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Citrus scab, caused by the fungal pathogen Elsinoé
Jfawcettii, is one of the most important fungal diseases
affecting Citrus spp. Citrus scab affects young tissues,
including the leaves, twigs, and fruits, and produces
severe fruit blemishes that reduce the market value of
fresh fruits. To study the molecular responses of sat-
suma mandarin (C. unshiu) to E. fawcettii, plant hor-
mone-related gene expression was analyzed in response
to host-compatible (SM16-1) and host-incompatible
(DAR70024) isolates. In the early phase of infection by
E. fawcettii, jasmonic acid- and salicylic acid-related
gene expression was induced in response to infection
with the compatible isolate. However, as symptoms
advanced during the late phase of the infection, the jas-
monic acid- and salicylic acid-related gene expression
was downregulated. The gene expression patterns were
compared between compatible and incompatible inter-
actions. As scabs were accompanied by altered tissue
growth surrounding the infection site, we conducted

*Co-corresponding authors.

K. Shin

Phone) +82-64-730-4183, FAX) +82-64-733-9564
E-mail) kihyeshin@korea.kr

J. W. Hyun

Phone) +82-64-730-4101, FAX) +82-64-733-9564
E-mail) hyunjaewook@korea.kr

ORCID

Kihye Shin
https://orcid.org/0000-0001-8044-4530

Handling Editor : Jeum Kyu Hong

€ This is an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License (http://
creativecommons.org/licenses/by-nc/4.0) which permits unrestricted
noncommercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Articles can be freely viewed online at www.ppjonline.org.

gibberellic acid- and abscisic acid-related gene expres-
sion analysis and assessed the content of these acids
during scab symptom development. Our results showed
that gibberellic and abscisic acid-related gene expres-
sion and hormonal changes were reduced and induced
in response to the infection, respectively. Accordingly,
we propose that jasmonic and salicylic acids play a role
in the early response to citrus scab, whereas gibberellic
and abscisic acids participate in symptom development.

Keywords : citrus scab, Citrus unshiu, Elsinoé fawcettii,
fungal pathogen, satsuma mandarin

Citrus scab, one of the most destructive diseases in Citrus
spp., and has been reported in several citrus-producing
countries worldwide, especially under humid cultivation
conditions. The associated pathogen, Elsinoé fawcettii
Bitancourt and Jenkins, affects the young tissues of fruits,
leaves, and twigs of various susceptible cultivars of citrus,
lemons, grapefruit, tangerines, and their hybrids (Chung,
2011; Gopal et al., 2014). Scab infection leads to abnormal
and reduced growth, and even dieback and fruit drop, and
causing serious fruit blemishes that reduce the external
quality and market value of citrus fruits, resulting in heavy
economic losses to citrus producers.

Scab lesions are visible on the leaves at 3 days post in-
oculation (dpi) and on the fruits at 7 dpi (Paudyal et al.,
2017). The lesions appear as tiny dots, and as the host tis-
sues expand, the infected areas become elevated and form
erumpent scab pustules comprising fungal and host tissues.
The affected leaves may develop lesions with warty or pro-
tuberant pustules emerging from one side of the leaf and a
correspondingly depressed area on the opposite side. When
the pathogen infects young fruits, groups of light brown,
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raised, rounded, and warty scabs appear on the rind sur-
face. Extensive scabby areas may form individual pustules,
which merge into one another as they age (Chung, 2011;
Gopal et al., 2014). These cone-like raised structures are
commonly observed in other fungal diseases, in not only
citrus but also other plants.

Although the physiological aspects and infection mecha-
nism have been well studied (Chung, 2011; Gopal et al.,
2014; Paudyal and Hyun, 2015; Paudyal et al., 2017), the
exact mechanism of plant-pathogen compatibility and
the reasons for the abnormal cell growth in E. fawcettii-
infected leaves are still unknown. For molecular breeding
and effective disease control, understanding the molecular
mechanism underlying the infection is imperative. There-
fore, using host-compatible (SM16-1) and host-incompat-
ible (DAR70024) E. fawcettii isolates, we investigated the
hormonal responses of plants with citrus scab to understand
the mechanism underlying infection and symptom devel-
opment (Timmer et al., 1996; Hyun et al., 2001, 2009).

