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ABSTRACT

Zhang, M., Powell, C. A., Guo, Y., Doud, M. S., and Duan, Y. 2012. A
graft-based chemotherapy method for screening effective molecules and
rescuing huanglongbing-affected citrus plants. Phytopathology 102:567-
574.

Huanglongbing (HLB) is the most devastating disease of citrus. The
global citrus industry is in urgent need of effective chemical treatments
for HLB control because of its rapid spreading worldwide. Due to the
fastidious nature of the pathogens, and the poor permissibility of citrus
leaf surfaces, effective screening of chemicals for the HLB control can be
challenging. In this study, we developed a graft-based chemotherapy
method to rapidly screen potential HLB-controlling chemical compounds.
In addition, we improved transmission efficiency by using the best HLB-

affected scion-rootstock combination, and demonstrated the HLB
bacterial titer was the critical factor in transmission. The HLB-affected
lemon scions had a high titer of HLB bacterium, survival rate (83.3%),
and pathogen transmission rate (59.9%). Trifoliate, a widely used com-
mercial rootstock, had the highest survival rate (>70.0%) compared with
grapefruit (52.6%) and sour orange (50.4%). Using this method, we
confirmed a mixture of penicillin and streptomycin was the most effective
compounds in eliminating the HLB bacterium from the HLB-affected
scions, and in successfully rescuing severely HLB-affected citrus germ-
plasms. These findings are useful not only for chemical treatments but also
for graft-based transmission studies in HLB and other Liberibacter
diseases.

Citrus is one of the most important fruit crops in the world.
Various biotic stresses, such as citrus huanglongbing (HLB) are
major problems that hinder the industry worldwide (19,20). HLB,
also known as greening, is one of the most destructive diseases of
citrus (6). HLB is associated with three species of fastidious and
phloem-limited a-proteobacteria in the genus ‘Candidatus
Liberibacter’: ‘Ca. Liberibacter asiaticus’ (Las), ‘Ca. Liberibacter
africanus’ (Laf), and ‘Ca. Liberibacter americanus’ (Lam) (7,19,
22,44). No commercial citrus cultivars are resistant to HLB, but
disease severity may vary with citrus genotypes (15,30,33,41). In
general, yellow shoots and blotchy mottle on the leaves are
characteristics of HLB symptoms; for yellow shoots, vein yel-
lowing often begins on leaves, followed by yellowing or mottling
of an entire leaf, along with vein corking in certain citrus culti-
vars. Premature defoliation and twig dieback are often displayed
in the late stage of the disease. As the disease severity increases,
the yield and quality of citrus fruit are drastically reduced (2).

HLB is a systemic disease transmitted by insect (Diaphorina
citri or Trioza erytreae) and grafting with a prolonged latency
period (21,27). The bacterial pathogens reside in the phloem of
citrus and are often unevenly distributed in the infected plants
(12,22). Due to the lack of resistant cultivars to HLB and the
rapid spreading of the disease, it is very difficult to control this
disease in many parts of the world, especially in the newly in-
fected areas, such as Florida, USA and Sao Paulo, Brazil (19,20).
There is an urgent need for effective chemicals to control HLB as
a short-term solution to save the Florida citrus industry.
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Due to the fastidious nature of the pathogens, all inoculations
and transmissions require the use of infected plants as sources of
inoculums though the bacterium can be transmitted to citrus
plants via insect vector (21,27), dodder (Cuscuta pentagona)
(16,17), and/or grafting (12,24). Because of the relatively high
efficiency of pathogen transmission, the graft-based method is
preferred for investigating citrus response to Las bacterial infec-
tion (12,24). However, there have been no reports of using a graft-
based method for screening antimicrobial compounds against
HLB bacteria. Because the epicuticular wax on the surface of
citrus leaves is an obstacle to foliar uptake of compounds into the
phloem (8,9), uptake through soaking is more effective (46).

