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Huanglongbing (HLB), presumably caused by the bacterium “Candidatus Liberibacter asiaticus,” is a devastating citrus disease
associated with excessive preharvest fruit drop. Lasiodiplodia theobromae (diplodia) is the causal organism of citrus stem end
rot (SER). The pathogen infects citrus fruit under the calyx abscission zone (AZ-C) and is associated with cell wall hydrolytic
enzymes similar to plant enzymes involved in abscission. By means of DNA sequencing, diplodia was found in “Ca. Liberibacter
asiaticus”-positive juice from HLB-symptomatic fruit (S) but not in “Ca. Liberibacter asiaticus”-negative juice. Therefore, the
incidence of diplodia in fruit tissues, the impact on HLB-related postharvest decay, and the implications for HLB-related prehar-
vest fruit drop were investigated in Hamlin and Valencia oranges. Quantitative PCR results (qPCR) revealed a significantly (P <
0.001) greater incidence of diplodia in the AZ-C of HLB-symptomatic (S; “Ca. Liberibacter asiaticus” threshold cycle [CT] of
<30) than in the AZ-C of in asymptomatic (AS; “Ca. Liberibacter asiaticus” CT of >30) fruit. In agreement with the qPCR re-
sults, 2 weeks after exposure to ethylene, the incidences of SER in S fruit were 66.7% (Hamlin) and 58.7% (Valencia), whereas for
AS fruit the decay rates were 6.7% (Hamlin) and 5.3% (Valencia). Diplodia colonization of S fruit AZ-C was observed by scan-
ning electron microscopy and confirmed by PCR test and morphology of conidia in isolates from the AZ-C after surface steriliza-
tion. Diplodia CT values were negatively correlated with ethylene production (R � �0.838 for Hamlin; R � �0.858 for Valencia)
in S fruit, and positively correlated with fruit detachment force (R � 0.855 for Hamlin; R � 0.850 for Valencia), suggesting that
diplodia colonization in AZ-C may exacerbate HLB-associated preharvest fruit drop.

Citrus huanglongbing (HLB; also known as citrus greening) is
one of the most devastating diseases of citrus and has spread

throughout the major citrus-producing regions in Asia, Africa,
and the Americas, causing great losses for the citrus industry
worldwide (1). HLB is associated with “Candidatus Liberibacter”
spp., which are Gram-negative, phloem-limited bacteria (2, 3).
The Asian form of HLB is currently present in the United States,
and the causal pathogen, bacterium “Candidatus Liberibacter asi-
aticus,” was first confirmed in Southeast Florida in 2005 (1) and
now is prevalent in all Florida citrus-growing areas in the state.
HLB disease causes substantial economic loss by debilitating the
productive capacity and shortening the life span of infected trees,
promoting fruit drop and reducing fruit quality (4). Yield reduc-
tion can reach 30 to 100%, depending on the proportion of the
canopy affected and the age of the trees during inoculation (1, 5).

HLB-diseased citrus plants develop a multitude of symptoms.
Leaf symptoms include chlorosis, which commonly appears in an
asymmetric pattern referred to as “blotchy mottle” (4). Chlorosis
may typically appear on a single branch and subsequently spreads
throughout the tree over time, especially on young trees; HLB-
affected trees often show twig dieback. Fruit symptoms often
manifest as a reduction in size and asymmetrical shape, and the
fruit have curved central cores. Color development can be irregu-
lar and may only “break” on the stem end, leaving the majority of
the fruit surface green. Brown discoloration may be present in
the calyx abscission zone (AZ-C) located at the pedicel-fruit inter-
face (4). HLB-affected fruit are located on HLB-symptomatic
branches. Many fruit drop prematurely from affected branches,
and this causes a reduced yield as the disease severity increases (5).

HLB not only affects plant health but can also alter the struc-
ture and composition of bacterial communities associated with
citrus leaves (6), roots (7), and rhizospheres (8). In our investiga-
tion conducted to identify fungal species in orange juice from
HLB-symptomatic (“Ca. Liberibacter asiaticus”-positive, S) fruit,
the fungal pathogen Lasiodiplodia theobromae (synonyms: Diplo-
dia natalensis, Botryodiplodia theobromae Pat., and Botryosphaeria
rhodina), referred to here as diplodia, was consistently present in
juice from S fruit but not in juice from healthy (“Ca. Liberibacter
asiaticus”-negative) fruit.