Plant defense against pathogens depends on the interplay
of different signaling mechanisms, such as those mediated
by the hormones salicylic acid (SA) and jasmonic acid (JA)
(Berens et al., 2017; Shigenaga and Argueso, 2016). In ad-
dition to these well-characterized hormone pathways, other
biochemical pathways mediated by hormones such as ab-
scisic acid (ABA), gibberellic acid (GA), brassinosteroids,
and auxins are identified as important players in plant
defense against necrotrophic fungi. JA plays an essential
role in plant defense responses against necrotrophic and
hemibiotrophic pathogens, especially fungi (Antico et al.,
2012; Berens et al., 2017). Mutants of the biosynthetic and
signaling genes of JA show increased susceptibility to vari-
ous fungi; furthermore, exogenous application of methyl-
JA induces resistance to plants against fungal pathogens
(Oliveira et al., 2015). Moreover, SA induces plant defense
responses against biotrophic pathogens and leads to the
production of antimicrobial molecules, such as pathogene-
sis-related proteins and phytoalexins, to induce hypersensi-
tive responses. In addition, ABA regulates several aspects
of plant development, such as seed dormancy and germina-
tion, as well as abiotic and biotic stress responses (Finkel-
stein et al., 2002; Vishwakarma et al., 2017). Moreover, the
perception and signaling pathways of ABA have been well
studied at the molecular level (Park et al., 2009). However,
the role of ABA in plant defense against pathogens varies
depending on host-pathogen diversity, and it seems to play
different roles at different time points after infection (Berens
etal., 2017; Ton et al., 2009).

In this study, we aimed to identify different hormonal
regulations in compatible (SM16-1) isolate- and incompat-

ible (DAR70024) isolate-inoculated satsuma mandarin
leaves at the early infection stage and symptom develop-
ment stage. Hence, to examine hormonal regulation, we
assessed the expression of JA-associated genes: CO!!
(coronatine insensitive 1) and J4RI (jasmonate resistant 1),
SA-associated genes: NPRI (nonexpressor of PR1 genes
1) and EDS16 (enhanced disease susceptibility to Erysiphe
oronti 16), ABA-associated genes: NCED3 (9-cis-epoxy-
carotenoid dioxygenase 3), and ABF3 (abscisic acid re-
sponsive elements-binding factor3), GA-associated genes:
GA200x2 (gibberellin 20 oxidase 2) and GA420x2 (gibber-
ellin 2-oxidase 2) (Abdelkareem et al., 2017; Dewdney et
al., 2000; Fan and Dong, 2002; Rieu et al., 2008; Staswick
et al., 2002; Sun, 2008; Sussmilch et al., 2017; Yoshida et
al., 2010). Furthermore, we analyzed the hormone contents
during infection and symptom development to understand
how citrus plants responds to E. fawcettii infection and
how the symptoms develop. Although the signaling of
hormonal regulation during fungal pathogen infection has
been reported in Arabidopsis and other model plant spe-
cies, our study is the first to investigate these phenomena in
satsuma mandarin leaves inoculated with compatible scab
isolate and incompatible scab isolates.

Materials and Methods

Fungal isolate preparation. E. fawcettii 16-1, a Florida
broad host range pathotype, and E. fawcettii DAR70024 of
Tryon’s pathotype, which have been deposited at the Korea
Agricultural Culture Collection (KACC45780), were used
in this study (Hyun et al., 2001). To produce conidia, the
shaking method was used, as previously reported (Hyun
et al., 2015). Dried and preserved mycelia were cut into
small pieces and cultured on potato dextrose agar (PDA)
(BD, East Rutherford, NJ, USA) at 25°C for 2 weeks. The
mycelial mat that developed on PDA was transferred into a
mortar without media and homogenized. The homogenized
mycelia were then transferred into 50 ml of sterilized water
and cultured for sporulation at 25°C for 24 h in a shaker
under dark conditions. The conidial suspension was filtered
through two layers of cheesecloth, and then quantified us-
ing a hemocytometer (Paul Marienfeld GmbH & Co., KG,
Lauda-Ko6nigshofen, Germany).