In a previous report, a regeneration-based test system using
Las-infected periwinkle (Catharanthus roseus) cuttings was
developed to screen effective molecules for the control of citrus
HLB while assessing their phytotoxicity (46). Using this model
plant, penicillin G, separately and in combination with strepto-
mycin was identified as an effective HLB chemotherapy com-
pound (46,47). In this article, we describe simple but effective
graft-based chemotherapy method with best selection of HLB-
affected citrus scion and rootstock for rapidly screening and
evaluating potential chemical compounds, as well as for rescuing
HLB-affected citrus germplasm and breeding materials.

MATERIALS AND METHODS

Graft transmission of Las bacterium using different scions
and rootstocks. The side grafting method was chosen to ensure a
high titer and a high transmission rate of Las bacterium. HLB-
affected twigs of =10 cm long were collected from infected trees
with typical HLB symptoms (blotchy mottle and yellow shoots),
which were confirmed by quantitative PCR (qPCR) as described
previously (23,47). Twigs were kept in transparent plastic bags
and placed in a cooler with ice to maintain their freshness. All

Vol. 102, No. 6, 2012 567



TABLE 1. Transmission efficiency (rootstock infection rate) of ‘Candidatus
Liberibacter asiaticus’ and scion survival rate of different citrus species with
distinct huanglongbing (HLB) symptoms used as scions or rootstocks at
6 months after inoculation

Rootstock infection
rate (%)*

Scion survival

Treatments rate (%)

HLB symptoms

Yellow shoot
Blotchy mottle
Scions

Lemon
Pummelo
Rootstocks
Grapefruit

Sour orange
Trifoliate orange

54.15+29.49 a
62.67 £20.36 a

6295+ 1833 a
54.52+1832a

52.55+9.66a
5043 +£2522a
73.23+£6.18a

25.13+23.17a
48.38+£27.10a

58.92+£29.88a
2093+12.92b

2595+3222a
4420+4581a
40.13£18.65a

 Least square means are derived from the three-way interactions of HLB symp-
toms, scions, and rootstocks. Means followed by the same letter are not signifi-
cantly different from each other within the same treatment (HLB symptoms,
scions, and rootstocks, respectively) at 95% level (P < 0.05) according to the
LINES option of the LSMEANS statement in SAS procedure GLIMMIX.

experimental plants were grown in an insect-proof greenhouse. A
split-plot design was used to evaluate citrus responses to Las
bacterial infection. HLB symptoms of blotchy mottle and yellow
shoots were the whole plot factor, while rootstocks (grapefruit,
sour orange, and trifoliate) and HLB-affected scions (lemon and
pummelo) were considered as the subplot treatments. Inocula,
consisting of two 3- to 4-cm-long budsticks from different culti-
vars (lemon and pummelo) showing different HLB symptoms
(yellow shoot and blotchy mottle), were grafted separately onto
15 plants each of grapefruit (‘Duncan’), sour orange, and trifoliate
orange (‘Swingle’) (Table 1). Each budstick was covered by
plastic tape for 3 weeks. First samples for DNA extraction were
taken 4 months after inoculation; subsequent samplings were
taken at 2 months intervals. The scion survival rates were defined
as the number of scions that survived out of the total number
of grafted scions. Transmission efficiency was determined as
the infection percentage of the grafted plants, which tested
Las positive by real-time qPCR with threshold cycle (Ct) values
less than 32.0. The bacterial titers were quantified by qPCR

Fig. 1. Huanglongbing (HLB)-affected grapefruit (‘Duncan’) plants with graft-inoculation of infected lemon scions containing different titers of ‘Candidatus
Liberibacter asiaticus’ (high, Ct < 16.0; medium 16.1 < Ct < 26.0 and low 26.1 > Ct). Photograph was taken in 12 months after graft inoculation. Typical HLB
symptom of leaf curl and corky veins on grapefruit rootstock and blotchy mottles on leaves of lemon scion were apparent.
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Fig. 2. Titers of ‘Candidatus Liberibacter asiaticus’ in the inoculated plants grafted with different scions (Lemon and Pummelo) and different huanglongbing
(HLB) symptoms (yellow shoot and botchy mottle) on three different rootstocks (grapefruit, sour orange, and trifoliate). Bars labeled with different letters indicate
a significant difference between Lemon and Pummelo at a 95% significance level (P < 0.05).
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as described previously (23,47). Data were analyzed by a
generalized linear mixed model using the SAS procedure
GLIMMIX. The whole plot and subplot factors were treated as
fixed effects and replication and its interaction with the whole
plot factor as random effects. Differences among treatment levels
were determined with the LINES option of the LSMEANS
statement.

