001). Both JA and SA promote NpPDRI1 expression, supporting
the association with defense signaling pathways (Jasinski et al.,
2001). In this study, the genes encoding ABC transporters tended
to be downregulated in phytoplasma-infected plants, whereas
in coconut palm, phytoplasma infection caused upregulation of
ABC transporter genes (Nejat et al,, 2015). It is possible that the
dampening of plant defenses by some phytoplasmas, such as the
cause of CFBD, suppresses ABC transporter expression.

In this study, we hypothesized that phytoplasma infection
would influence the expression of genes related to phytohormone
signaling because ethylene, JA, and SA play a central role in
the regulation of defense responses. SA is generally stimulated
by pathogens (Thomma et al.,, 1998) and feeding by piercing-
sucking insects (War et al., 2012). In this study, genes directly
related to phytohormones, such as JA, SA, and cytokinin, were
not influenced by phytoplasma infection. These results are
consistent with our measurement of the phytohormone levels
in CFBD-infected plants vs. uninfected plants that show no
significant differences (NP, unpublished data). The effect of
phytoplasma infection on the expression of genes related to JA
and SA signaling in plants is quite variable. Some studies show
upregulation in both hormones (Mou et al., 2013; Mardi et al.,
2015; Wang et al., 2018), whereas others show upregulation in
SA and downregulation in JA (Sugio et al.,, 2011; Musetti et al.,
2013), or vice versa (i.e., suppression of SA and induction of JA;
Luetal., 2014).

Other hormones, such as auxins, abscisic acid (ABA),
and gibberellin (GA), play roles in plant development and
growth regulation. ABA not only regulates the growth and
developmental processes in plants but also acts as in adaptive
responses to environmental stresses (Saito et al., 2004). GAs are
plant hormones that regulate various developmental processes,
including stem elongation, flowering, flower development, and
leaf and fruit senescence. Recently, ABA and GA were reported
as a key regulators of plant immunity (Denancé et al., 2013).
In this study, we found two forms (sequences) of the gene
that encodes an (+)-abscisic acid 8'-hydroxylase that is involved

in ABA synthesis. One form is upregulated, while the other
was down regulated (Supplementary Table 1). Lower ABA levels
were shown in phytoplasma-infected Euphorbia coerulescens and
Orbea gigantea plants (Omar et al., 2014). In the Jujube plant,
the genes related to ABA synthesis were also downregulated
(Wang et al.,, 2018). It has been suggested that ABA is involved
in the growth of axillary buds due to the loss of apical
dominance (Dewir et al., 2015). This may be a factor in the
excessive branching (witches’ broom formation) induced by some
phytoplasmas, including the causal agent of CFBD.

The ent-copalyl diphosphate synthase gene, which is involved
in the GA biosynthetic pathway (Prisic et al, 2004), was
downregulated in infected plants. In coconut palm and tomato
plant, the overexpression of GA 2 oxidase, an enzyme in the GA
catabolic pathway, resulted in lower GA levels in infected plants
(Ding et al., 2013; Nejat et al., 2015). The reduction of GA levels
might be associated with the formation of abnormal flowers in
cranberry with CFBD and other plants in which deformed flowers
are a symptom of phytoplasma infection.

Plant secondary compounds, such as flavonoids, lignin,
alkaloids, and terpenoids, play important roles in the defense
mechanisms of plants. During the infection, plants commonly
use phenylpropanoid compounds to synthesize flavonoids,
lignin, and phytoalexins. The 4-coumarate-CoA ligase and PAL
are key enzymes in this metabolic pathway (Dixon et al., 2002). In
our study, 4-coumarate-CoA ligase and PAL are downregulated
(Figure 3 and Supplementary Table 1) in infected plants relative
to uninfected plants. The downregulation of these genes can
result in lower levels of phenolic compounds in infected
cranberry plants. In fact, Pradit et al. (2019) reported lower levels
of proanthocyanidins, a class of polyphenols, in CFBD-infected
than uninfected plants. In contrast, phytoplasma infection in
apple and corn plants causes an increase in phenolic compounds
and overproduction of hydrogen peroxide (Junqueira et al., 2004;
Musetti et al., 2004).