Fungal inoculation. Satsuma mandarin (Citrus unshiu
Marc) plants aged 4-5 years were used for fungal inocula-
tion. The plants were grown in a growth chamber at 25°C
under long-day conditions (16 h light/8 h dark). These
plants were pruned to stimulate the production of uniform
flushes of new leaves. Subsequently, the light condition
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was changed to 24 h of light for gene expression analysis.
For each E. fawcettii isolate (SM16-1 and DAR70024), a
suspension with 10° conidia/ml was sprayed on one-fifth
of the mature leaves. After inoculation, the leaves were
subjected to moist conditions using plastic bag covers for 2
days.

Scanning electron microscopy. Scanning electron mi-
croscopy; S-3500 N (Hitachi Corp., Tokyo, Japan) was
performed to observe citrus scab symptoms on satsuma
mandarin leaves. The inoculated leaves were harvested and
cut into approximately 0.5 cm x 0.5 cm pieces. The leaves
were fixed in Karnovsky’s fixative solution containing 2%
glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) and
2.5% paraformaldehyde (Sigma-Aldrich) in 0.05 M so-
dium cacodylate, which was prepared by mixing cacodylic
acid (Sigma-Aldrich) and a buffer of pH 7.2 and incubating
the mixture for 2 h at 25°C. Next, the samples were washed
twice for 20 min each with 0.05 M sodium cacodylate buf-
fer and fixed with a second fixative, 1% osmium tetroxide
(Sigma-Aldrich), for 2 h. The samples were dehydrated
using an ethanol series of 10%, 30%, 50%, 70%, 80%,
90%, and 95% for 15 min each, followed by dehydration
with 100% ethanol for 15 min three times. Finally, critical
dehydration was performed using a chemical dehydrant,
hexamethyldisilazane (Merck & Co., Inc., Kenilworth, NG,
USA). These specimens were mounted on aluminum stubs,
and when required, the specimens were sputter coated
with evaporated platinum for 50 min in vacuum using an
E-1030 ion sputter coater (Hitachi Corp.).

Gene expression analysis. Total RNA from the inoculated
leaves was extracted using the Plant RNeasy kit (Qiagen,
Venlo, The Netherlands) in the automated system QIAcube
(Qiagen) according to the manufacturer’s instructions.
One microgram of RNA was reverse transcribed using

Table 1. Primers used in this study

Invitrogen Superscript IV (Thermo Fisher, Waltham, MA,
USA). Thereafter, 10-fold diluted cDNA was subjected to
quantitative reverse-transcription polymerase chain reac-
tion (QRT-PCR) using the primers listed in Table 1. The
gqRT-PCR analysis was performed using CFX96 Touch
(Bio-Rad, Hercules, CA, USA) and the Power SYBR
Green PCR Master Mix (Thermo Fisher). The primers
used for qRT-PCR were designed based on the sequence
obtained from citrusgenome.jp (Shimizu et al., 2017). The
primers used are listed in Table 1. As the internal standard,
CitGAPDH or CitEF1a was selected from previous stud-
ies (Calvalho et al., 2010; Mafra et al., 2012); we tested
the stability in our experimental condition. CitGAPDH or
CitEF1a showed similar expression level (data not shown)
and was used randomly in different experiment. The reac-
tions were performed in triplicates per run, and the relative
expression of each gene was determined after normalizing
the expression to the expression level of CitGAPDH or
CitEF1a. The comparative 2 **“ method was used to eval-
uate the relative quantities of each amplified product in the
samples, following a previously described procedure (Livak
and Schmittgen, 2001).

Sample preparation for phytohormone analysis.
Fresh samples (50 mg) were frozen in liquid nitrogen and
ground into a powder, which was extracted with 1 ml of
isopropanol:H,O:HCI (2:1:0.002, v/v/v) using a vortex for
20 min. Dichloromethane (1 ml) was then added, and the
mixture was centrifuged at 15,000 rpm for 10 min for frac-
tionation. After fractionation, two phases were obtained,
where the dichloromethane fraction was eluted through
a C18 cartridge using methanol. The filtered sample was
concentrated and re-dissolved in 25 pl of methanol.

