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ABSTRACT
Gent, D. H., Lang, J. M., Bartolo, M. E., and Schwartz, H. F. 2005. Inoculum sources and sur-
vival of Xanthomonas axonopodis pv. allii in Colorado. Plant Dis. 89:507-514.

Xanthomonas leaf blight, caused by the bacterium Xanthomonas axonopodis pv. allii, is an
emerging disease of onion in the western United States and worldwide, but few management
strategies have been developed because little is known about disease epidemiology and pathogen
survival. Therefore, we sought to identify and quantify primary inoculum sources of the patho-
gen in Colorado. Growth chamber and field studies evaluated survival and dissemination of X.
axonopodis pv. allii in association with weed, alternate host, and volunteer onion plants, irriga-
tion water, and crop debris. Epiphytic X. axonopodis pv. allii was recovered from the foliage of
nine asymptomatic weed species and Medicago sativa, but the bacterium was not recovered from
plants in locations where an epidemic of Xanthomonas leaf blight did not occur the prior year.
The bacterium also was isolated from volunteer onion with characteristic Xanthomonas leaf
blight symptoms. A rifampicin mutant of X. axonopodis pv. allii strain O177 was recovered
consistently from the irrigation tail water of onion fields inoculated with the bacterium; popula-
tions as large as 3.02 x 10* CFU/ml were recovered. X. axonopodis pv. allii was recovered from
infested onion leaves 9 months after they were placed on the soil surface or buried to a depth of
25 cm, but culturable populations of the pathogen decreased 10* to 10° more in buried leaves.
Cultural practices that avoid or eliminate X. axonopodis pv. allii inoculum sources should reduce

Xanthomonas leaf blight losses to onion.

Additional keywords: Allium cepa

Xanthomonas leaf blight of onion (Al-
lium cepa), caused by Xanthomonas
axonopodis pv. allii, is a yield-limiting
disease in Colorado (22). Disease symp-
toms are varied but include leaves with
lenticular water-soaked lesions that elon-
gate into chlorotic streaks, necrosis, tip
dieback, and stunting of plants that reduces
bulb size. This reduction in leaf area re-
sults in undersized bulbs at harvest that can
reduce yields significantly (15,22,23). A
bulb rot is not known to occur.
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Few disease-management strategies
have been developed for Xanthomonas leaf
blight of onion because basic knowledge
of X. axonopodis pv. allii survival and
dissemination is lacking. The planting of
pathogen-free seed may be essential be-
cause seed can be contaminated by X.
axonopodis pv. allii (17), and this con-
tamination appears important epidemi-
ologically in tropical production regions
(18). However, the role of seed contamina-
tion in semi-arid onion production regions
is unknown. Crop rotation has been sug-
gested in Barbados because X. axonopodis
pv. allii strains common in this region
reportedly attack leguminous hosts such as
snap bean (Phaseolus vulgaris), lima bean
(P. lunatus), and soybean (Glycine max)
(13). Disease symptoms have not been
observed in Colorado on any leguminous
host, but X. axonopodis pv. allii colonized
and persisted epiphytically on dry bean (P.
vulgaris) and lentil (Lens culinaris) (D. H.
Gent and H. F. Schwartz, unpublished
data). The bacterium also can attack sev-
eral Allium spp., such as A. fistulosum, A.
sativum, A. porrum, and A. cepa var. as-
calonicum (4,7,9,16). Two Xanthomonas
leaf blight-resistant cultivars have been
identified (13), but are not adapted in
Colorado and are no longer available
commercially.

In the absence of effective cultural prac-
tices, host resistance, or biological con-
trols, growers in Colorado rely upon cop-
per-based  bactericides to  manage
Xanthomonas leaf blight (22). Copper
bactericides alone or amended with maneb
suppress the disease, but spray applications
must be applied preventatively and regu-
larly (every 5 to 10 days) to be effective
(21). Eight or more applications are made
each season, but spray timing may be im-
proved by disease forecasting (24). Copper
resistance was not observed in a world-
wide collection of 49 X. axonopodis pv.
allii strains (7), but was reported in strains
from Barbados (14) and is common among
other phytopathogenic bacteria (3,11,25).
Reliance upon copper bactericides alone
for Xanthomonas leaf blight management
increases onion production costs and is
likely to select tolerant strains of X.
axonopodis pv. allii. Alternative manage-
ment strategies to reduce or replace copper
bactericides are needed to improve grower
profitability and delay or prevent the ap-
pearance of copper resistance.

Sustainable management of Xanthomo-
nas leaf blight likely will require a multi-
tactic approach that reduces or avoids pri-
mary inoculum sources, but these inocu-
lum sources are unknown. Therefore, we
sought to identify and quantify X. axono-
podis pv. allii primary inoculum sources in
Colorado onion-production regions.

MATERIALS AND METHODS

Bacterial strains and culture. A rifam-
picin mutant of X. axonopodis pv. allii
strain O177 (American Type Culture Col-
lection 508) was selected artificially as
previously described (27), and is referred
to as R-O177. Strain R-O177 is resistant to
rifampicin at greater than 200 pg/ml, but
selection routinely was performed on nutri-
ent agar amended with rifampicin at 50 or
100 pg/ml and cycloheximide at 50 pg/ml.
Other xanthomonads isolated from weeds,
crops, or water were routinely cultured on
nutrient agar at 29°C. Bacterial strains were
preserved in 15% nutrient glycerol broth at
—80°C for long-term storage.