Species of Lasiodiplodia, better known as diplodia, like other
members of the family Botryosphaeriaceae, are pathogens with
worldwide distribution in tropical and subtropical regions and
cause different types of diseases in many woody plants, including
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fruit and tree crops such as mango, avocado, citrus, apple, peach,
pear, Eucalyptus spp., azadirachta, and Pinus spp. (9–18). Infec-
tion of fruits by diplodia often leads to soft brown rot shortly
before or after harvest (19, 20), while infection of trees causes
distension and disruption of cell walls and thus weakens the
strength of the wood (12). In citrus tree, there are reports that
diplodia has been associated with “citrus gummosis,” resulting in
the discoloration of tree bark and the exudation of gum (21) and
twig blight or twig die back (in association with Colletrichum
gleosporioides Penz.) (22). Diseases caused by Botryosphaeriaceae
mostly follow the onset of some type of stress due to factors other
than the Botryosphaeriaceae infection itself (23–26), so that Bot-
ryosphaeriaceae are generally referred to as endophytes and latent
pathogens (12) but may act like saprophytes since they invade
necrotic tissue (27).

In citrus fruits, invasion of the fruit tissue by diplodia can cause
stem end rot (SER), which is typically a postharvest disease (18).
The occurrence of SER is greatly enhanced by exposure to ethyl-
ene, which is commonly used to enhance the color development of
the fruit (28, 29). Ethylene is a gaseous plant hormone that pro-
motes chlorophyll degradation, ripening of climacteric fruits, se-
nescence, and fruit abscission (30). Symptoms of diplodia SER on
citrus fruit include rind softening around the button, followed by
a brown discoloration of affected areas. Typically, decay develops
at the stem end followed by the stylar end before involving the
entire fruit, since the fungus progresses rapidly through the
spongy central axis of the fruit, reaching the stylar end much
sooner by this route than through the rind (31). In citrus fruits,
diplodia infects the calyx and floral disk (button) during develop-
ment. The infection then normally remains quiescent, while the
fruit is on the tree, and the fungus does not usually invade the fruit
until after harvest (27).

Like many other fruit-rotting fungi, diplodia has been reported
to produce and secrete cell wall-digesting enzymes, including po-
lygalacturonase, cellulase, and �-glucosidase (32–35), similar to
citrus enzymes involved in abscission (36–38). In addition, it has
been reported that the increased activity of the cell wall-digesting
enzymes was associated with increased incidence of SER (39). One
of the symptoms of HLB disease is excessive fruit drop, but the
mechanism is not known, nor is HLB disease associated with in-
creased ethylene production (40). Rosales and Burns (41) re-
ported that fruit asymptomatic and symptomatic for HLB pro-
duced less ethylene than “healthy fruit” (harvested from “Ca.
Liberibacter asiaticus”-negative trees). Preharvest fruit drop may

result from fruit starvation due to HLB-related phloem impair-
ment (42), the resulting nutritional deficits in the tree, and/or the
reduced efficiency in absorbing water due to loss of roots (43).
However, these speculations lack confirmation as of yet, and the
enhanced nutritional programs adapted by growers to reduce tree
disease symptoms have not stopped the fruit drop problems (44).
In the last 2 years, the citrus preharvest fruit drop was the most
severe ever recorded (45). Based on our preliminary data revealing
a consistent presence of diplodia in HLB-affected fruit juice, as
well as the relationship between diplodia and cell wall hydrolytic
enzymes in the calyx abscission zone, it is possible that diplodia
infection may contribute to the HLB-associated premature fruit
drop. To address this, we investigated the incidence of diplodia
infection, diplodia colonization of the calyx abscission zone (AZ-
C), and the relationship between diplodia infection and fruit de-
tachment force (FDF), as well as fruit ethylene production in
HLB-symptomatic (S) and -asymptomatic (AS) fruit for two
commercially important sweet orange (Citrus sinensis) cultivars
(Hamlin and Valencia).

MATERIALS AND METHODS
Orange juice samples. Juice was extracted from Valencia and Hamlin
oranges and pasteurized under simulated commercial conditions (46)
from multiple harvests over 4 years (2010 to 2013) from healthy (“Ca.
Liberibacter asiaticus”-negative) or HLB-affected (“Ca. Liberibacter asi-
aticus” positive) trees as determined by quantitative real-time PCR
(qPCR) (47). Juice from fruit harvested from healthy trees was “Ca. Li-
beribacter asiaticus” negative (healthy juice), and juice from HLB-symp-
tomatic fruit harvested from HLB-affected trees was positive for “Ca.
Liberibacter asiaticus” (HLB-affected juice), as determined by qPCR (48).