Phytohormone analysis. For analysis, phytohormone
extracts were injected into the Shimadzu LCMS-2020 (Shi-

Name Forward primer (5'-3") Reverse primer (5'-3") Reference
CitGAPDH GGAAGGTCAAGATCGGAATCAA CGTCCCTCTGCAAGATGACTCT Carvalho et al. (2010)
CitEF lo. TCAGGCAAGGAGCTTGAGAAG GGCTTGGTGGGAATCATCTTAA Carvalho et al. (2010)
CitCOIl GCGGCGATGTTTAATTTGAT GAGATCCGAATCCCTGACAA In this study
CitJARI GACGCGGAGAGAATTCAAAG AGGCCGAGATTTTGCAAGTA In this study
CitNPR1 TGTGCGGTAAAGCTTGTGAG CAATGTGTTGTGGCAAGGTC In this study
CitEDS16 GCTCAGCACCAACTTCTTCC GTTGGGAAAGACAACGGAAA In this study
CitGA20x2 AAGGAGTGACTCGTGCTTCA TGGATTTGGAGGCCAGATGT In this study
CitGA200x2 GATCTTGCTCTTGGCACTGG CTAGGGCATCATCACGAGGT In this study
CitNCED3 CGTTCATAGGCGCGAAAGAT TGCAAGCATCCCTCTGGTAA In this study
CitABF4 ATCAAATGCTCCTGGTGGGA CCAGCCTGAACTAAGTTGCC In this study
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madzu Corporation, Kyoto, Japan) system coupled with the
YMC-Triart C18 ExRS column (100 mm x 2.0 mm; inter-
nal diameter, 8 nm; particle size, 1.9 um). Thereafter, 10
pL of the extract was loaded into the system using a mobile
phase comprising (A) water with 0.2% formic acid and (B)
acetonitrile with 0.2% formic acid. The flow rate of the
mobile phase was set at 0.25 ml/min, and gradient elution
was applied. For conditioning, 100% solvent was eluted
for 1 min, followed by 30% B for 3 min and then 60% B
for 17 min. For mass spectrometry analysis, the following
conditions were used: nebulizing gas flow rate, 1.5 1/min;
drying gas flow rate, 15 1/min; scan mode, negative; mass
analysis range, 120-550 m/z; and scan speed, 883 u/s.

Results

Different disease symptoms caused by compatible or
incompatible citrus scab pathogen on satsuma man-
darin leaves. To investigate scab disease development,
two different pathotypes of citrus scab isolates, SM16-1
and DAR70024, which are compatible and incompat-
ible with satsuma mandarin, respectively, were used in
this study (Table 2) (Hyun et al., 2009). At 6 dpi, typical
symptoms of citrus scab, such as irregular scabby and wart-
like outgrowths, were observed in the leaves inoculated
with SM16-1. However, in the leaves inoculated with
DAR70024, such scabby outgrowths were not observed,
but several dark spots of unknown origin were observed
(Fig. 1A-C).

To better understand the development of citrus scab
symptoms, we observed the morphological differences be-
tween leaves inoculated with SM16-1 and those inoculated
with DAR70024 by scanning electron microscopy. In a
previous study, the germination of conidia was observed at
1 dpi in SM16-1-inoculated samples (Paudyal and Hyun,
2015). Thus, we compared different features of infection
sites at 1 dpi and observed degraded cuticle layers in the
infection sites on the leaves inoculated with each of SM16-
1 and DAR70024 isolate. However, the degradation pat-
tern differed between the isolates. The SM16-1-inoculated
leaves showed a bottle-necked groove at the center of the
infection site, where the necrotic area was enveloped and
partially covered by enlarged and rapidly dividing cells,
whereas the DAR70024-inoculated leaves showed smaller
and shallower necrotic regions. Moreover, the necrotic
region surrounding the cells was not visibly changed (Fig.
1D). This result showed that the initial symptoms, includ-
ing the necrotic region and surrounding cell alteration at
the infection site, were different at 1 dpi. Thus, plants may
endogenously respond differently to each isolate as early

A Control

DAR70024

2 mm

C Control

>

o St
E‘.: ;: ”." |
D

SM16-1

DAR70024

Control

0.2 mm 0.2 mm

E Control SM16-1 DAR70024

I mm 1/mm 1 mm

Fig. 1. Scab disease symptoms on satsuma mandarin leaves in-
oculated with water (control), a host-compatible isolate (SM16-1),
and a host-incompatible isolate (DAR70024). Different symp-
toms were exhibited on the satsuma mandarin leaves inoculated
with SM16-1 or DAR70024. The photographs were taken at 6
dpi (A) and 14 dpi (C). (B) Close-up view of black squares in (A).
Initial symptoms at 1-2 dpi (D) and advanced symptoms at 5 dpi
(E) in the infection site, as observed under a scanning electron
microscope.
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Table 2. Elsinoé fawcettii isolates used in this study