Selection of inoculum source for graft-based Las trans-
mission. DNA was extracted using Qiagen’s DNeasy Plant Mini
Kit (Qiagen, Valencia, CA) from the leaves attached to the bud-
sticks. The inoculum titers of HLB-affected lemon budsticks were
determined by qPCR as described by Li et al. (23). Grafted scions
were divided into four categories: (i) severely HLB-affected
scions with the Ct values <16.0, (ii) intermediately HLB-affected
scions with Ct values of 16.1 to 26.0, (iii) low HLB-affected
scions with Ct values of 26.1 to 35.9, and (iv) no symptoms with

Ct values 236.0. These budsticks were then grafted onto Las-free
grapefruit (‘Duncan’) and tested for transmission efficiency by
qPCR (23).

Screening chemotherapy compounds against Las bacterium.
Five compounds or mixtures were evaluated for their potential to
eliminate or suppress Las bacterium in greenhouse trials: the
antibiotic mixture of penicillin G potassium at a concentration of
1.0 g/liter and streptomycin at a concentration of 100 mg/liter
(PS) (Sigma-Aldrich, St. Louis), a 200 pl/liter of 20% solution of
the biocide agent 2,2-dibromo-3-nitrilopropionamide (DBNPA,
Dow Chemical, Midland, MI), the antibiotic kasugamycin (Ksg,
Sigma-Aldrich) at a concentration of 1.0 g/liter, oxytetracycline
(Oxy, Sigma-Aldrich) at a concentration of 1.0 g/liter, and metroni-
dazole (Met, Sigma-Aldrich) at a concentration of 100 mg/liter.
Tap water was used as a control (CK). The 10 to 12 cm twigs
with four of five leaves of severely HLB-affected lemon from
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Fig. 3. A, Transmission efficiency of ‘Candidatus Liberibacter asiaticus’ (Las) bacterium along with scion survival rate (%) and rootstock infection rate (%) and B,
the number of Las bacteria in the inoculated plants when grafted using different Las titers of huanglongbing-affected lemon scions on 2-year-old healthy Las-free
grapefruit rootstock. Bars labeled with different letters indicate a significant difference among different inoculum sources at a 95% significance level (P < 0.05).
No significant differences were found between scions and rootstocks in the inoculated plants (P = 0.277).
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USHRL (U.S. Horticultural Lab) farm at Fort Pierce, Florida
were individually soaked in the above solutions overnight in a
fume hood under ventilation and lighting. The 3 to 4 cm budsticks
(scions) were cut off and then grafted onto 2-year-old healthy
grapefruit rootstocks. The titers of Las bacteria were determined
by qPCR as described previously (23,47). Each experiment was
replicated with 45 scions.

Rescuing severely HLB-affected citrus germplasms. Bud-
sticks were taken from the severely HLB-affected citrus germ-
plasms (Campbell Valencia, Kona, Cleopatra Mandarin, and
Sugiyama) planted in the field at the USDA-ARS-USHRL farm
in Fort Pierce and then soaked in a PS solution (the antibiotic
mixture of penicillin G potassium at a concentration of 1.0 g/liter
and streptomycin at a concentration of 100 mg/liter) overnight in
the fume hood under ventilation and lighting. Budsticks from

HLB-affected lemon soaked in water were used as controls (CK).
The budsticks were grafted onto 2-year-old healthy trifoliate root-
stocks as above. To keep the scions growing, all branches from
the rootstock were removed. Five leaf samples were taken from
the scions at 4 months after inoculation, then at 2-month intervals
for 1 year. DNA was isolated for qPCR analysis as described
previously (23,47).