Fresh fruit material. Fruit asymptomatic (AS) or symptomatic for
HLB disease (S) were collected from Hamlin and Valencia sweet orange
trees in a commercial orchard in Indian River County, Florida. Selection
of AS and S fruit in the field was by visual observation. AS fruit were
collected from trees showing no symptoms of HLB, whereas S fruit were
collected from HLB-symptomatic branches or canopy sectors of an HLB-
symptomatic tree (yellowing or blotchy mottled leaves and twig dieback);
S fruit were smaller than AS fruit, poorly colored, and misshapen. The
presence or absence of “Ca. Liberibacter asiaticus” was verified later by
qPCR analysis as described below. All S fruit were “Ca. Liberibacter asi-
aticus” positive (threshold cycle [CT] values of 19 to 30, Fig. 1), while some
of the AS fruit were “Ca. Liberibacter asiaticus” negative and some had
“Ca. Liberibacter asiaticus” CT values of �30 (Fig. 1). Three harvests of
Hamlin fruit between 2013 December and 2014 January; and three har-
vests of Valencia fruit between 2014 February and 2014 May were col-
lected. Fruit stems were clipped 15 to 20 cm above the fruit and immedi-

FIG 1 Correlation of diplodia CT value and “Ca. Liberibacter asiaticus” CT value in Hamlin (A) and Valencia (B) fruit illustrated by Scatterplot. For those
samples in which no amplification was detected, the CT value is shown as 40 in the chart. CLas, “Candidatus Liberibacter asiaticus”; S, huanglongbing-
symptomatic; AS, asymptomatic.
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ately transported to the laboratory, where the fruit detachment force
(FDF) was measured. Fungal isolation and preparation of samples for
electron microscopy were conducted within 2 h of harvest; measurement
of ethylene production and DNA extraction were conducted within 48 h
of harvest.

DNA extraction. With the stems already removed, the fruit side of the
AZ-C plus the central fruit core (1 to 1.5 cm of tissue) was excised using a
number 4 cork borer and then used for DNA extraction. Seventy fruit
were used (35 for AS, 35 for S). DNA was extracted from 100 mg of plant
tissue using a DNeasy plant minikit (Qiagen, Inc., Valencia, CA) accord-
ing to manufacturer’s instructions. DNA quality (260/280 and 260/230
ratios) and quantity were assessed by spectrophotometry (NanoDrop;
Thermo Scientific, Waltham, MA).

Real-time PCR. For “Ca. Liberibacter asiaticus” detection, the prim-
ers HLBasf and HLBr and the probe HLBp, with the following sequences,
were used to target 16S rRNA genes of “Ca. Liberibacter asiaticus” (47):
HLBas (F), TCGAGCGCGTATGCAATACG; HLBr (R), GCGTTATCCC
GTAGAAAAAGGTAG; and HLBp (probe), 6-FAM-AGACGGGTGAGT
AACGCG-MGBNFQ. For fungal detection, a set of universal fungal
primers (UF-F and UF-R) was designed based on more than 50 fungi
(filamentous fungi and yeasts) 18S rRNA gene sequences available from
the NCBI database. They were designed to bind to two conserved regions
encompassing a variable region (UF-F, CTCGTAGTTGAACCTTGG;
UF-R, GCCTGCTTTGAACACTCT). For diplodia detection, specific
primers targeting the diplodia �-tubulin gene (GenBank number
DQ458858.1) were designed using software Primer Express 3.0.1 (TB-F,
ATGGCTCCGGTGTGTAAGTGT; TB-R, TGCTACAGGTCAGCGATT
GC). PCR mixtures with a total volume of 15 �l contained 7.5 �l of
TaqMan PCR master mix or SYBR green PCR master mix (Applied Bio-
systems), 250 nM concentrations of each primer, 150 nM probe (for “Ca.
Liberibacter asiaticus” detection), and 100 ng of template DNA. Real-time
PCR amplifications were performed in a 7500 real-time PCR system (Ap-
plied Biosystems, Foster City, CA). The qPCR parameters were as follows:
95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min,
with fluorescence signal capture at each stage of 60°C. For SYBR green
real-time PCR, the default melting curve (disassociation) stage is contin-
ued after the 40 cycles of PCR. The CT values were analyzed using ABI
7500 software version 2.0.6 (Applied Biosystems) with a manually set
threshold at 0.02 and automated baseline settings.

