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Abstract. Xylella fastidiosa is a fastidious, xylem-limited, insect-transmitted, bacterial plant pathogen with a wide host
range that causes bacterial leaf scorch (BLS) in shade trees. BLS is a chronic disorder characterized by late season leaf
scorch and dieback and is common in urban and suburban areas of the mid-Atlantic and southeast United States. BLS has
been recognized since the 1980s and attempted treatments have included antibiotics and plant growth regulators. Appli-
cation of paclobutrazol (PBZ), a diastereomeric triazole with both fungistatic and growth regulation properties, has been
observed to alleviate symptoms of BLS, but it has not been established whether PBZ has a direct effect on the organism.
In this study, we investigated the effect of PBZ on in vitro growth of two X. fastidiosa isolates. Our results showed no
significant effect of PBZ on colony growth of X. fastidiosa at the manufacturers recommended rate of 20 wg/mL™".
However, significant reductions in bacterial growth were observed at a rate of 200 wg/mL™", indicating that high levels of
PBZ may have a direct effect on the growth of X. fastidiosa. This direct effect and growth regulator effects of PBZs suggest
that PBZ may provide a promising treatment for BLS in shade trees.
Key Words. Bacterial leaf scorch; oxytetracycline; paclobutrazol; Xylella fastidiosa.

Xylella fastidiosa (Wells et al. 1987) is a xylem-limited, in-
sect-transmitted, fastidious plant pathogenic bacterium with a
wide host range. It is currently recognized as indigenous to
the Americas and causes disease in grape, citrus, shade trees,
and other hosts. Pierce’s disease of grape, caused by the
bacterium, was first described by Newton B. Pierce in 1892
(Pierce 1892) as an irregular marginal necrosis that resulted
in the slow systematic death of the vine. Transmission of the
bacterium by arthropods of the Homoptera was confirmed by
Houston et al. in 1947. In the 1950s, marginal leaf scorching
symptoms similar to Pierce’s disease were observed on
American elms (Ulmus americana) in Washington, DC, U.S.
(Wester and Jylkka, 1959) leading to a hypothesized relation-
ship between the syndromes. The isolation of a xylem-limited
bacterium confirmed to be the casual agent of Pierce’s dis-
ease (Davis et al. 1978) subsequently enabled scientists to
implicate this bacterium as the cause of a variety of syn-
dromes, including elm leaf scorch (Hearon et al. 1980),
phony disease of peach (Hopkins and Mollenhauer 1973),
and almond leaf scorch (Mircetich et al. 1976). Analysis of 25
isolates of the pathogen from 10 distinct hosts in 1987 al-
lowed Wells et al. to describe and name the organism X.
fastidiosa as a new genus of plant pathogenic bacteria repre-
sented by a single species. In 2000, X. fastidiosa became the
first plant pathogen to have its entire genome sequenced
(Simpson et al. 2000).

Xylella fastidiosa infection in shade trees is commonly
referred to as bacterial leaf scorch (BLS) and the causal role
of the bacterium was first demonstrated by Sherald et al.
(1983) in sycamore (Platanus occidentalis). Xylella fastidi-
osa has a wide host range affecting over 100 host species in
at least 30 families of monocotyledonous and dicotyledonous
plants (Hopkins and Alderz 1988), including such important
landscape trees as oaks (Quercus), elms (Ulmus), sycamores
(Platanus), and mulberries (Morus) in urban or suburban ar-
eas of the mid-Atlantic and southeastern United States (Sher-
ald 2001). Xylella fastidiosa has been confirmed to infect
numerous tree hosts (Table 1) throughout eastern North
America and California, U.S. Most hosts are asymptomatic
and may serve as reservoirs of the pathogen from which
vectors transmit the disease to susceptible hosts. Xylella fas-
tidiosa is transmitted by xylem-feeding insects of the Ci-
cadellinae (sharpshooters/leathoppers) and Cercopidae
(spittlebugs), which are active throughout the growing season
and remain infectious indefinitely after bacterial acquisition.