Pathogenecity” ITS/TEF
Isolate Host* Pathotype®
SM RL SO GF CM NDF JIN Clem genotype
SM16-1 SM + + + + N - + FBHR A-1
DAR70024  Citrus indica  — + - - N - + Tryon's A2

*Host of origin: SM, satsuma mandarin; RL, rough lemon; SO, sour orange; GF, grapefruit; CM, cleopatra mandarin; NDF, natsudaidai fruit;

Jin, Jingeul; Clem, clementine mandarin.
"Symbols: +, pathogenic; —, nonpathogenic; N, not tested.

‘FBHR: Florida broad host range; Tryon’s: Tryon’s scab (Timmer et al., 1996)

as 1 dpi. At 5 dpi, the SM16-1 infection site surrounding
the tissues was enlarged and swollen, and there was rapid
division of the adjoining epidermal cells. The expanded
epidermal cells formed a bulged surface that partially cov-
ered the necrotic region, and this abnormal cell growth later
appeared as pustules (Fig. 1B and E). However, this altered
cell growth was not observed in DAR70024-inoculated
leaves, and DAR70024-induced necrotic symptoms did not

change or develop (Fig. 1E).

Induced JA- and SA-related gene expression during
early scab infection. To determine the cause of difference
in necrotrophic patterns and abnormal cell growth in the
surrounding cells, the expression patterns of genes related
to plant hormone response were analyzed. The qRT-PCR
results revealed that the expression of the JA biosynthe-
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Fig. 2. Early response of salicylic acid- and jasmonic acid-responsive gene expression in satsuma mandarin leaves inoculated with a
compatible isolate (SM16-1) and an incompatible isolate (DAR70024). Half of the mature leaves were inoculated and harvested for total
RNA extraction at the indicated time after inoculation. Uninoculated leaves were used as the control (0 h). CitCOIl (A), CitJARI (B),
CitNPR1 (C), and CitEDS16 (D) were amplified with gene-specific primers pairs, and gene expression levels were calculated after nor-
malization with the expression level of CitGAPDH and presented as values relative to that of the control 0 h sample. Error bars indicate
the SD of the two independent experiments run in triplicates. The asterisks indicate significant differences between the sample inoculated
with the compatible isolate and the incompatible isolate within the same time point, at P < 0.05 (two-sample Student’s #-test, n = 5-6).
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sis gene CitCOIl and the JA response gene CitJARI was
induced in both SM16-1- and DAR70024-inoculated
samples at 6 h post inoculation (hpi). Whereas the expres-
sion of CitCOIl and CitJARI was continuously induced
in the SM16-1-inoculated sample at 12 hpi, and that in
the DAR70024-inoculated sample was reduced. Interest-
ingly, the expression of CitJARI and CitCOIl in three
samples (water [as a control], SM16-1, or DAR70024) was
similar at 24 hpi (Fig. 2A and B). The expression of the
response and biosynthesis genes (CitNPRI and CitEDSI6,
respectively) of SA, another defense-related hormone, was
slightly increased in the leaves inoculated with DAR70024,
but it was increased in the leaves inoculated with SM16-1
at 6 and 12 hpi. Unexpectedly, the expression of CitNPRI
and CitEDS16 was similar in the three samples at 24 dpi,
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and this was consistent with the expression of CitCOI1 and
CitJARI (Fig. 2C and D). These results indicated that both
JA and SA are involved in the defense mechanism against
citrus host-compatible isolates during the early stage of
infection. Moreover, the induction of SA-related gene ex-
pression was specific against the compatible isolate SM16-
1 but not against the incompatible isolate DAR70024.