PCR amplification, cloning, and sequencing of fungal 18S rRNA
genes. For DNA cloning, fungal 18S rRNA gene fragments were amplified
by conventional PCR using the UF-F and UF-R primer set. PCR condi-
tions were 12.5 �l of 2� GoTaq Green master mix (Promega), 300 nM
concentrations of forward/reverse primer, and 1 �l of template DNA in a
25-�l reaction mixture. Temperature cycling was started with 95°C for 3
min, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and 60°C for 1
min, followed by a final extension at 72°C for 10 min. The PCR products
were immediately ligated to TOPO TA vector pCR2.1 (Life Technologies,
Carlsbad, CA) and transformed into chemically competent Escherichia
coli TOP10 cells (Life Technologies). Transformants were grown on LB
agar containing ampicillin (100 �g/ml). Colonies were screened using 40
�l of 2% (wt/vol) X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyra-
noside) and 7 �l of 20% (wt/vol) IPTG (isopropyl-�-D-thiogalactopyra-
noside) per plate. White colonies were selected for analysis, and the pres-
ence of inserts was verified by PCR. Plasmid DNA was isolated from E. coli
cultures by using a QIAprep spin miniprep kit (Qiagen), and DNA sequenc-
ing was performed at the U.S. Department of Agriculture/ARS U.S. Horticul-
tural Research Laboratory Genomic Core Facility using the M13 universal
primers and BigDye terminator version 3.1 and the 3730xl DNA analyzer
(Applied Biosystems). Sequences were assembled by ContigExpress of Vector
NTI (Invitrogen) and analyzed by AlignX in Vector NTI.

FDF. The FDF was measured by using a force gauge (Force Five; Wag-
ner Instruments, Greenwich, CT). Stem was clipped to �3 cm above the
fruit, inserted into the gauge and fixed, and the fruit was then twisted and
pulled until it separated from the stem. FDF is expressed in newtons (N).

Isolation of diplodia from the calyx abscission zone. Immediately
before processing, pedicels were clipped to �2 cm above the fruit and
pulled from 6 AS and 6 S fruit. To eliminate superficial colonizers, pedicels
with the AZ-C were initially washed with tap water, surface sterilized by
immersion in 70% ethanol for 1 min, in a bleach solution containing 3.5%
sodium hypochlorite for 2 min, and in 70% ethanol for 30 s, and finally
rinsed three times (3 min each) in deionized and autoclaved water. The
samples were then dried by blotting them on autoclaved paper towels. The
stems were cut into 5-mm sections from the AZ-C side using an auto-
claved razor blade, and then a thin layer (0.5 mm) of AZ-C surface was cut
and removed. The sections were placed onto potato-dextrose agar (PDA),
with the AZ-C side facing the medium. Cultures were kept on the labora-
tory bench at about 20 to 25°C for up to 30 days. The effectiveness of
surface sterilization was checked by spreading 100 �l of the final rinse
water on PDA, followed by incubation for 2 weeks at 20 to 25°C to confirm
the absence of any microbial growth. The identities of the isolates were
confirmed by PCR; fungi were subcultured on water agar supplemented
with autoclaved citrus twigs on the agar surface to induce conidium for-
mation.

Electron microscopy. Pedicels were pulled from 6 AS and 6 S fruit
immediately before processing and were cut (�0.5-mm thickness) with a
razor blade from the abscission zone side. The hand cut sections were
dehydrated through a graded series of ethanol (30, 50, 70, 80, 90, and 95%
[once for 30 min at each step]; 100% [three times for 1 h or overnight at
each time]) and then immersed in a graded hexamethyldisilazane series
prepared in ethanol (vol/vol; 30%, 50% [once for 30 min at each step],
and 100% [twice for 1 h or overnight at each time]), air dried in a chemical
hood, and then put into a 42°C oven overnight. The specimens were
coated with gold/palladium using a Hummer Sputter Coater (Anatech
USA, Union City, CA). Images were collected using a Hitachi S-4800
scanning electron microscope (Hitachi High Technologies America, Inc.,
Pleasanton, CA).

Ethylene production. Ethylene production was determined for 35 AS
and 35 S fruit by incubating individual fruit in 1-liter glass jars that were
sealed for 1 h. One milliliter of headspace gas was withdrawn from each jar
using a gas-tight syringe and analyzed for ethylene by gas chromatography
(model 5890; Hewlett-Packard, Avondale, PA) equipped with a flame
ionization detector and an activated alumina column.

Fruit decay assay. For both Hamlin and Valencia oranges, AS and S
fruit were divided at random into two groups of 25; one of each group was
subjected to ethylene treatment in air containing ethylene at 10 �l/liter,
27.8°C, and 90 to 95% relative humidity for 4 days, and the second group
(control) was held in air without ethylene at the same temperature and
humidity as the ethylene-treated group. After ethylene treatment, the fruit
were transferred to air at ambient temperature for 2 weeks, and the inci-
dence of decay was recorded on days 3, 7, and 14 posttreatment.