Bacterial leaf scorch is a chronic late season leaf scorch
that compromises the growth and aesthetic qualities of shade
trees, although it is rarely lethal. Symptoms of the disease
include an irregular marginal leaf scorch, early defoliation,
delayed budbreak, loss of vigor, stunting, and dieback.
Scorch symptoms result from the disruption of water trans-
port attributable to bacterial aggregation in xylem vessel el-
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Table 1. Shade tree hosts of Xylella fastidiosa.

Scientific name

Common name

Scientific name Common name

Acer negundo

A. rubrum

A. saccharum
Cornus florida
Celtis occidentalis

Liquidambar styraciflua

Morus alba
Platanus occidentalis
P. x acerifolia

Boxelder

Red maple

Sugar maple
Flowering dogwood
Hackberry
Sweetgum

White mulberry
American sycamore
London plane

Quercus alba White oak

Q. bicolor Swamp white oak
Q. coccinea Scarlet oak

Q. falcate Southern red oak
Q. imbricaria Shingle oak

Q. incana Bluejack oak
Q. laevis Turkey oak
Q. laurifolia Laurel oak
Q. macrocarpa Burr oak

Q. nigra Water oak
Q. palustris Pin oak

Q. phellos Willow oak
Q. prinus Chestnut oak
Q. rubra Northern red oak
Q. shumardii Shumard oak
Q. stellata Post oak

Q. velutina Black oak

Q. virginiana Live oak

Ulmus americana American elm

ements and are usually apparent by late summer with severity
varying annually as a function of moisture availability (McEI-
rone et al. 2001). Affected trees will appear less vigorous
with a noticeable reduction in growth over the long term. The
bacteria spread systemically through the xylem of the tree;
symptoms typically begin on a single branch and progress to
adjacent branches and ultimately the entire canopy over sev-
eral years. The disease is commonly reported in urban and
suburban areas and is less commonly seen in natural areas.
Treatment of BLS was first attempted using the antibiotic
oxytetracycline with some success. However, treatment did
not prove curative and symptom remission was highly vari-
able (Kostka et al. 1985). Paclobutrazol (PBZ) is a diastereo-
meric triazole (Sugavanam 1984) that possesses properties of
gibberellin (Radenmacher et al. 1987) and sterol biosynthesis
inhibition (Burden et al. 1987). The compound reduces shoot
growth, confers drought tolerance to plants (Frakulli and
Voyiatzis 1999), and inhibits mycelial growth of a wide range
of fungi (Jacobs and Berg, 2000). Paclobutrazol is considered
a multiprotector as a result of its ability to ameliorate biotic
and abiotic stresses in plants (Fletcher and Hofstra 1986).
Application of PBZ to oak trees exhibiting BLS has been
observed to alleviate symptoms (The Bartlett Tree Research
Laboratories, pers. comm.); however, this remains to be vali-
dated through experimental studies. Currently, there is no
evidence that PBZ directly inhibits growth or survival of X.
fastidiosa. The purpose of this study was to determine
whether PBZ inhibits growth of X. fastidiosa in vitro.

MATERIALS AND METHODS

Bacterial Isolates and Culture

Studies were conducted using X. fastidiosa isolates from elm
(Ulmus americana) and grape (Vitis vinifera) grown on semi-
solid periwinkle wilt (PW) medium (Davis et al. 1981). Iso-

lates had been held in storage at —70°C (—158°F). All strains
were transferred to and maintained on buffered charcoal yeast
extract (BCYE) semisolid medium (Feeley et al. 1979) and in
PW broth at 28°C (82.4°F) and subcultured on a regular
basis.