Photosynthesis- and

Carbohydrate-Related Genes

Only two genes involved in photosynthesis, cytochrome b599,
an important component of photosystem II, and photosystem
II reaction center I protein, were highly influenced by
phytoplasma infection in cranberry. Phytoplasma infection
causes an inhibition of the entire electron transport chain in
photosystem 1II in grape leaves (Bertamini and Nedunchezhian,
2001), significantly depresses photosystem I activity in Paulownia
leaves (Mou et al, 2013), and downregulates the genes
associated with the electron transport chain, such as ferredoxin,
photosystem I, and photosystem I, in jujube (Wang et al., 2018).
The grana and stroma lamellae, structures of chloroplasts, were
destroyed, and original lamellae were formed in the infected
jujube leaves (Xue et al., 2018). Our results show the suppression
of photosystem II reaction center I protein gene expression,
while the gene for cytochrome b599 showed induction, so the
effects of CFBD on photosynthesis are unclear. The stage of
infection is important in the expression levels of photosynthetic-
and chlorophyll-related genes (Wang et al., 2018). Chlorophyll
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degradation in the later infection stages contributes to the
yellowing and/or reddening symptoms of phytoplasma infection.

Photosynthetic products are first used for sucrose synthesis,
and a complex enzyme system is used in the carbohydrate
metabolism in plants (Hassid and Putman, 1950; Stein and
Granot, 2018; Xue et al., 2018). Phytoplasma infection results
in an accumulation of sugar in Catharanthus roseus (Lepka
et al., 1999) and in coconut palm (Maust et al., 2003), whereas
sugar content was reduced in maize (Junqueira et al., 2004).
In jujube, sugar metabolism was downregulated at the first
infection stage but then upregulated in the actively infecting
stage (Wang et al., 2018; Xue et al., 2018). In our study, the
genes associated with carbohydrate metabolism were both up-
and downregulated (Figure 4). Interestingly, the genes that show
upregulation include fructokinase and malate dehydrogenase
(MDH). Fructokinase phosphorylates fructose to form fructose
6-phosphate, which is then used for glycolysis (Stein and Granot,
2018). Fructose is the preferential energy source for Spiroplasma
citri, a plant-pathogenic bacterium in the same taxonomic class
as phytoplasmas (André et al., 2005). MDH is involved in the
oxidation of malate to form oxaloacetate. This enzyme acts in
the citric acid cycle and is involved in energy release from
carbohydrates and other substrates. Thus, phytoplasma infection
seems to interfere with photosynthesis while increasing the
metabolism of carbohydrates.

Flowering- and Development-Related

Genes

Cranberry plants with CBFD display abnormalities in plant
growth and flower formation (Dobroscky, 1931; De Lange
and Rodriguez-Saona, 2015). In this study, we expected some
changes in the expression of flowering and development genes.
We found that CFBD induces the expression of zinc finger
SWIM domain-containing protein 3 and pentatricopeptide
repeat-containing protein (PPR), while suppressing protein
FARI-related sequence (FRS). The zinc finger proteins are a
super family of proteins involved in protein-protein interactions
and are associated with many activities of plant growth and
development, photosynthesis, and resistance mechanisms
for biotic and abiotic stress (Feurtado et al., 2011; Lu et al.,
2011). The pentatricopeptide repeat-containing protein can
alter RNA sequences, turnover, processing. or translation. It is
targeted to mitochondria or chloroplasts. This protein affects
organelle biogenesis and function and, consequently, has an
effect on photosynthesis, respiration, plant development, and
environmental responses (Barkan and Small, 2014). FRS is
the family of proteins that influence the transcription process.
FRS family members play multiple roles in cellular processes,
including light signal transduction, circadian rhythm and
flowering, shoot meristem and floral development, plant
immunity, ABA response, and chlorophyll biosynthesis (Ma and
Li, 2018). Together, these proteins (zinc finger SWIM domain-
containing protein 3, pentatricopeptide repeat-containing
protein, and FRS) have a potentially wide range of functions in
plant cells, including growth and development and response
to biotic stress. Alterations in their expression patterns due

to CFBD may be partly responsible for the visible symptoms
(witches’” broom and development of malformed flowers) of
the disease.