Pathogenicity assays. All presumptive
xanthomonads recovered were tested for
pathogenicity on onion (cv. Vantage) and
dry bean (cv. Sacramento light red kidney)
in growth chamber assays. Dry bean inocu-
lations were conducted to differentiate X.
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axonopodis pv. allii from pv. phaseoli
because dry bean is commonly grown in
rotation with onion in Colorado, and X.
axonopodis pv. allii and pv. phaseoli both
may survive epiphytically on some hosts
(1,5). The youngest, fully extended leaves
of 8-week-old onion plants were pin-
pricked three times at 2.5-cm intervals
with a 22-gauge needle bearing a bacterial
matrix of a given isolate removed from 72-
h-old nutrient agar culture plates. Each
pin-pricked leaf area was inoculated with a
droplet of bacterial matrix approximately
equal in size to the needle tip. Plants serv-
ing as negative controls were pin-pricked
with a sterile needle. Pathogenicity on dry
bean was evaluated by spray inoculation as
described below. A single colony of the
isolate to be tested was picked from a 72-
h-old nutrient agar plate, added to 3 ml of
nutrient broth in 15-ml culture tubes, and
incubated at 26°C with vigorous shaking
(250 oscillations/min) for 24 h. The bacte-
rial cells were collected by centrifugation
before adjusting to approximately 107
CFU/ml in sterile magnesium sulfate-
potassium phosphate buffer (0.01 M mag-
nesium sulfate and 0.01M potassium phos-
phate, pH 7.2). The 3- to 4-week-old dry
bean plants were sprayed (Crown Spra-
Tool; Aerovoe Industries, Inc., Gardner-
ville, NV) to runoff with the bacterial sus-
pension. Control plants were inoculated
with sterile buffer. The plants were placed
in a growth chamber and incubated for 7
days with a temperature regime of 28°C
day, 24°C night, light intensity of 350
uMs! m2, 100% relative humidity, and
daily misting with tap water to runoff. At
least three plants were inoculated with
each isolate. Plants were observed daily
for symptom development. Isolates were
considered nonpathogenic to a given host
if disease symptoms failed to develop
within 14 days.

Growth chamber epiphytic popula-
tion assays. Epiphytic development of
strain R-O177 was monitored on weeds
commonly found in Colorado onion fields
in growth chamber assays. Weed seed was
collected from biotypes of each species
found at and near the Colorado State Uni-
versity Agricultural Research, Develop-
ment, and Education Center (ARDEC)
near Fort Collins, CO from mature, symp-
tomless weeds in fields where Xanthomo-
nas leaf blight has not been observed. The
plants from which seed was collected were
not assayed for the presence of epiphytic
X. axonopodis pv. allii, but we assumed
epiphytic populations of the pathogen
would be small or absent because they
were collected from fields never planted to
onion. Three seed of each of redroot pig-
weed (Amaranthus retroflexus), common
lambsquarter (Chenopodium album), field
bindweed (Convolvulus arvensis), yellow
nutsedge (Cyperus esculentus), and hairy
nightshade (Solanum sarrachoides) were
planted individually into MetroMix 200
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potting soil (Grace Sierra Horticultural
Products Company, Milpitas, CA) in 1-
liter pots. Plants were grown under green-
house conditions (temperature regime of
approximately 24°C day, 20°C night and
14-h photoperiod, with approximately 2 h
of supplemental incandescent lighting)
until they were 3 to 4 (weeds) or 6 to 8
(onion) weeks old.

Twenty pots of each plant species were
inoculated by spraying to runoff with a 10°
CFU/ml bacterial suspension using a
Crown Spratool. Inoculum of strain R-
0177 was cultured by inoculating 3 ml of
nutrient broth in 15-ml culture tubes, and
incubating at 26°C with vigorous shaking
(250 oscillations/min) for 24 h. The bacte-
rial cells were collected by centrifugation
before adjusting to approximately 10°
CFU/ml in sterile magnesium sulfate-
potassium phosphate buffer. After inocula-
tion, plants were allowed to air dry and
then sampled immediately by removing all
aboveground plant material from four pots
of each species and placing each individu-
ally into a plastic bag. Another set of four
pots of each plant species was destruc-
tively sampled each day for 4 days. An
experimental unit consisted of one pot of a
given plant species that contained three
plants destructively sampled each day.
Plants were maintained at a temperature
regime of 28°C day, 24°C night, light in-
tensity of 350 pMs™' m=, 100% relative
humidity, and were misted daily with tap
water to runoff.

Harvested plant samples were weighed
and placed into sterile 250-ml flasks con-
taining 100 ml of magnesium sulfate-
potassium phosphate buffer, and shaken at
250 oscillations/min for 60 min at room
temperature (approximately 22°C). Ali-
quots (100 ul) were diluted in 10-fold se-
rial dilutions in sterile magnesium sulfate-
potassium phosphate buffer before plating
in duplicate onto nutrient agar amended
with rifampicin and cycloheximide at 50
ug/ml. Characteristic X. axonopodis pv.
allii colonies were enumerated after 72 h
of incubation at 26°C, and a subset of ri-
fampicin-resistant colonies were confirmed
as X. axonopodis pv. allii by standard
physiological and biochemical tests (19),
including gram reaction, pigmentation on
yeast dextrose carbonate medium, lack of
fluorescence on King’s medium B, indole
test, growth on 0.1% tetrazolium chloride,
oxidase test, starch hydrolysis, oxidative
and fermentative utilization of glucose,
production of catalase, production of H,S
from peptone, production of arginine dihy-
drolase, and casein hydrolysis test. The
experiment was repeated once over time.