Standard Curve

A Spectronic Genesis 5 spectrophotometer (Spectronic In-
struments, Inc., Rochester, NY) was used to measure the
absorption at 600 nm of X. fastidiosa cells in PW broth cul-
tures. Broth cultures with a range of cell densities were mea-
sured by spectrophotometer and subsequently diluted loga-
rithmically to allow direct determination of bacterial colony-
forming units, the number of separate bacterial colonies
observed (CFUs) from the absorbance measures. Dilution se-
ries were executed by plating a 100 pL aliquot of each
sample on BCYE followed by a 10-fold dilution; this was
repeated until the 1 x 10'0 dilution was achieved. Plates
were incubated at 28°C (82.4°F) and the number of CFUs
counted. Absorbance values were plotted as a function of the
number of colonies and evaluated by regression analysis us-
ing statistical analysis software (SAS) to determine the best
fit model for the calculation of CFUs from absorbance read-
ings (Figure 1).

Inoculum

Elm and grape isolates of X. fastidiosa were grown for 10
days on BCYE semisolid medium. Cells were scraped and
suspended in PW broth. Cultures were incubated for 5 days at
28°C (82.4°F) and standardized to =1 x 10* CFUs using a
spectrophotometer.

Treatments

Oxytetracycline, 50 wg/mL™", was used as the treated control.
A 50 wg/mL™" oxytetracycline solution was prepared by dis-
solving 5 mg of oxytetracycline in 10 mL (0.3 fl oz) PW
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Figure 1. The relationship between absorbance of a peri-
winkle wilt broth sample measured by a spectrophotom-
eter and amount of Xylella fastidiosa colony-forming
units (CFUs) within the sample as determined by dilution
plating.

broth. The broth was filter sterilized through a 0.22 M Mil-
lipore membrane and added to 90 mL (2.7 fl oz) of the PW
broth.

Three 10 mL (0.3 fI oz) stock solutions of technical-grade
PBZ (Syngenta Crop Protection Inc., Greensboro, NC) were
prepared in 95% ethanol at the concentration of 2000, 200,
and 20 wg/mL™" and stored at room temperature. Aliquots of
100 L from each PBZ stock were applied to 100 mL (3 fl
0z) PW broth to make 200, 20, and 2 wg/mL ™" PBZ solutions.

Growth Study

Growth studies were conducted using 1.5 mL (0.05 fl oz)
sterile microcentrifuge tubes. Nine hundred microliter ali-
quots of each solution (control PW broth, 50 wg/mL™" oxy-
tetracycline, 200 pg/mL™" PBZ, 20 pg/mL~' PBZ, 2 pg/
mL™' PBZ) were added to 40 tubes each. Subsequently, all
treatments received 100 pL of X. fastidiosa inoculum and
were incubated for 10 days at 28°C (82.4°F). Uninoculated
standards of each treatment served as references.

After incubation, three randomly selected microcentrifuge
tubes from each respective treatment were removed each day
for 10 days and absorbance determined by spectrophotom-
etry. References of each respective media from the same
media batch were used in duplicate to ensure consistency and
accuracy. Additionally, a logarithmic series of dilutions in
sterile water was prepared for a randomly selected sample
from each treatment everyday to ensure purity of the cultures
and accuracy of the spectrophotometer. Dilutions were plated
each day for the first 5 days on BCYE and subsequently
incubated for 10 days after which time bacterial colonies
were counted.

RESULTS

Standard Curve

A simple linear regression equation [y = 0.0199x — 0.0939],
where y is the number of CFUs and x is the absorption, was
produced. The absorption depended on the CFUs in the broth
culture. Therefore, inverse regression was used to calculate
CFUs from absorbance measurements. Inverse regression
was done by regressing absorbance values on CFUs, resulting
in the equation [x = 50.25y + 4.7186].

Evaluation of the Effect of Paclobutrazol on

X. fastidiosa by Spectrophotometery

Treatments of oxytetracycline at 50 wg/mL~" and PBZ at 200
pg/mL™" significantly reduced the growth of both the elm
and grape isolates of X. fastidiosa as compared with the PW
medium control or the PBZ treatments at 2 wg/mL™" and 20
pwg/mL™" (Figure 2; Table 2). No significant growth differ-
ence was observed between the two X. fastidiosa isolates
under any of the treatments (Figure 2; Table 2).