Higher expression was noted in NAC domain-containing
protein, PHS1, PAS2, and AP2. NAC is a transcription factor
that acts as a floral repressor, controlling flowering time.
NAC is normally expressed in response to cold temperatures
(Nuruzzaman et al., 2013). PHS1 and PAS2 are synthesized by an
endoplasmic reticulum-localized elongase multiprotein complex.
PHS1 and PAS2 are involved in multiple biological processes,
especially proliferation control of meristematic and, non-
meristematic cells and cell dedifferentiation and proliferation.
PHS1 and PAS2 expression can be enhanced by cytokinins,
leading to callus-like structure development of the apical part
of seedlings (Bellec et al., 2002; Bach et al, 2008). AP2 or
APETALA2 is a gene and a member of a large family of
transcription factors that play various roles throughout the
plant lifecycle. The function of AP2 is to control floral organ
identity determination and to respond to biotic or abiotic
stresses (Riechmann and Meyerowitz, 1998). Increasing NAC
gene expression can repress flower formation, whereas PHSI1,
PAS2, and AP2 manipulate the organ development at the apical
part of plant. Thus, this set of genes may also play a role
in the bushy appearance and/or flower abnormality in CFBD-
affected plants.

Phytoplasma infection caused downregulation on FARs,
AGL42, EID1-like F-box protein 3, phytochrome A, and
transcription factor TGA. FARs play an important role in long-
chain fatty acid alcohol metabolism, which can be found in the
root, seed coat, and wound-induced leaf tissue (Doan et al.,
2009; Domergue et al., 2010). AGL42 interacts genetically with
CONSTANS 1 and FLOWERING LOCUS T. The two interacting
components (CONSTANS 1 and Flowering T) have been shown
to regulate flowering in Arabidopsis (Yoo et al., 2005). EID1-like
F-box protein 3 is an F-box protein that functions as a negative
regulator in phytochrome A-specific light signaling ubiquitin
ligase complexes. Phytochrome A is important in light sensing
for plant flowering (Marrocco et al., 2006). Transcription factor
TGAs are implicated as regulators of pathogenesis-related genes.
Transcription factor TGA proteins plays a role not only in
defense against pathogens but also in processes involved in plant
development (Zander et al., 2012). Thus, CFBD suppresses genes
related to flowering, development, and defenses.

Vector Interactions

Phytoplasmas require insects as vectors. For phytophagous
insects, nitrogen content is an important factor in food
selection (Minkenberg and Ottenheim, 1990). The DEGs
show both up- and downregulation of amino acid metabolism
(Supplementary Table 1). Arginine and proline metabolism
show upregulation, whereas alanine, glycine, serine, and
threonine metabolism were suppressed by phytoplasma
infection. Pradit et al. (2019) reported higher nitrogen content
in CFBD-infected compared to uninfected plants. Thus, there is
some manipulation of nitrogen metabolism in infected plants,
but it is unclear how these changes in gene expression affect leaf
nitrogen content and availability.
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In this study, we tested the expression of selected target
genes by RT-qPCR. The genes we selected include those
related to defense (CML and PAL), carbohydrate metabolism
(FK), and flowering (AP2). The relative gene expression data
show that phytoplasma infection significantly induced the
expression of CML, FK, and AP2 in the host plant, but there
was no significant effect on PAL expression. This confirms
that in cranberry with CFBD, defense signaling, carbohydrate
metabolism, and flowering were impacted. PAL expression was
lower in infected plants in the transcriptome data (Figure 3),
suggesting a dampening of the phenylpropanoid pathway defense
response. However, the RT-qPCR data (Figure 6) show PAL
expression was not significantly impacted. Changes in PAL
expression could be transient and “missed” in the samples used
for RT-qPCR. Alternatively, changes in this pathway and its
products (phenylpropanoids) may occur primarily downstream
of PAL.

CONCLUSIONS

Cranberry false blossom disease was found to influence
the expression of 358 unigenes (132 upregulated and 225
downregulated) in the leaves of young cranberry plants. The
DEGs show that phytoplasma infection influences plant defense,
photosynthesis and carbohydrate metabolism, and flowering
and development of cranberry plants. Interestingly, the JA
and SA phytohormone pathways are not influenced by this
phytoplasma, Thus, the defense responses induced by the JA
and SA signaling pathways appear to be uninduced in infected
plants. Furthermore, the genes associated with secondary
plant metabolism were suppressed in the phytoplasma-infected
plant, while expression of carbohydrate metabolism genes was
enhanced. Phytoplasma infection also caused the induction of
malformed flowers and, thus, no fruit load, which may also
contribute to nutrient availability and attraction of the leathopper
vector of this CFBD. Pradit et al. (2019) showed higher
nutrient content, reduced defenses, and enhanced performance
of phytophagous insects on plants with CFBD as compared
with uninfected plants. Together, our data support the “host
manipulation hypothesis” (Eigenbrode et al., 2018), wherein
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