Statistical analysis. SAS version 9.3 (SAS Institute, Cary, NC) was
used for analysis of the data. One-way analysis of variance (PROC
ANOVA) at a 95% (P � 0.05) confidence interval was used to determine
statistical significance of differences in diplodia CT values, decay rates,
ethylene production, and our measurements between AS and S, where
P � 0.05 was considered to be statistically significant. Pearson correlation
(PROC CORR) was used to determine the linear correlations between the
diplodia CT value, the “Ca. Liberibacter asiaticus” CT value, the FDF, and
ethylene production.

RESULTS
Identification of diplodia in HLB-affected orange juice. To in-
vestigate the microbial community of HLB-affected orange juice,
universal fungal primers were used. And the PCR products ob-
tained with universal fungal primers consistently showed different
patterns of melting curves between healthy and HLB-affected
juice. Melting curves of HLB-affected juice samples were charac-
terized by a peak at 85.2°C, which could not be found in healthy
juice samples (see Fig. S1A in the supplemental material), indicat-
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ing different sequences were amplified from HLB-affected and
healthy juice, although size of amplicons were not distinguishably
different on an agarose gel (1.5%) (see Fig. S1B in the supplemen-
tal material). To identify fungi that were detected in HLB-affected
but not healthy juice, PCR products from six healthy and six HLB-
affected juice samples were cloned, and a single positive clone was
randomly picked for each juice sample for subsequent sequencing.
DNA sequences were BLAST searched in the NCBI database. Se-
quences amplified from four of six HLB-affected juice samples
revealed 100% identity with the diplodia 18S rRNA gene se-
quence, but none of the clones from the 6 healthy juice samples
had the diplodia sequence (see Table S1 in the supplemental ma-
terial). Specific primers targeting diplodia �-tubulin gene were
then used to validate the sequencing results, and the presence of
diplodia was confirmed in 30 HLB-affected juice samples but in
none of the 30 healthy juice samples.

Incidence of diplodia infection in HLB-affected sweet orange
fruit revealed by qPCR analysis and decay rate assay. A subse-
quent study was conducted using fruit from HLB-affected groves
(there are few if any unaffected citrus groves in Florida at this
time) using normal-looking AS fruit from trees asymptomatic for
HLB disease versus HLB S fruit. The fruit side of AZ-C from 70
Hamlin (35 AS, 35 S) and 70 Valencia (35 AS, 35 S) oranges were
analyzed by qPCR for diplodia (�-tubulin gene) and “Ca. Liberib-
acter asiaticus” (16S rRNA gene) detection. The “Ca. Liberibacter
asiaticus” CT values for AS fruit were between 30.8 and 40 (Ham-
lin) and between 31.1 and 40 (Valencia), while for S fruit these
values were between 18.9 and 28.6 (Hamlin) and between 19.2 and
29.5 (Valencia). The diplodia CT values for AS fruit were between
29.7 and 40 (Hamlin) and between 28.7 and 40 (Valencia), while
for S fruit the values were between 16.5 and 40 (Hamlin) and
between 16.3 and 40 (Valencia). As shown in Fig. 1, diplodia CT

values were positively correlated with “Ca. Liberibacter asiaticus”
CT values (R � 0.670 for Hamlin and R � 0.531 for Valencia; P �
0.0001). The results showed significantly lower diplodia CT values
in S than in AS fruit (P � 0.001) for both Hamlin and Valencia
oranges. The incidences of S fruit with diplodia CT values of �35
were 68.6 and 54.3% in Hamlin and Valencia oranges, respec-
tively, while in AS fruit, these rates were 8.6 and 5.7%, respectively.

Diplodia infection is known to cause SER, and the incidence of
SER is exacerbated by exposure to ethylene (28). Therefore, three
batches of 100 Hamlin fruit (50 AS and 50 S) and 100 Valencia

fruit (50 AS and 50 S) were used in a decay assay, with or without
ethylene treatment. One of the batches of Hamlin fruit that was
used in the decay rate assay is shown in Fig. S2 in the supplemental
material. The S fruit had much higher decay rates than AS fruit
(P � 0.001) (Fig. 2) for both air-treated control fruit and espe-
cially for ethylene-treated fruit. In agreement with the qPCR re-
sults, at 2 weeks after exposure to ethylene the incidences of SER in
S fruit were as high as 66.7% (Hamlin) and 58.7% (Valencia),
while for AS fruit, the decay rates were only 6.7% (Hamlin) and
5.3% (Valencia), indicating that the S fruit were more susceptible
to SER than were the AS fruit, and the decay rates of ethylene-
treated fruit were close to the incidence of S and AS fruit, with CT