Recovery of X. axonopodis pv. allii
from weed, crop, and volunteer onion
plants. Weed, crop, and volunteer onion
plant surveys were conducted in 2003 and
2004 in three major onion-growing regions
of the state: the Arkansas Valley, north-
central Colorado, and northeastern Colo-

rado. Commonly occurring weed, crop,
and volunteer onion plants were collected
within and adjacent to fields that were
currently planted to or had been planted to
onion the previous year. Five fields were
surveyed for X. axonopodis pv. allii in
2003 and named for the county in which
the field was located: Larimer, Morgan
(two fields), Prowers, and Otero counties.
In 2004, six fields were surveyed: Larimer,
Morgan (two fields), Prowers, Otero, and
Yuma counties. The Larimer and Otero
fields surveyed in 2003 were surveyed in
2004, but fields at locations in 2003 and
2004 were distinct. Each site was surveyed
at least once from May to July. Xanthomo-
nas leaf blight was confirmed on the onion
crops at sites 1 and 5 in 2002 and sites 1,
4, and 5 in 2003. The disease was not ob-
served in onion crops at the other sites
during 2002 or 2003.

At each location, four bulked, 5- to 10-g
samples from each field were used for
epiphyte recovery assays. Plant samples
were weighed, placed into sterile 250-ml
flasks containing 100 ml of magnesium
sulfate-potassium phosphate buffer, and
shaken at 250 oscillations/min for 60 min
at room temperature (approximately
22°C). Aliquots (100 pl) were diluted in
10-fold serial dilutions in sterile magne-
sium sulfate-potassium phosphate buffer
before plating in duplicate onto modified
MXP medium (6) containing kasugamycin
at 50 mg/liter, cephalexin at 30 mg/liter,
and cycloheximide at 50 mg/liter, or plated
in duplicate onto MXP medium using a
spiral-plating system (Autoplate 4000;
Spiral Biotech, Inc., Norwood, MA). Cul-
ture plates were incubated in the dark at
29°C for 72 to 96 h before observing
plates for characteristic xanthomonad
colonies surrounded by a zone of starch
hydrolysis. Representative xanthomonad
colonies were picked from plates and con-
firmed as X. axonopodis by physiological
and biochemical tests and Biolog (Biolog,
Inc., Hayward, CA) substrate utilization
profiles. Identification to the pathovar level
(X. axonopodis pv. allii or phaseoli) was
determined by pathogenicity to onion or
dry bean, respectively.

Recovery of X. axonopodis pv. allii
from irrigation water. Furrow irrigation
water entering and leaving onion fields
was assayed for the presence of X. axono-
podis pv. allii in 2003 and 2004. Field
plots were established at ARDEC near Fort
Collins, CO and the Arkansas Valley Re-
search Center near Rocky Ford, CO. Plants
were inoculated with X. axonopodis pv.
allii strain R-O177 at 10 to 108 CFU/ml to
initiate disease epidemics. Irrigation water
entering and leaving these fields was col-
lected and assayed for X. axonopodis pv.
allii in 2003 (one field near Fort Collins,
designated Larimer) and 2004 (two fields
near Fort Collins designated Larimer 1 and
2, and one field near Rocky Ford, desig-
nated Otero). Cvs. Vantage and X-201



were planted each year at Fort Collins and
Rocky Ford, respectively.

Water used for irrigation in fields sam-
pled near Fort Collins was derived from
groundwater delivered to the field in bur-
ied plastic pipe, whereas water used for
irrigation in the field sampled near Rocky
Ford originated from the Arkansas River
and was delivered to the field through the
Rocky Ford Canal system. Each field was
approximately 150 m in length, and was
irrigated once to twice weekly, except
when rainfall greater than 2.5 cm occurred
since the previous irrigation. X. axonopo-
dis pv. allii populations were measured
from water collected during each irrigation
in sterile 50-ml centrifuge tubes from both
the top and bottom ends of each field. Wa-
ter sampling began when Xanthomonas
leaf blight symptoms were first detected,
and continued until the last irrigation be-
fore harvest. Water entering the fields was
collected randomly from 3 to 10 locations
as it left gated, polyvinvyl chloride deliv-
ery pipe (Fort Collins) or siphon tubes
(Rocky Ford) before it contacted any plant
or area of the field where plants were
growing. Tail water was collected ran-
domly in individual furrows before it
mixed with water from other rows from 3
to 10 locations at the bottom of each field.
Rows sampled randomly at the top of the
field were not necessarily the same rows
sampled randomly from the bottom of the
field. An individual water sample collected
on a given sampling date from a location
was considered an experimental unit.

Water samples were placed at 4°C until
assays were conducted. All samples were
processed within 24 h after collection, but
most samples were processed within 1 h
after collection. Aliquots (100 pl) were
diluted in 10-fold serial dilutions in sterile
magnesium sulfate-potassium phosphate
buffer or spiral-plated directly (in dupli-
cate) onto nutrient agar amended with
rifampicin at 100 pg/ml and cycloheximide
at 50 pg/ml. Characteristic X. axonopodis
pv. allii colonies were enumerated after 72
h of incubation at 29°C, and a subset of
rifampicin-resistant colonies were con-
firmed as X. axonopodis pv. allii by patho-
genicity to onion and by physiological and
biochemical tests.