Reduced JA- and SA-related gene expression during
symptom development. The initial symptoms were not
observed on DAR70024-inoculated leaves, but a typical
scab symptom was noted on SM16-1-inoculated leaves.
We hypothesized that the hormonal responses observed
in the late phase of infection, involved in symptom de-
velopment, might be distinct from those observed in the
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Fig. 3. Quantitative reverse-transcription polymerase chain reaction analysis of salicylic acid- and jasmonic acid-responsive gene expres-
sion levels in satsuma mandarin leaves inoculated with a compatible isolate (SM16-1) and an incompatible isolate (DAR70024) during
scab symptom development. Half of the mature leaves were inoculated and harvested for total RNA extraction at the indicated time after
inoculation. Uninoculated leaves were used as the control (0 dpi). CitCOII (A), CitJARI (B), CitNPRI (C), and CitEDS16 (D) were
amplified with gene-specific primers pairs, and gene expression levels were calculated after normalization with the expression level of
CitEFlo and presented as values relative to that of the control 0 d sample. Error bars indicate the SD of the two independent experiments
run in triplicates. The asterisks above the bars indicate significant differences between the sample inoculated with the compatible isolate
and the incompatible isolate within the same time point, at P < 0.05 (two-sample Student’s ¢-test, n = 5-6).
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early phase of infection. To clarify the roles of JA and
SA responses during citrus scab symptom development,
we analyzed the expression of JA- and SA-related genes
at 2, 4, and 6 dpi. Unexpectedly, the expression of Cit-
NPRI1, CitEDS16, CitCOI1, and CitJARI was reduced in
the SM16-1-inoculated leaves compared with that in the
DAR70024-inoculated leaves at all time points (Fig. 3).
Thus, considering the qRT-PCR results in the early phase
of infection, we assumed that when citrus leaves were in-
fected with the compatible citrus scab isolate, as a defense
mechanism, plants express JA- and SA-related genes.
However, this induction was not maintained at 2 dpi (Fig.
3). Thus, citrus scab symptoms developed because of these
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gene expression patterns.

Induced ABA signaling during symptom development.
To determine the role of ABA in citrus and E. fawcettii
interaction, we analyzed the expression of ABA-response
genes and ABA level at 2, 4, and 6 dpi. CitNCED3 and
CitABF4 expression and ABA production were induced
in both SM16-1- and DAR70024-inoculated samples.
Moreover, in the SM16-1-inoculated sample, CitNCED3
and CitABF4 expression and ABA level were more signifi-
cantly induced (Fig. 4). These results suggest that ABA has
a positive role in citrus scab symptom development.
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Fig. 4. Abscisic acid (ABA) response during scab symptom development. (A, B) Quantitative reverse-transcription polymerase chain
reaction analysis of abscisic acid biosynthesis gene expressions in satsuma mandarin leaves inoculated with a compatible isolate (SM16-1)
and an incompatible isolate (DAR70024). Uninoculated leaves were used as the control (0 dpi). CitNCED! (A) and CitABF4 (B) were
amplified with gene-specific primers pairs, and gene expression levels were calculated after normalization with the expression level of
CitEF 1o and presented as values relative to that of the control 0 d sample. Error bars indicate the SD of the two independent experiments
run in triplicate. The asterisks above the bars indicates significant differences between the sample inoculated with the compatible isolate
and the incompatible isolate within the same time point, at P < 0.05 (two-sample Student’s z-test, n = 5-6). (C) Levels of abscisic acid
in satsuma mandarin leaves inoculated with a compatible isolate (SM16-1) and incompatible isolate (DAR70024). Half of the mature
leaves were inoculated and harvested for hormone content measurement at the indicated time after inoculation. Uninoculated leaves were
used as the control (0 hpi). The asterisks above the bars indicates significant differences in the samples inoculated with the compatible
isolate between the incompatible isolate within the same time point at, P < 0.05 (two-sample Student’s #-test, n = 3).
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Repressed GA signaling during scab symptom de-
velopment. At 3 dpi of SM16-1 inoculation, citrus scab
symptoms were visible to the naked eye. At this point, the
morphology of the host epidermal cells around the grow-
ing conidia began to change, and the peripheral cells of
the degraded cuticle layer were enlarged and swollen. The
adjacent epidermal cells rapidly grew and enveloped the
necrotic surface, including the inner germinating conidia
(Chung, 2011; Paudyal et al., 2017). However, in the
DAR70024-inoculated sample, there were no morphologi-
cal changes after the initial symptom development. At 5
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dpi, the SM16-1-inoculated sample showed typical symp-
toms of citrus scab, such as scabby pustules (Fig. 1A and
E) and abnormal leaf growth, including smaller leaves than
those in the water-treated sample and DAR70024-inoculat-
ed sample (Fig. 1A).