values of �35, as tested by qPCR.
Assessment of diplodia colonization of the fruit calyx abscis-

sion zone. To assess diplodia colonization of the fruit abscission
zone, fungi were isolated from AS and S fruit AZ-C tissues by
using a procedure that has been used to isolate endophytes from
inside plant tissues (49). The surface sterilization was effective, as
indicated by the absence of any microbial growth on the medium
after spreading and incubation for 2 weeks at room temperature of
the final rinse water in the surface sterilization procedure. Isolates
from AZ-C were analyzed by qPCR for diplodia identity, and the
results indicated that diplodia was isolated from four of the six S
fruit tissues, but not from any of the six AS fruit. To verify the
specific primer for diplodia, the diplodia-positive fungi tested by
qPCR were subcultured on autoclaved citrus twigs to induce char-
acteristic conidia (see Fig. S3 in the supplemental material). Figure
3A shows the diplodia pycnidium formed in culture on the citrus
twig, and Fig. 3B shows the conidia discharged from a pycnidium.
Immature conidia are hyaline and unicellular, and the mature
conidia are brown, dark walled, and one septate, findings consis-
tent with the features and dimensions of the diplodia conidia doc-
umented in the literature (50).

To further validate diplodia colonization of AZ-C, specimens
from six S and six AS fruit were examined by scanning electron
microscopy (SEM). Diplodia titers for these fruit were determined
by qPCR (DNA was isolated from abscission zone fruit side).
Three of the S fruit (out of six) detected diplodia with CT values of
�30, and different sizes of cavities were found by SEM on the
surface of AZ-C after pedicel was pulled from the fruit (Fig. 4A), as
well as found in the section of the AZ-C specimen (Fig. 4E). Under
higher magnifications, fungal hyphae were observed in the cavities

FIG 2 Incidence of decay in orange fruit during ethylene treatment and subsequent air storage for Hamlin and Valencia huanglongbing-symptomatic (S) and
asymptomatic (AS) fruit.
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(Fig. 4B and F), indicating diplodia colonization of the plant tis-
sue. In contrast, none of the six AS fruit was detectable for diplodia
by qPCR, and no fungal hyphae were found by SEM on the surface
of the AZ-C (Fig. 4C and D) or in the specimen section (Fig. 4G
and H).

Ethylene production in HLB-symptomatic orange fruit and
its relationship with diplodia infection. Since ethylene is an im-
portant plant hormone involved in abscission (40), fruit ethylene
production was measured. No ethylene production was detected
in any of the AS fruit under the methods used; however, in some of
the S fruit, ethylene production was detectable, and generally, eth-
ylene production was detected in those fruit that had diplodia CT

values of �30. Statistical analysis revealed negative linear relation-
ships between diplodia CT values and the amount of ethylene pro-
duced in both Hamlin (Pearson correlation coefficient � 	0.838,
P � 0.0001) (Fig. 5A) and Valencia (Pearson correlation coeffi-
cient � 	0.858, P � 0.0001) oranges (Fig. 5B), indicating positive
correlations between diplodia titers and ethylene production in
both orange varieties. This is not surprising since the ethylene
production rate was reported to increase as SER progressed in
harvested Valencia oranges inoculated with diplodia (51).

FDF and its relationship with diplodia infection in HLB-
symptomatic orange fruit. To find out the relationship between
diplodia infection and FDF in HLB-affected fruit, FDF was mea-
sured and correlated to the diplodia CT values of individual S fruit.
It was not surprising that the FDF for S fruit were generally lower
than that for AS fruit. Figure 6 show the distributions of
FDF among AS and S fruit for the two varieties. For Hamlin,
the FDF for 88% of the S fruit was 0 to 20 N, whereas for AS fruit
the FDF was 30 to 45 N. For Valencia, the FDF for 77% of AS fruit
was between 35 and 55 N, while for S fruit FDF was in a broader
range (0 to 50 N), with the majority (68.6%) between 10 and 35 N.
Statistical analysis was used to analyze the correlation of FDF of S
fruit and the diplodia CT values tested in the individual fruit. The
results revealed positive linear correlations between diplodia CT

values and FDF in both Hamlin (Pearson correlation coefficient �
0.855, P � 0.0001) and Valencia (Pearson correlation coefficient �
0.850, P � 0.0001) oranges (Fig. 6C and D), indicating negative
correlations between diplodia titers and the FDF in both orange
varieties.