Survival of X. axonopodis pv. allii in
crop debris. X. axonopodis pv. allii sur-
vival in onion crop debris was determined
in furrow-irrigated plots near Fort Collins
and Rocky Ford from September 2003 to
May (Rocky Ford) or June (Fort Collins)
2004. These sites were selected because
they are in diverse onion-production re-
gions separated by greater then 350 km.
Production practices, soil types, and irriga-
tion water sources vary between Rocky
Ford and Fort Collins (20). Leaves of on-
ion cv. Vantage with characteristic Xan-
thomonas leaf blight symptoms were col-
lected arbitrarily (irrespective of leaf age)
in September 2003 from plants grown in

experimental plots near Fort Collins.
Leaves were collected only from plants
that did not receive any bactericide treat-
ment, and were dried at room temperature
(approximately 24°C) for 72 h. Leaves
were examined carefully, and any leaf with
symptomology not typical of Xanthomo-
nas leaf blight was discarded. The remain-
ing diseased leaves were cut into 12.7-cm
lengths containing large lenticular-shaped,
water-soaked lesions. Leaves with lesions
covering at least 50% of the flat side of the
leaf were collected and weighed. Four of
these leaves were placed into a nylon
stocking and placed into mesh onion sacks.
Groups of four nylon stockings then were
placed into mesh onion sacks to aid in
recovery of the stockings. The mesh onion
sacks were placed on the surface of a 75-
cm-wide soil bed and anchored with
wooden stakes or buried 25 cm deep in
order to simulate overwintering without or
with deep tillage, respectively. The mesh
sacks were placed in fields in September
2003. An experimental unit was considered
an individual nylon stocking containing
four diseased onion leaves, sampled on a
given sampling date. The field near Fort
Collins was left fallow and not irrigated
until onion again was planted in April
2004. The field then was irrigated once to
twice weekly until the study concluded. At
Rocky Ford, the field was planted to winter
wheat (Triticum aestivum) and was irri-
gated five times during the study.

One buried and one soil-surface mesh
onion sack was recovered monthly from
each field beginning 1 October 2003. A
nylon stocking was removed from the
mesh onion sack and placed into a sterile
mortar before the addition of approxi-
mately 150 ml of liquid nitrogen. The lig-
uid nitrogen aided the maceration of the
tissue but did not affect recovery of X.
axonopodis pv. allii (data not presented).
After evaporation of the nitrogen, the ny-
lon stocking and associated diseased leaves
were cut into small pieces with sterile
scissors and ground with a sterile pestle.
After the mortars thawed at room tempera-
ture, 20 ml of sterile magnesium sulfate-
potassium phosphate buffer was added and
used to thoroughly rinse the nylon stocking
and associated leaf material. Aliquots (100
ul) were diluted in 10-fold serial dilutions
in sterile magnesium sulfate-potassium
phosphate buffer before plating in dupli-
cate onto nutrient agar amended with ri-
fampicin at 100 pg/ml and cycloheximide
at 50 pg/ml. Characteristic X. axonopodis
pv. allii colonies were enumerated after 72
h of incubation at 29°C, and a subset of
rifampicin-resistant colonies were con-
firmed as X. axonopodis pv. allii by patho-
genicity to onion and physiological and
biochemical tests.

Statistical analyses. Growth chamber
assays were organized as a completely
randomized design with four replications.
All bacterial population data were log

transformed to achieve independently and
normally distributed experimental errors
with a common variance. Statistical analy-
sis was performed using PROC MIXED in
SAS (v. 9.1; SAS Institute, Cary, NC).
Populations of X. axonopodis pv. allii re-
covered in water collected from the top
and bottom of fields were analyzed by ¢
tests on each sampling date from each
location. Populations of X. axonopodis pv.
allii recovered in buried or nonburied crop
debris were analyzed by one-sided 7 tests
assuming unequal variances on each sam-
pling date from each location.

RESULTS

Growth chamber epiphytic popula-
tion assays. X. axonopodis pv. allii popu-
lation dynamics varied among weed spe-
cies evaluated in growth chamber assays
(Fig. 1). Culturable populations of the
bacterium 4 days after inoculation in-
creased 1.4, 1.7, and 1.8 logarithmic
units/g of fresh weight on Convolvulus
arvensis, Cyperus esculentus, and S. sar-
rachoides, respectively. During the same
period, epiphytic populations decreased by
1.2 and 2.7 logarithmic units/g of fresh
weight on A. retroflexus and Chenopodium
album, respectively. Angular, water-soaked
lesions and other symptoms characteristic
of bacterial pathogen infection were not
visible on any plants throughout the ex-
periment.