Evaluation of the Effect of Paclobutrazol on

X. fastidiosa by Dilution Plating

Both oxytetracycline and PBZ at 200 pg/mL™" reduced the
number of CFUs of X. fastidiosa isolates from elm (P < 0.01)
and grape (P < 0.01) when compared with the control or low
levels of PBZ (Table 3). However, in grape and elm tissue,
PBZ was not as effective in delaying or reducing bacterial
growth as oxytetracycline (Figure 3).

DISCUSSION

Paclobutrazol has been observed to reduce BLS symptom
development at a rate of 20 wg/mL™" on oak trees (The Bar-
lett Tree Research Laboratories, pers. comm.); however, the
consistency and mode of action of this treatment has not been
determined. Symptom remission may result from an indirect
effect of physiological changes within the tree induced by
PBZ. Such changes have been suggested to include alteration
in the size and/or conformation of the xylem vessel elements
or reduced stomatal conductance rather than an effect on the
bacteria itself. These physiological alterations could ease or
reduce the resistance to water movement in the xylem or
enhance water use efficiency through improved stomatal con-
trol (Frakulli and Voyiatzis 1999), which could result in less
acute drought stress. Indeed, if the full suite of physiological
changes attributed to PBZ (including increased root/shoot
ratio, increased spongy leaf mesophyl, and altered xylem ves-
sels) was realized, treated trees could have a distinct advan-
tage over untreated trees, especially during drought when X.
fastidiosa symptoms are most evident.

However, in addition to these indirect responses, the results
of this study show that PBZ effectively suppresses the growth
of X. fastidiosa in vitro when applied at 200 pg/mL™" (10x
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Figure 2. Growth curve of Xylella fastidiosa isolate elm
(top) and grape (bottom) in periwinkle wilt (PW) broth
supplemented with chemical treatments of either oxytet-
racycline (antibiotic) or paclobutrazol (PBZ) measured
over 10 days with a spectrophotometer. Absorbance
readings were converted to colony-forming units (CFUs)
using the regression equation (Figure 1) determined for
this study. Means and associated standard errors are
plotted.

the labeled rate). Therefore, in addition to a hypothesized
indirect effect of PBZ through modification of plant water use
efficiency, PBZ when applied at high rates may also restrict
growth and survival of X. fastidiosa in planta. Although the
mechanisms of this suppression are not yet known, a consid-
eration of the chemical nature of PBZ leads to some hypoth-
eses that may be tested in further studies.

The diastereomeric nature of PBZ may explain its dual
function as both a growth regulator and a fungicide. The
enantiomeric pair found in the commercially available PBZ is
the 2RS, 3RS diastereomer, which exists as a racemic mixture
including the 2R,3R enantiomer, which has been found to

Table 2. Growth of Xylella fastidiosa isolates from elm
and grape grown in periwinkle wilt broth supplemented
with either oxytetracycline (antibiotic) or paclobutrazol
(PB2).2

Mean log CFU/mL™"

Treatment and dose Elm Grape
Oxytetracycline 50 pg/mL™" 497 a 495 a
PBZ 200 pg/mL™" 5.00 a 4.99 a
PBZ 20 pwg/mL™" 723 b 831b
PBZ 2 pg/mL™" 7.18b 827Db
Periwinkle wilt media 7.38Db 8.61b

“Growth was measured with a spectrophotometer and converted to colony-
forming units (CFUs) using a regression equation (Figure 1).

Values are means of three replicates after 10 days of incubation.