DISCUSSION

Lasiodiplodia theobromae or diplodia, an opportunistic fungal
pathogen in the citrus grove, has been known to infect citrus fruit
by establishing in necrotic tissue on the button (calyx and floral
disk) surface, but it does not normally start to colonize the fruit
tissue until after harvest, when the button abscises and provides a
temporary natural opening for penetration (27). The diplodia
SER is rarely observed on normal mature fruit attached to the tree
(31); thus, it is considered to be a postharvest problem. However,
for S fruit, a high incidence of diplodia was noted inside the fruit
tissue, on the fruit side of AZ-C, immediately upon harvest (indi-
cating that it was present inside fruit tissue while the fruit were still
on the tree), by both DNA-based molecular methods and by cell
culture morphological methods. Diplodia colonization inside the
AZ-C prior to harvest was further demonstrated by scanning elec-
tron microscopy. On HLB-affected trees, diplodia SER was even
seen on fruit before harvest (see Fig. S4 in the supplemental ma-
terial). Underlying the multitude of symptoms for HLB disease,
there are dramatic physiological and anatomical changes which
may influence the susceptibility of the host to other pathogens.
According to the literature, the possible reasons responsible for
the higher incidence of diplodia colonization in S orange fruit may
include cell wall aberrations, compromised plant defense, and
physiological disorders due to HLB disease. Swelling in the middle
lamella, the collapse of cell walls, and separation of the adjacent
cells were observed in “Ca. Liberibacter asiaticus”-infected citrus
stems through transmission electron microscopy (52). Cell walls
are not only the first line of plant defense protecting against patho-
gen penetration, they are also a source of signals used by plants to
induce defense mechanisms (53). Anatomical changes in cell walls
of HLB-affected stems may facilitate diplodia invasion of the ab-
scission zone and fruit tissues. Although “Ca. Liberibacter asiati-
cus” elicits defense responses to some extent, they are very limited
and delayed (42) and are not enough to suppress the HLB patho-
gen. In addition, it is noteworthy that “Ca. Liberibacter asiaticus”
lacks type II plant cell wall-degrading enzymes (54), which have
been known to play important roles in plant signaling to induce
defense responses against fungal pathogens through autodegrada-
tion products of the plant cell wall (cell wall fragments or oligoga-
lacturonides) (53). Moreover, studies have shown that the plant
defense system is suppressed by HLB disease (42, 52, 55, 56). This

FIG 3 (A) Pycnidium formed in culture on citrus twig; (B) diplodia conidia discharged from the pycnidium. The black arrow indicates immature (nonseptate)
conidia, and the red arrow indicates mature (septate) conidia. Scale bar, 10 �m.
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weakened defense system in HLB-affected citrus trees could ex-
plain their increased susceptibility to other pathogens such as di-
plodia.

One of the major physiological disorders of citrus caused by
HLB disease has been reported to be the massive starch accumu-
lation in leaf and stem tissues due to aberrant carbohydrate me-
tabolism and phloem blockage (57, 58). The tissues surrounding
the fruit abscission zone are rich in vascular tissue where starch
accumulation was found in HLB-affected citrus. The starch pro-
vides an excellent substrate for diplodia growth and colonization

after entry, as suggested by Brown and Wilson (27), and starch in
the abscission zones provided substrate for growth of diplodia
after entry.

To summarize, the physiological disorder, cell wall aberration,
and compromised plant defense may be responsible for the higher
incidence of diplodia colonization in HLB-affected oranges and
their abscission zones compared to healthy oranges.

As a consequence of the high incidence of diplodia infection, S
Hamlin and Valencia oranges exhibited significantly higher post-
harvest decay rates than for their AS fruit. However, the impact of

FIG 4 Scanning electron microscopy images of the calyx abscission zone (AZ-C). The surface of the AZ-C after pedicel was pulled from diplodia-positive,
huanglongbing-symptomatic (S) fruit (A and B) and diplodia-negative, asymptomatic (AS) fruit (C and D) is shown. Sections of AZ-C from diplodia-positive,
S fruit (E and F) and diplodia-negative, AS fruit (G and H) are also shown. The arrows in panels B and F indicate fungal hyphae. Panels B, D, F, and H are higher
magnifications of panels A, C, E, and G, respectively. Magnifications: A, �30; B, �300; C, �35; D, �300; E, �45; F, �350; G, �45; H, �300.
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diplodia infection may not be limited to fruit decay. Diplodia
colonization of the fruit AZ-C prior to the fruit harvest, and its
effect on the FDF, may also impact preharvest fruit abscission,
which should be investigated. Indeed, our study revealed a corre-
lation between diplodia titer, FDF, and ethylene production. Since
one of the symptoms of HLB disease is excessive preharvest fruit
drop, the coincidence of diplodia infection and HLB disease, as
well as the correlation between diplodia titer and the FDF, suggest
that diplodia infection may contribute to the HLB-associated pre-
harvest fruit drop.