Recovery of X. axonopodis pv. allii
from weed, crop, and volunteer onion
plants. X. axonopodis pv. allii and non-
pathogenic xanthomonads were recovered
from several weed and crop plants sampled
in 2003 at sites where an epidemic of Xan-
thomonas leaf blight occurred the previous
year (Table 1). At Larimer, epiphytic xan-
thomonads were recovered from volunteer
onion, A. retroflexus, Cirsium arvense,
Convolvulus arvensis, Echinochloa crus-
galli, Malva neglecta, and Polygonum
convolvulus. These isolates were yellow-
pigmented, nonfluorescent, gram-negative,
obligate aerobes; positive for the presence
of catalase; produced H,S from cysteine;
hydrolyzed casein and starch; were nega-
tive for the production of arginine dihy-
drolase, indole, and oxidase; and did not
grow on 0.1% tetrazolium chloride me-
dium. They were identified to the genus
Xanthomonas based upon substrate utiliza-
tion profiles on Biolog GN microplates
(data not presented), but most were non-
pathogenic to onion and dry bean. Isolates
pathogenic to onion, and therefore classi-
fied as X. axonopodis pv. allii, were recov-
ered only from M. neglecta.

At the Otero County site near Rocky
Ford, an epidemic of Xanthomonas leaf
blight occurred in 2002. In 2003, epiphytic
X. axonopodis pv. allii was recovered from
symptomless A.  retroflexus, Anoda
cristata, Kochia scoparia, M. sativa, and S.
rostratum. Isolates recovered from these
hosts were confirmed as X. axonopodis pv.
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allii by physiological and biochemical
tests as described above, Biolog substrate
utilization profiles, and pathogenicity to
onion but not dry bean. Characteristic
Xanthomonas leaf blight symptoms of
lenticular  water-soaked lesions most
prominent on the flattened sides of leaves,
necrotic streaks, and tip dieback were ob-
served on volunteer onion plants. Isolation
of the casual organism from diseased
plants yielded typical X. axonopodis pv.
allii colonies, which were confirmed as the
Xanthomonas leaf blight bacterium as
described above. Epiphytic Xanthomonas
species were not recovered from weeds
sampled at sites 2, 3, or 4 in 2003. Xantho-
monas leaf blight did not occur at these
sites in 2002.

In 2004, weeds and crops at six loca-
tions were monitored for epiphytic xantho-

monads, and epiphytic xanthomonads were
recovered from all sites except site 2 (Ta-
ble 2). At the Larimer site, an epidemic of
Xanthomonas leaf blight on onion oc-
curred in 2003, and epiphytic xanthomo-
nads were recovered from volunteer onion,
Amaranthus retroflexus, H. annuus, and L.
culinaris. X. axonopodis pv. allii was re-
covered from volunteer onion, but X.
axonopodis pv. phaseoli was only recov-
ered from A. retroflexus. Xanthomonads
nonpathogenic to onion or dry bean were
recovered from H. annus and L. culinaris.
An epidemic of Xanthomonas leaf blight
did not occur at the Morgan County (field
2) site in 2003, and X. axonopodis pv. allii
was not recovered. X. axonopodis pv.
phaseoli was recovered from A. retroflexus
and S. halepense at this site. A Xanthomo-
nas leaf blight epidemic occurred at the
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Fig. 1. Epiphytic populations of Xanthomonas axonopodis pv. allii strain R-O177 on weeds under high
temperature and humidity conditions in a growth chamber. The 3- to 4-week old plants of common
lambsquarter (Chenopodium album), field bindweed (Convolvulus arvensis), hairy nightshade (So-
lanum sarrachoides), redroot pigweed (Amaranthus retroflexus), and yellow nutsedge (Cyperus escu-
lentus) were spray inoculated to runoff with a 10> CFU/ml bacterial suspension and maintained at a
temperature regime of 28°C day, 24°C night, light intensity of 350 uMs~! m2, 100% relative humidity,
and daily misting with tap water to runoff. Epiphytic X. axonopodis pv. allii strain R-O177 populations
were quantified by leaf-rinsing and subsequent serial dilution onto rifampicin-amended nutrient agar.
Data are mean of four replications repeated twice (n = 8) * standard error.

Otero County site in 2003, and X. axono-
podis pv. allii was recovered from volun-
teer onion but not from the weeds sampled.
However, both X. axonopodis pv. phaseoli
and nonpathogenic xanthomonads were
recovered from Convolvulus arvensis. An
epidemic of Xanthomonas leaf blight oc-
curred at the Yuma County site in 2003,
and X. axonopodis pv. allii was recovered
from all plant species sampled, including
volunteer onion, A. retroflexus, Cenchrus
longispinus, Chenopodium album, Helian-
thus annuus, K. scoparia, and S. sarra-
choides. A Xanthomonas leaf blight epi-
demic did not occur at the Prowers County
site in 2003, and X. axonopodis pv. allii
was not recovered from any plant sampled.
Epiphytic xanthomonads were recovered
from all plants sampled, however, includ-
ing Convolvulus arvensis, Cyperus escu-
lentus, H. annuus, K. scoparia, M. sativa,
S. rostratum, and Taraxacum officinale, but
these xanthomonads were not pathogenic
to dry bean or onion.