Means in each column with identical letters are not significantly different at
the 0.05 level by Tukey test SED = 0.028 (elm), 0.52 (grape).

disrupt sterol biosynthesis (Sugavanam 1984; Burden et al.
1987). Analysis of the proposed biosynthetic pathways in-
ferred from genomic data of X. fastidiosa (www.genome.
ad.jp) shows a complete pathway for sterol biosynthesis, in-
cluding lanosterol, the intermediary identified as disrupted by
PBZ (Radenmacher 2000). The most simplistic explanation
for the observed results of our study would be to implicate
PBZ in the disruption of this pathway in line with previous
studies of alternate pathosystems (Radenmacher 2000).
Alternatively, bacterial growth inhibition may be explained
by the effects of high concentrations of PBZ sequestering an
essential element such as iron required by X. fastidiosa. PBZ
is a reactive molecule with electron pairs situated at the pe-
riphery facilitating the establishment of complexes with other
elements, especially those that bond readily such as iron.
When considering the dual nature of PBZ and the possible
synergistic effects of its enantiomers on X. fastidiosa-infected

Table 3. Growth of Xylella fastidiosa isolates elm and
grape growth in periwinkle wilt broth supplemented
with either oxytetracycline (antibiotic) or paclobutrazol
(PB2).7

Mean log CFU/mL™"

Treatment and dose Elm Grape
Oxytetracycline 50 pg/mL™"' 0.15a 2.19 a
PBZ 200 pg/mL™" 2.66 b 3.64b
PBZ 20 pg/mL™! 7.35¢ 748 ¢
PBZ 2 pg/mL™ 7.33 ¢ 7.67 ¢
Periwinkle wilt media 7.61 c 7.98 ¢

“Growth was determined by dilution plating.

Values are means of three replicates after 10 days of incubation.

Means in each column with identical letters are not significantly different at
the 0.05 level by the Tukey test SED = 0.040 (elm), 0.037 (grape).

CFU = colony-forming unit.
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Figure 3. Growth curve of Xylella fastidiosa isolate elm
(left) and grape (right) in periwinkle wilt (PW) broth
supplemented with chemical treatments of oxytetracy-
cline (antibiotic) and paclobutrazol (PBZ) measured over
5 days. Colony-forming units (CFUs) were determined by
dilution plating. Means and associated standard errors
are plotted.

hosts, it may not be desirable to separate the enantiomers of
the diastereomer for treatment of X. fastidiosa. It is possible
that a concentration of the racemic mixture could be devised
that restricts bacterial growth as well as provide beneficial
physiological changes to the tree. This would prove to be the
ideal circumstance for use of the chemical. However, devis-
ing the most effective ratio and concentration of enantiomers
could be complicated by a possible species-specific treatment
response to PBZ and efficacy of the treatment may be de-
pendent on the distribution, titer, and strain of X. fastidiosa
being treated.

This study suggests that PBZ has a direct effect on growth
of X. fastidiosa and that treatments with high levels of PBZ
could provide a potential treatment. However, field experi-