Cell wall hydrolases such as cellulase, polygalacturonase, and
pectinesterase are involved in abscission by modification and deg-
radation of cell wall and the middle lamella of adjoining cells in the
abscission zone. These enzymes are upregulated by the plant hor-
mone ethylene (37, 59, 60). As a pathogen of woody plants, the
production and secretion of cell wall-digesting enzymes, includ-
ing polygalacturonase, cellulase, and �-glucosidase by diplodia,
has been well documented (32, 34, 61, 62). These diplodia-pro-

duced enzymes could contribute to fruit abscission directly by
degrading the cell wall and middle lamella in the abscission zone,
and they may also indirectly impact fruit abscission by inducing
the fruit to produce ethylene, which in turn induces the plant
abscission zone to produce cell wall-degrading enzymes. It has
been reported that the fungal pectolytic enzymes and their prod-
ucts induce ethylene in citrus (63) and tomato (64, 65) fruits.

Ethylene production was detected in some of the S fruit but was
not detected in AS fruit using the methods described here. Gener-
ally, fruit from which ethylene production was detectable were
also diplodia positive, as determined by qPCR, and the amount of
ethylene production was negatively correlated with diplodia CT

values. Since it was reported that ethylene stimulates rapid growth
of diplodia and its invasion of tissue (66, 67), it possibly produces
a snowball effect on fungal growth. Taken together, the impact of
diplodia infection on fruit SER and possibly abscission may result
from the combined effects of HLB, the fungal infection accompa-
nied by cell wall-digesting enzymes, and the responses of fruit to

FIG 5 Correlation between diplodia CT values and ethylene production in huanglongbing-symptomatic Hamlin (A) and Valencia (B) fruit.

FIG 6 Distribution of fruit detachment force (FDF) in Hamlin (A) and Valencia (B) oranges and correlation between diplodia CT values and FDF in
huanglongbing-symptomatic Hamlin (C) and Valencia (D) oranges. AS, asymptomatic; S, huanglongbing symptomatic.
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the infection, including the production of ethylene. Brown and
Burns (39) suggested that ethylene was needed to start the abscis-
sion zone forming for diplodia to enter, but in the case of HLB
disease perhaps the HLB is causing a weakening at the abscission
zone, allowing diplodia to enter and then to accelerate SER or even
the abscission process.

In conclusion, a high incidence of diplodia colonization was
found in S orange fruit compared to AS fruit and enhanced post-
harvest decay by SER. This will be a postharvest problem for the
citrus fresh fruit industry. In addition, diplodia preharvest colo-
nization of fruit AZ-C may exacerbate HLB-associated fruit drop,
which should be explored. It has been reported that fungi causing
fruit rot are generally recognized as initiating pathological fruit
drop (68); diplodia and other fungi have been implicated for fruit
drop of citrus (69), Shamouti orange (70), and Kinnow (71) fruits.
The evidence for diplodia causing or exacerbating HLB-associated
fruit drop from the present study is circumstantial at best since
HLB disease has also been correlated with preharvest fruit drop,
and it is difficult to separate the effects of the two diseases, which
may also be synergistic. Interestingly, Rosales and Burns (41)
found that HLB-affected fruit produced less ethylene than did
healthy fruit, so HLB disease would seem not to induce abscission
via ethylene, although Martinelli et al. (72) did find upregulation
of some ethylene synthesis pathway enzymes and found ethylene
signaling transcripts to be more abundant in S fruit than in healthy
fruit, but they suggested that these genes do not necessarily affect
ethylene levels. Nevertheless, the present study demonstrated a
high incidence of preharvest diplodia colonization of HLB-af-
fected sweet orange fruit tissues. The diplodia infection exacer-
bated postharvest fruit decay (SER) and may contribute to HLB-
related preharvest fruit drop. Our finding implied that fungicide
application to control diplodia may alleviate the HLB-associated
preharvest fruit drop problem. Therefore, future studies will focus
on fungal sprays targeting diplodia in the groves for their effect on
fruit drop and SER, evidence of cell wall-digesting enzyme pro-
duction associated with diplodia colonization, and the upregula-
tion of ethylene pathway enzymes by diplodia in abscission zone
tissue, as well as the relationship of FDF to fruit and juice quality.
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