Recovery of X. axonopodis pv. allii
from irrigation water. X. axonopodis pv.
allii was recovered consistently from irri-
gation tail water leaving onion fields where
Xanthomonas leaf blight symptoms were
visible (Figs. 2 to 4). At Fort Collins in
2003, 9.9 x 10% to 4.1 x 10°> CFU/ml were
recovered from irrigation tail water, but X.
axonopodis pv. allii was not recovered
from water entering the field. From field 1
at Fort Collins in 2004, small populations
of X. axonopodis pv. allii (8.9 to 7.5 x
10! CFU/ml) were recovered from irriga-
tion tail water in the week following the
first appearance of Xanthomonas leaf
blight symptoms, but as many as 3.02 x
10* CFU/ml were recovered later in the
season. X. axonopodis pv. allii was not
recovered on any sampling date from wa-
ter entering the field. In field 2 at Fort
Collins in 2004, very small populations of
X. axonopodis pv. allii (7.0 CFU/ml)
again were recovered from irrigation tail
water within 7 days of Xanthomonas leaf
blight symptom appearance in the field,
and these populations increased on all but
the last sampling date throughout the
season. The bacterium was not recovered

Table 1. Location and isolation of Xanthomonas spp. from various plant species at sites in Colorado during 2003*

Larimer®

Morgan (1)¢

Morgan (2)¢

Prowers®

Otero®

Allium cepa **
Amaranthus retroflexus **
Chenopodium album
Cirsium arvense **
Convolvulus arvensis**
Echinochloa convolvulus **
Echinochloa crus-galli **
Malva neglecta **

Amaranthus retroflexus
Chenopodium album
Helianthus annuus

Kochia scoparia
Solanum sarrachoides

Chenopodium album

Allium cepa**
Amaranthus retroflexus™*
Anoda cristata**
Chenopodium album
Kochia scoparia
Medicago sativa**
Solanum rostratum**

2 At each location, four bulked, 5- to 10-g samples from each field were used in leaf rinse assays to recover epiphytic xanthomonads; ** = tested positive for
Xanthomonas sp. Presumptive xanthomonads were confirmed as X. axonopodis by physiological and biochemical tests and Biolog (Biolog, Inc., Hayward,
CA) substrate utilization profiles. Identification to the pathovar level (X. axonopodis pv. allii or phaseoli) was determined by pathogenicity to onion or dry

bean.

b Planted to onion in 2002 and 2003. Larimer was sampled on 23 June and 25 June. Otero was sampled on 8 July. Both Larimer and Otero had Xanthomonas

leaf blight confirmed in 2002.

¢ Planted to dry bean in 2002 and onion in 2003. Morgan (1) and Morgan (2) were sampled on 26 June and Prowers was sampled on 30 June.
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from water entering field 2 on any sam-
pling date.

At Rocky Ford in 2004, only two irriga-
tion events were sampled after Xanthomo-
nas leaf blight symptoms were apparent in
the field because timely and consistent
rainfall supplied much of the water re-
quirement for the crop. On 1 and 14 Au-
gust, no xanthomonads were recovered
from irrigation water entering the field, but
1.55 x 10" and 8.71 x 10*> CFU/ml were
recovered from irrigation water at the bot-
tom of the field, respectively.

Survival of X. axonopodis pv. allii in
crop debris. Culturable populations of X.
axonopodis pv. allii were greater in onion
leaves on the soil surface than in buried
leaves at Fort Collins or Rocky Ford on all
sampling dates except the first (Table 3).
At Fort Collins, culturable X. axonopodis
pv. allii populations decreased more than
100-fold in leaves on the soil surface over
the 9-month duration of the study. In the
same time period, culturable X. axonopo-
dis pv. allii populations decreased more
than 10°-fold in leaves buried 25 cm deep.
Similarly, at Rocky Ford, populations in
leaves left on the surface decreased greater
than 10°-fold over the 8 months they were
monitored, and decreased greater than 107-
fold in buried leaves. On the last sampling
date, 8.3 x 107 and 1.3 x 10° CFU/leaf
were cultured from leaves left on the soil
surface at Fort Collins and Rocky Ford,
respectively. Culturable populations in
buried leaves on the same dates were 9.1
and 5.3 x 10?> CFU/leaf from Fort Collins
and Rocky Ford, respectively.

DISCUSSION

Xanthomonas leaf blight first was ob-
served in Colorado in 1996, and annual
occurrences of the disease since its appear-
ance suggest that it has become endemic in
southern Colorado. Management of Xan-
thomonas leaf blight largely has been lim-
ited to copper bactericide applications
because basic elements of its epidemiology
are unknown and inoculum sources have
not been identified. In this study, we have

identified and quantified several primary
inoculum sources of X. axonopodis pv.
allii. Reservoirs of the pathogen were
identified in or on other crop and weed
species, volunteer onion plants, contami-
nated irrigation water, and infested onion
crop debris. The relative importance of
these inoculum sources to the epidemiol-
ogy and management of Xanthomonas leaf
blight development is unknown, but the
design of onion production and pest man-
agement systems may need to eliminate
multiple X. axonopodis pv. allii inoculum
sources to reduce recurring losses from
Xanthomonas leaf blight.

Several weeds common in onion-
production systems in Colorado were
found to be sources of epiphytic X. axono-
podis pv. allii, as well as X. axonopodis pv.

phaseoli and other xanthomonads. X.
axonopodis pv. allii was recovered only
from sites where Xanthomonas leaf blight
occurred the previous year, and its recov-
ery from many weeds was not consistent
across sites or time. In 2003, X. axonopo-
dis pv. allii was recovered only from M.
neglecta at the Larimer County site, but
was recovered from five weed species and
alfalfa from the Otero County site; an epi-
demic of Xanthomonas leaf blight oc-
curred at both locations in 2002. Similarly,
in 2004, the bacterium was not recovered
from any weed or other crop plants at the
Larimer, Morgan, or Prowers Counties
sites but was recovered from six weed
species at the Yuma County site. In growth
chamber studies under conditions favor-
able to the pathogen, epiphytic populations
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Fig. 2. Recovery of Xanthomonas axonopodis pv. allii strain R-O177 in surface irrigation water enter-
ing and leaving an onion field near Fort Collins, CO in 2003 during an epidemic of Xanthomonas leaf
blight. X. axonopodis pv. allii populations in water were measured from water collected during each
irrigation. Water sampling began when Xanthomonas leaf blight symptoms were first detected, and
continued until the last irrigation before harvest. Culturable X. axonopodis pv. allii populations were
estimated by plating serial dilutions of irrigation water on nutrient agar amended with rifampicin and

cycloheximide.