To investigate whether the growth regulator GA is in-
volved in symptom development, we examined the gene
expression patterns and GA level in the SM16-1- and
DAR70024-inoculated samples. As expected, GA20x2
expression was induced and GA20ox2 expression was re-
pressed in both samples at 2, 4, and 6 dpi compared with
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Fig. 5. Gibberellic acid (GA) response during scab symptom development. (A, B) Quantitative reverse-transcription polymerase chain
reaction analysis of GA biosynthesis gene expression in satsuma mandarin leaves inoculated with a compatible (SM16-1) isolate and in-
compatible isolate (DAR70024). Half of the mature leaves were inoculated and harvested for total RNA extraction at the indicated time
after inoculation. Uninoculated leaves were used as the control (0 dpi). CitGA20x2 (A) and CitGA200x2 (B) were amplified with gene-
specific primers pairs, and gene expression levels were calculated after normalization with the expression level of CitEF'la and presented
as values relative to that of the control 0 d sample. Error bars indicate the s.d. of the two independent experiments run in triplicates. The
asterisks above the bars indicate significant differences between the sample inoculated with the compatible isolate versus the incompat-
ible isolate within the same time point, at P < 0.05 (two-sample Student’s #-test, n = 5-6). (C, D) Levels of GA in satsuma mandarin
leaves inoculated with a compatible isolate (SM16-1) and incompatible isolate (DAR70024). Half of the mature leaves were inoculated
and harvested for hormone content measurement at the indicated time after inoculation. Uninoculated leaves were used as the control (0
hpi). The asterisks indicate significant differences between the sample inoculated with the compatible isolate and the incompatible isolate
within the same time point, at P < 0.05 (two-sample Student’s #test, n = 3).
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that at 0 dpi. However, in the SM16-1-inoculated sample at
all investigated time points, the expression of G4A20x2 was
significantly lower than that in the DAR70024-inoculated
sample and the expression of GA20ox2 was significantly
higher than that in the DAR70024-inoculated sample (Fig.
5A and B). In the DAR70024-inoculated sample, the GA
content increased after inoculation. However, in the SM16-
1-inoculated sample, there was no notable change in the
GA level (Fig. 5C and D). Taken together, these results
indicated that the GA biosynthesis pathway was repressed
upon infection with the compatible E. fawcettii isolate.

Discussion

Plant hormones play important roles in diverse growth and
developmental processes, as well as in various biotic and
abiotic stress responses of plants. Infection of plants with
various pathogens results in changes in the levels of vari-
ous phytohormones. Here, to the best of our knowledge, we
first report the hormonal response of satsuma mandarin (C.
unshiu Marc) to E. fawcettii infection using a compatible
isolate, SM16-1, and an incompatible isolate, DAR70024.
The microscopy analysis showed the degradation of the
protective layer and necrosis at 1-2 dpi (Fig. 1D). The
process of symptom development on the leaves inoculated
with SM16-1 started with enlargement, swelling, and rapid
division of the adjoining epidermal cells, as previously de-
scribed (Paudyal et al., 2017). However, the DAR70024-
inoculated leaves showed only small and shallow necrotic
regions. While visible symptoms were induced at 3 dpi
following SM16-1 infection (Paudyal and Hyun, 2015), no
obvious altered cell growth or visible symptoms were ob-
served in the DAR70024-infected leaves (Fig. 1E). Thus,
we hypothesized that C. unshiu responds differently to the
two isolates as early as 1 dpi.

When plants are exposed to pathogens, defense mediated
by early basal defense machinery is required to prevent
further fungal growth. It has also been well established that
two plant defense-related hormones, JA and SA, play major
roles in the plant defense machinery, and the susceptibility
or tolerance of host plants to disease can be determined by
these hormones. The gene expression analysis showed that
in the early infection stage, both JA- and SA-related genes
were induced. In particular, the SA-related genes CitNPRI
and CitEDS16 were induced as early as 6 hpi. These results
indicated that the initial contact with the compatible isolate
of E. fawcettii rapidly triggered signal transduction to in-
duce the JA- and SA-induced defense system. Further stud-
ies are required to examine whether the signal that induces
JA and SA synthesis is mediated by a biochemical effector

released from E. fawcettii or by physical contact with F.
fawcettii. However, these inductions were not sustained for
long, and the expression levels of all JA- and SA-related
genes were similar at 24 hpi and were reduced at 2, 4, and
6 dpi, as the symptoms developed (Figs. 2-4). At 5 dpi,
the leaves inoculated with the compatible isolate SM16-
1 showed severe abnormal cell growth in the tissue sur-
rounding the infection site. However, the infection site of
leaves inoculated with the incompatible isolate DAR70024
showed similar symptoms but at 1 dpi (Fig. 1E). These
results indicate changes in active hormonal gene expres-
sion at 2 dpi for development of citrus scab symptoms,
including altered cell growth. Thus, we conducted GA- and
ABA-related gene expression analysis at 2, 4, and 6 dpi to
monitor the changes in these genes during symptom devel-
opment.