RESULTS

Response of citrus scions and rootstocks to Las bacteria.
HLB symptoms normally appeared on the new shoots 4 to
5 months after inoculation. Typical blotchy mottle on leaves was
only observed on the lemon, while leaf curl and corky veins
appeared on the grapefruit rootstock. Less prominent blotchy
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Fig. 4. A, Evaluation of graft-based chemotherapy by scions survival rate and rootstock infection rate and B, ‘Candidatus Liberibacter asiaticus’ bacterial titers of
rootstock and their grafted huanglongbing-affected scions treated with different chemical compounds (PS: penicillin G at 1.0 g/liter and streptomycin at 100
mg/liter; Ksg: Kasugamycin at 1.0 g/liter; Oxy: Oxytetracycline at 1.0 g/liter; Met: Metronidazole at 100 mg/liter; DBNPA: 200 pl/liter of 20% solution of the
biocide agent 2,2-dibromo-3-nitrilopropionamide; CK: tap water was used as a control). Bars labeled with different letters indicate a significant difference among
chemical treatments at a 95% significance level (P < 0.05). No significant differences were found between scions and rootstocks in the inoculated plants

(P =0.698).
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mottle also appeared on trifoliate orange leaves. Late symptoms
in all Las-positive plants included defoliation with yellow and
curved leaves at the apex (Fig. 1). The survival rate of the in-
fected grafts varied from 54.5% for pummelo to 63.0% for lemon
with an average of 58.7%. Trifoliate orange as a rootstock had the
highest scion survival rate ranging from 64.3 to 78.6% with an
average of 73.2% when compared with the grapefruit or sour
orange as rootstock (about 50% on average). When correlated
with types of HLB symptoms, the Las bacterium was transmitted
at a higher rate in scions with blotchy mottle (48.4%) than those
with yellow shoot (25.1%). There was significant variation in Las
bacterial transmission between lemon (589 + 29.9%) and
pummelo (14.6 + 12.9%) as inoculum sources (P = 0.022), but no
significant differences among the species of rootstocks (P =
0.524) (Table 1).

The highest Las bacterial titers were observed in plants re-
ceiving the grafted inocula of lemon with blotchy mottle
symptoms. This inoculum type had a 23-fold higher Las titer than
the pummelo inoculum (Fig. 2). No significant differences in Las
bacterial titers were found among the tested rootstocks (sour
orange, grapefruit, and trifoliate) (P = 0.119) or between the
types of HLB symptoms (yellow shoot versus blotchy mottle)
(P =0.292).

Successful transmission occurred only with a relatively high
titer of Las bacterium in the scion inoculums, the higher the Las
bacterial titers, the higher its transmission efficiency. Trans-
mission efficiencies were over 70.0% when the Las bacterial
titers in the scions were greater than 1.96 x 10° cells per gram of
plant tissue (Ct value lower than 26.0), resulting in higher titers of
Las bacteria in the inoculated citrus. This was also evident in
those grafted with a severely HLB-affected scion that had a Las
bacterial titer of 1.44 x 10® cells per gram of plant tissue (Ct value
lower than 16.0) (Fig. 3). All scions survived and grew when the
Las bacterial titers in the grafted scions were lower than 1,000
cells per gram of plant tissue (Ct value more than 36.0) (Fig. 3).

Screening chemical compounds for eliminating or sup-
pressing Las bacterium. More than 80% of the PS-treated scions
survived and grew better than those receiving other treatments.
No Las bacteria were detected in the PS-treated scions, indicating
that PS was effective in eliminating the Las bacterium in the
HLB-affected scions. Similar to the water control, the HLB-
affected scions treated with Met yielded more than 60.0%
survival and new growth. However, more than 85.0% of the
grafted plants tested positive for Las bacteria, and the inoculated
plants kept the highest Las bacterial titers of all treatments.
Antibiotics Ksg and Oxy each at concentrations of 1.0 g/liter were
observed to be phytotoxic to the scions with survival rates of less
than 5.0%. In the Ksg treatment, more than 70.0% of the grafted
plants tested positive for Las bacteria with the average titer of
9.44 x 10° cells per gram of plant tissue. No grafted plants tested
positive for Las bacteria in the Oxy treatment. As in a previous
report, DBNPA could partly suppress the Las bacterium (46,47).
Forty percent of grafted plants tested positive for Las bacterium
with an average titer of 4.7 x 10* cells per gram of plant tissue in
the DBNPA-treatment (Fig. 4).