Table 2. Location and isolation of Xanthomonas spp. from various plant species at sites in Colorado during 2004*

Larimer® Morgan (1)

Morgan (2)¢ Oterod

Prowers® Yuma'®

Allium cepa** Allium cepa
Amaranthus retroflexus** Kochia scoparia
Helianthus annuus**
Kochia scoparia

Lens culinaris**
Polygonum convolvulus
Solanum sarrachoides

Amaranthus retroflexus** Allium cepa**
Kochia scoparia
Solanum sarrachoides Sorghum halepense**

Convolvulus arvensis**
Glycine max
Kochia scoparia

Cyperus esculentus™*
Helianthus annuus**
Kochia scoparia**
Medicago sativa**
Solanum rostratum**
Taraxacum officinale** Kochia scoparia**

Allium cepa **
Amaranthus retroflexus**
Cenchrus longispinus™*
Chenopodium album™**
Helianthus annuus**

Solanum sarrachoides™*

2 At each location, four bulked, 5- to 10-g samples from each field were used in leaf rinse assays to recover epiphytic xanthomonads; ** = tested positive for
Xanthomonas sp. Presumptive xanthomonads were confirmed as X. axonopodis by physiological and biochemical tests and Biolog (Biolog, Inc., Hayward,
CA) substrate utilization profiles. Identification to the pathovar level (X. axonopodis pv. allii or phaseoli) was determined by pathogenicity to onion or dry
bean. Nonpathogenic xanthomonads were recovered from several weed hosts, including A. retroflexus, Cirsium arvense, Convolvulus arvensis, Cyperus
esculentus, H. annuus, K. scoparia, L. culinaris, M. sativa, S. rostratum, and T. officinale.

b Planted to onion from 2002 to 2004 at Larimer. Larimer was sampled on 27 May and 9 June. Xanthomonas leaf blight was confirmed in 2002 and 2003.

¢ Planted to dry bean in 2003 and onion in 2004. Morgan (1) was sampled on 7 June and Morgan (2) was sampled on 13 July.

d Planted to onion in 2002 and 2003 and soybean in 2004. Otero was sampled on 8 June. Xanthomonas leaf blight was confirmed in 2002 and 2003.

¢ Planted to alfalfa in 2002 and 2003 and onion in 2004. Sampling was conducted on 7 June.

f Planted to onion in 2002 and 2003 and corn in 2004. Sampling was conducted on 7 June. Xanthomonas leaf blight was confirmed in 2003.
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Fig. 3. Recovery of Xanthomonas axonopodis pv. allii strain R-O177 in surface irrigation water enter-
ing and leaving onion field no. 1 near Fort Collins, CO in 2004 during an epidemic of Xanthomonas
leaf blight. X. axonopodis pv. allii populations in water were measured from water collected during
each irrigation. Water sampling began when Xanthomonas leaf blight symptoms were first detected,
and continued until the last irrigation before harvest. Culturable X. axonopodis pv. allii populations

were estimated by plating serial dilutions of irrigation
and cycloheximide.

water on nutrient agar amended with rifampicin
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Fig. 4. Recovery of Xanthomonas axonopodis pv. allii strain R-O177 in surface irrigation water enter-
ing and leaving onion field no. 2 near Fort Collins, CO in 2004 during an epidemic of Xanthomonas
leaf blight. X. axonopodis pv. allii populations in water were measured from water collected during
each irrigation. Water sampling began when Xanthomonas leaf blight symptoms were first detected,

and continued until the last irrigation before harvest

. Culturable X. axonopodis pv. allii populations

were estimated by plating serial dilutions of irrigation water on nutrient agar amended with rifampicin

and cycloheximide.

of X. axonopodis pv. allii increased on
three of five weed species evaluated, but
decreased nearly 1,000-fold on Cheno-
podium album. Plant species and environ-
mental conditions are known to influence
epiphytic bacterial populations (12), but
the conditions that allow X. axonopodis pv.
allii to successfully colonize weeds are
unclear. When the results of growth cham-
ber and field studies are taken together,
they suggest that not all weed species sup-
port epiphytic growth of X. axonopodis pv.
allii. We recovered X. axonopodis pv.
phaseoli and nonpathogenic xanthomonads
from several weed and crop plants, and
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sanitation of weeds may eliminate poten-
tial reservoirs of both X. axonopodis pv.
allii and X. axonopodis pv. phaseoli.