ABA has multiple functions in plants, such as responses
to biotic and abiotic stresses and regulation of developmen-
tal processes (Fujita et al., 2006; Wasilewska et al., 2008).
Although it is well known that ABA might have a negative
role in disease resistance, its regulatory role in response to
fungal diseases has also been reported, such as in tomato
resistance to the necrotrophic fungus Botrytis cinerea
(Audenaert et al., 2002). Several studies have also shown
that ABA promotes post-invasive immunity in some cases
(De Vleesschauwer et al., 2010; Hok et al., 2014). In post-
invasive immunity, ABA antagonistically regulates the SA
biosynthesis and signaling pathways in several plant spe-
cies (Audenaert et al., 2002; Ueno et al., 2015; Yasuda et
al., 2008). It has also been suggested that the positive and
negative roles of ABA depend on specific plant-pathogen
interactions (Mauch-Mani and Mauch, 2005; Ton et al.,
2009). In this study, we showed that ABA-related genes
and ABA production were induced during symptom devel-
opment in satsuma mandarin leaves that were inoculated
with the compatible E. fawcettii isolate, unlike those in
the leaves inoculated with the incompatible isolate (Fig.
4). However, the SA- and JA-related genes were down-
regulated during symptom development but not during the
early invasion stage (Figs. 2 and 3). The findings of this
study suggest the possibility of an antagonistic interaction
between ABA and SA in post-invasive immunity against
E. fawcettii. However, future studies should validate this
hypothesis with more investigations using exogenous hor-
mone or hormone biosynthesis inhibitor treatment assays.

GA was originally identified in studies on bakanae or
“foolish seedling” disease in rice. The foolish seedling dis-
ease is caused by the fungus Gibberella fujikuroi; it results
in excessive seedling elongation and infertility (Stowe and
Yamaki, 1957). Moreover, elevated GA level has been
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suggested to have a positive effect on nodule development
after bacterial infection (McAdam et al., 2018). Although
the role of GA has been clarified in response to several
biotic stresses, its role in fungal infection-induced nodule
development has not been established yet.

Unlike fungus-induced nodules, E. fawcettii-induced
pustules are directional. On the infected side of the leaves,
papillae or projections are formed, whereas the correspond-
ing indentations form on the other side of the leaves. Here,
we report the reduction in GA biosynthesis-related gene
expression and endogenous GA level after compatible E.
Jfawcettii isolate inoculation during pustule development.
Our results indicate that there might be other unknown
roles of GA involved in pustule development, different
from nodule development. These results also suggest that
other growth hormones, such as auxins, cytokines, and
brassinosteroids, might be involved in pustule development
in response to E. fawcettii infection.

Although it is well known that other fungal infections
can alter physiological, metabolic, and biochemical pro-
cesses (He et al., 2018; Wu et al., 2020), the mechanism by
which the symptoms of abnormal tissue growth develop in
the infection site is not well established. The symptom of
citrus scab, a cone-like raised pustule, is a unique feature,
whereas a scabby surface is a relatively common symptom
of infections caused by most fungi. Thus, it is not known
whether the plant itself is using a defense mechanism or
manipulating the fungi, but this is an extremely interesting
research topic. To the best of our knowledge, our study
is the first to report the involvement of ABA and GA in
citrus scab symptom development. Recently, high-quality
draft genome sequences of E. fawcettii have been reported
(Shanmugam et al., 2020) , and they are expected to pro-
vide valuable information regarding the genomic attributes
for determining host range through comparative genomic
analyses of citrus scab fungi. Here, we reported hormonal
response changes during early- and late-phase infections,
during which the symptoms developed. However, further
studies are required to determine the roles of SA, JA, GA,
and ABA.
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