Recovery of severely HLB-affected germplasms. The effec-
tive compound PS was used to treat budsticks of four severely
HLB-affected citrus germplasms (Campbell Valencia, Kona,
Cleopatra Mandarin, and Sugiyama) from the USHRL farm. All
PS-treated, grafted citrus tested negative for Las bacterium by
qPCR 4 months to 1 year post-grafting (Fig. 5), indicating that
severely HLB-affected citrus germplasms and valuable breeding
materials can be rescued (Fig. 6).

DISCUSSION

HLB has been a major impediment to citrus production for over
a century in Asia. The recent introduction of the disease to Brazil

and the United States, two major producers of citrus, makes its
impact far more significant worldwide (3,19). The disease is
difficult to control due to the lack of HLB-resistant citrus culti-
vars and effective control methods (6,20). In this study, an effec-
tive graft-based chemotherapy method was developed to quickly
screen and evaluate chemical compounds against the HLB bac-
teria. The ability to rescue severely HLB-affected citrus germ-
plasms or breeding materials allows the production of Las-free
nursery stocks for the citrus industry.

Pathogen survival and transmission rates are vital for the
efficient evaluation of chemical compounds against the HLB
bacteria. In the HLB pathosystem, pathogen inoculation and trans-
mission studies often use the infected plants as a direct inoculum
source. When compared with insect (21) or dodder (16,17) trans-
mission, a graft-based method had a higher efficiency of pathogen
transmission. However, many factors such as age and amount of
infected tissue, titer of bacterial pathogen, and scion—rootstock
combination can significantly affect Las bacterial transmission
rate (24). It was reported that transmission efficiencies ranged
from 25.0 to 65.2% for =4-cm-long budsticks collected from
symptomatic branches, but 10.0 to 17.1% for 2 cm long budsticks
with a single bud (24). In this study, transmission efficiency
ranging from 64.3 to 100% was observed using the lemon with
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Fig. 5. Number of ‘Candidatus Liberibacter asiaticus’ bacteria in the rescued
citrus plants from four severely huanglongbing (HLB)-affected citrus
germplasms (CV, Campbell Valencia; KN, Kona; CM, Cleopatra Mandarin;
and SG, Sugiyama) whose budsticks were treated with the PS solution and
grafted on to healthy rootstock (penicillin at 1.0 g/liter and streptomycin at
100 mg/liter). Control was the budsticks from HLB-affected lemon soaked in
water.
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blotchy mottle symptoms as the inoculum, followed by lemon
with yellow shoot symptoms (ranging from 11.1 to 62.5%), and
by pummelo with blotchy mottle or yellow shoot (ranging from
0.0 to 33.3%). The Las bacterial transmission was significantly
affected by Las bacterial titers of HLB-affected scion inoculum
(budsticks). The higher the Las bacterial titer in the inoculum, the
higher the transmission efficiency, but the lower the scion
survival rate.

Scion survival is one of the most important factors that should
be considered in graft transmission, and it can be affected by the
compatibility, intimate contact and physiological stage (vigor,
phytohormones, nutrients and other physiological factors) of the
rootstock and scion, as well as the grafting environment (26,32).
Our results indicated that overall survival percentage of scions
varied from 30.0% in pummelo to 83.3% in lemon with an
average of 58.7%. The lower the titer of Las bacterium, the higher
the survival rate of the scion. Survival rates also varied with the
rootstocks. Trifoliate, a widely used commercial rootstock (11,
39), had the highest survival rate (>70.0%) compared with the
grapefruit (52.6%) and sour orange (50.4%). Compared with the
previous screening system using Las-infected periwinkle cuttings
(46), which had a survival rate of 60.6 %, the graft-based method
using Las-infected citrus scions had a higher survival rate of

CV

infected lemon scions (83.3%). Although the citrus graft-based
method requires a longer period of time for evaluation than the
periwinkle cutting system, it is a direct method for screening
molecules for the control of HLB while assessing their phyto-
toxicity to citrus.