ments are needed to evaluate the effect of higher rates of PBZ
on mature trees as well as their ability to control X. fastidiosa.
Repeated treatments as well as methods and timing of deliv-
ery should also be investigated.
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Résumé. Xylella fastidiosa est une bactérie pathogéne transmise
par un insecte qui s’attaque uniquement au xyleme de nombreux
hotes et qui cause une flétrissure chez les arbres ornementaux. La
flétrissure bactérienne est un désordre chronique caractérisé par une
flétrissure en fin de saison ainsi qu’une mortalité progressive et est
commune dans les zones urbaines et périurbaines du Centre Atlan-
tique et du Sud-Est des Etats-Unis. La flétrissure bactérienne a été
identifiée depuis les années 80 et les tentatives de traitements ont
inclus I’emploi d’antibiotiques et de régulateurs de croissance de
plantes. L application de paclobutrazol, un composé avec des pro-
priétés a la fois fongique et de contrdle de la croissance, a été
observée comme étant efficace pour calmer les symptomes de la
flétrissure bactérienne, mais il n’a pas encore été établi si ce produit
peut avoir un effet direct sur I’organisme. Dans cette recherche, nous
avons étudié I’effet du paclobutrazol sur deux souches de X. fastidi-
osa in vitro. Nos résultats n’ont montré aucun effet significatif du
paclobutrazol sur la croissance des colonies de X. fastidiosa, et ce au
taux recommandé par le manufacturier de 20 pwg/mL. Néanmoins,
des diminutions significatives dans le développement de la bactérie
ont été observées a un taux de 200 pg/mL, ce qui indique que des
concentrations élevées de paclobutrazol pourraient avoir un effet
direct sur le développement de X. fastidiosa. Cet effet direct ainsi
que les effets directs sur la croissance par le paclobutrazol laissent
suggérer que ce produit pourrait s’avérer étre un traitement prom-
etteur contre la flétrissure bactérienne chez les arbres ornementaux.
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Zusammenfassung. Xylella fastidiosa ist ein anspruchsvolles,
xylem-limitiertes, durch Insekten iibertragenes, bakterielles Pflan-
zenpathogen mit einem reichen Wirtsspektrum und verursacht bak-
teriellen Blattbrand (BLS). BLS ist eine chronische Krankheit, gek-
ennzeichnet durch herbstlichen Blattbrand und Zuriicksterben und
tritt gewohnlich in urbanen und suburbanen Regionen in den mitt-
atlantischen und stidostlichen Vereinigten Staaten auf. BLS ist seit
den 80ger Jahren bekannt und die angewandten Behandlungen
schlossen Antibiotika und Wachstumsregulierer ein. Die Applika-
tion von Paclobutrazol (PBZ), ein diasterisches Triazol mit sowohl
fungiziden, als auch wachstumsregulierenden Anteilen, wurde iiber-
wacht, um die Symptome von BLS zu mindern, aber es ist nicht
gesichert, ob PBZ einen direkten Einfluss auf den Organismus hat.
In dieser Studie untersuchten wir den Effekt von PBZ auf das in
vitro Wachstum von 2 X. fastidiosa Isolaten. Unsere Ergebnisse
zeigten keinen signifikanten Effekt von PBZ auf das Kolonienw-
achstum von X. fastidiosa bei der vorgeschriebenen Dosierung von
20 um mL™'. Dennoch wurden signifikante Reduktionen im bakte-
riellen Wachstum zu einer Rate von 200 wm mL™", was uns zeigt,
dass hohe Dosen von PBZ einen direkten Einfluss auf das Wachs-
tum von X. fastidiosa haben. Dieser direkte Effekt und der wachs-
tumsregulierende Einfluss von PBZ liefert eine viel versprechende
Behandlung von BLS an Schattenbdumen.

Resumen. Xylella fastidiosa es un “fastidioso” insecto vector del
patégeno bacterial de las plantas, limitado al xilema, con un amplio
rango de hospederos que causa quemadura bacterial de la hoja (BLS,
por sus siglas en inglés) en drboles de sombra. BLS es un desorden
crénico caracterizado por quemadura foliar tardia y muerte regre-
siva, comun en dreas urbanas y suburbanas del medio-Atldntico y el
sureste de los Estados Unidos. BLS ha sido reconocido desde los
ochentas y los tratamientos han incluido antibidticos y reguladores
del crecimiento de las plantas. La aplicacién de Paclobutrazol
(PBZ), un trizol diastereomérico, con propiedades de fungistatico y
regulador de crecimiento, ha sido empleada para aliviar los sintomas
de BLS, pero atin no ha se ha establecido si bien PBZ tiene un efecto
directo sobre el organismo. En este estudio se investigo el efecto de
PBZ en el crecimiento de dos aislamientos de X. fastidiosa. Los
resultados no mostraron efecto significativo del PBZ en el creci-
miento de la colonia de X. fastidiosa a la tasa recomendada por los
manufacturadores de 20 wg mL™". Sin embargo se observaron re-
ducciones significativas del crecimiento bacterial a una tasa de 200
pg mL~", indicando que altos niveles de PBZ pueden tener un efecto
directo en el crecimiento de X. fastidiosa. Este impacto directo y los
efectos en la regulacion del crecimiento sugieren que PBZ puede
proporcionar un tratamiento promisorio para BLS en drboles de
sombra.
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