The diffusion of molecules inside plants depends on their size
and concentrations, solubility in water or organic solvents, perme-
ability of the membrane, and temperature (4,8,9,40). Water and
minerals absorbed by roots are transported by xylem and the
organic material synthesized in the leaves is transported to other
parts of the plant through phloem (25). When applied to the stem
or leaves of citrus, Systox (a type of insecticide) was translocated
both up and down in the phloem, then diffused into the xylem and
moved past girdles in the stem. The rate of movement in the
phloem was from 2.5 to 10 cm per hour (45). Based on these
conditions, the antibiotics, Oxy, the mixtures of penicillin and
streptomycin (PS), Met, and Ksg, were evaluated for their activity
against Las bacterium and their phytotoxicity by soaking the
HLB-affected budsticks in these compounds and then grafting
them onto trifoliate rootstocks. The screened results were similar
to previous reports (46,47). The results presented here demon-
strated that Oxy and PS were effective in eliminating the Las
bacterium in the graft-inoculated plants, but Oxy at the concen-

sG Yo

Fig. 6. Recovery of four citrus germplasms (CV, Campbell Valencia; KN, Kona; CM, Cleopatra Mandarin; and SG, Sugiyama) from severely huanglongbing
(HLB)-affected plants whose budsticks were treated with PS (penicillin G potassium at 1.0 g/liter and streptomycin at 100 mg/liter) using the graft-based
chemotherapy method. Control (CK) was the budsticks from HLB-affected lemon soaked in water.
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tration of 1.0 g/liter had severe phytotoxicity that resulted in only
2.2% of scion survival. Currently, tetracycline has been the only
antibiotic to be approved for use through injection into the trunks
of palms and elm trees to control the lethal phytoplasma yellow
diseases (28,29). Met, a nitroimidazole antibiotic (14), at the
concentration of 100 mg/liter did not have any effects on sup-
pressing or eliminating the Las bacterium in the HLB-affected
budsticks. More than 95.0% of grafted plants were infected by
Las bacterium. Ksg, an aminoglycoside antibiotic, inhibits pro-
liferation of bacterium by interference with protein synthesis
(1,43). The results showed that Ksg applied alone was not effec-
tive in eliminating or suppressing Las and had a phytotoxicity that
resulted in less than 5.0% of scion survival when treated at a
concentration of 1.0 g/liter. DBNPA, a fast-acting and broad-
spectrum biocide that has been widely used in industrial water
systems, was also evaluated (5). Similar to the previous report
from Las-infected periwinkle cuttings, DBNPA could partly sup-
press the Las bacterium (46). More than 40.0% of the grafted
plants tested positive for Las bacterium with 46,656 cells per
gram of plant tissues. These results indicate this graft-based
method is a relatively quick and cost-effective way for screening
effective molecules for the control of citrus HLB, and PS is the
most effective chemical compounds tested. This method is being
used to screen more than 80 compounds selected from the world-
wide challenge sponsored by the Florida Citrus Research and
Development Foundation, which may result in additional com-
pounds useful for the control of citrus HLB.

HLB is one of the graft transmissible diseases that can occur
through the use of infected budsticks (24). Hence, the estab-
lishment of disease-free foundation plants is imperative in pro-
viding certified budsticks to growers (31,34,36,37,42). The studies
here suggested that the Las bacterium in the HLB-affected bud-
sticks can be successfully eliminated through treatment with effec-
tive compounds, such as PS. Obtaining pathogen-free citrus plants
is one of the most important steps in the “Citrus Variety Improve-
ment Program” in Spain (35), Turkey (18), Brazil (38), and China
(13,42). The production of clean material is essential for the
conservation and use of citrus genetic resources (10). Our graft-
based chemotherapy method will not only be useful for propa-
gating disease-free citrus nursery stocks, but also may be applied
for screening effective chemical compounds for similar diseases.
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