X. axonopodis pv. allii does not appear
to persist for more than 1 year on weed
hosts. We did not recover X. axonopodis
pv. allii from weeds or other crops if Xan-
thomonas leaf blight did not occur the
previous season. This finding is consistent
with studies of X. axonopodis pv. phaseoli
(1,5) and X. campestris pv. vitians (2).
Angeles-Ramos et al. (1) found that X.
axonopodis pv. phaseoli was most readily
recovered from weeds within dry bean
fields where common bacterial blight

symptoms were present, but that few
weeds outside of such fields harbored epi-
phytic X. axonopodis pv. phaseoli, and
these epiphytic populations were short
lived. Within 7 days after harvest, epi-
phytic X. axonopodis pv. phaseoli cells
were not detected on weeds within the
field. Similarly, Barak et al. (2) reported
that X. campestris pv. vitians was not re-
covered unless lettuce (Lactuca sativa)
with bacterial leaf spot symptoms was
nearby, and the bacterium did not survive
on weeds during a 2-month fallow period
between lettuce crops. In the current study,
X. axonopodis pv. allii was recovered from
only a few weeds in or near fields where
Xanthomonas leaf blight was present less
than 10 months earlier. In Colorado, onion
crops generally are grown in 2- or 3-year
rotations with small grains, dry bean, corn,
and other vegetable crops (21). Because X.
axonopodis pv. allii does not appear to
persist epiphytically for longer than one
season on weeds species, weeds are not
likely to be the primary means for bacterial
persistence in the absence of onion.

Volunteer onion, however, consistently
was a source of X. axonopodis pv. allii.
Xanthomonas leaf blight symptoms or
epiphytic X. axonopodis pv. allii were
observed on or recovered from volunteer
onion at four or five sites where Xantho-
monas leaf blight occurred the previous
year. At site 5 in 2003 and site 5 in 2004,
Xanthomonas leaf blight symptoms were
observed on volunteer onion before the
disease appeared in nearby onion fields,
suggesting that volunteer onion is an early-
season source of the pathogen.

Irrigation water appears to be an effi-
cient medium for the dispersal of X.
axonopodis pv. allii. Large populations of
the bacterium, sometimes in excess of 10*
CFU/ml, were recovered from irrigation
water leaving fields where Xanthomonas
leaf blight symptoms were observed. How-
ever, irrigation water originating from
groundwater was not found to harbor X.
axonopodis pv. allii when plated onto ri-
fampicin-amended nutrient agar or modi-
fied MXP medium (data not presented).
Onion crops are irrigated primarily by
furrow irrigation in Colorado (21), and the
tail water leaving these fields is returned to
canal systems and reused in other, down-
stream fields. Reuse of contaminated water
could easily introduce inoculum onto on-
ion foliage by splashing or direct contact
because leaves often extend into furrows.
Xanthomonads are known to be readily
disseminated by irrigation water (10,26);
therefore avoiding reuse of irrigation water
and relying upon groundwater for irriga-
tion where possible should reduce this
source of X. axonopodis pv. allii.

Crop debris can be an epidemiologically
important source of xanthomonads
(2,8,20), and we found significant popula-
tions of X. axonopodis pv. allii overwinter-
ing in diseased onion leaves buried 25 cm



Table 3. Survival of Xanthomonas axonopodis pv. allii strain R-O177 in leaves of onion cv. Vantage buried 25 cm deep or left on the soil surface near Fort

Collins, CO
Logarithmic CFU/leaf, sampling date?

Variable Oct 2003 Nov 2003 Dec 2003 Jan 2004 Feb 2004 Mar 2004 Apr 2004 May 2004 Jun 2004
Fort Collins

Buried 10.03 9.60 10.84 9.08 8.46 9.85 8.97 7.99 7.92

Surface 10.12 6.89 4.95 5.33 3.95 4.06 3.77 3.21 0.96

t Test® 0.5000 0.0018 0.0007 0.0004 0.0002 <0.0001 <0.0001 <0.0001 0.0005
Rocky Ford

Surface 10.94 9.03 8.82 9.01 8.14 8.13 8.88 6.12

Buried 11.02 7.13 4.92 3.81 5.10 6.52 2.46 2.73

t Test® 0.5213 0.0008 <0.0001 <0.0001 0.0006 0.0372 0.0001 0.0052

2 Leaves of onion cv. Vantage with characteristic Xanthomonas leaf blight symptoms were arbitrarily collected in September 2003 from experimental plots
near Fort Collins from plants that did not receive any bactericide treatment. Four of these leaves were placed into a nylon stocking and placed into mesh
onion sacks. Groups of four nylon stockings then were placed into mesh onion sacks to aid in recovery of the stockings. The mesh onion sacks were placed
on the soil surface or buried 25 cm deep in order to simulate overwintering without or with deep tillage, respectively. An experimental unit was considered
an individual nylon stocking containing four diseased onion leaves, sampled on a given sampling date. Samples were collected monthly beginning 1 Octo-
ber 2003, ground with a pestle and mortar, and X. axonopodis pv. allii was recovered onto rifampicin-amended nutrient agar.

b Probability observed differences in culturable X. axonopodis pv. allii CFU among samples on a given date is due to chance. One-sided student ¢ tests as-

sumed unequal variances.

deep or left on the soil surface. Culturable
populations of the bacterium were de-
creased eight to nine orders of magnitude
in buried leaves over the 9-month time
course of this study, but decreased only
two to four orders of magnitude in leaves
left on the soil surface. Greater than 10°
CFU/leaf were recovered from onion
leaves on the soil surface after 8 months,
but only 10* CFU/leaf were recovered
from buried leaves when sampled in
March, the month in which most onions
are planted in Colorado. Deep incorpora-
tion of diseased crop debris would not
eliminate overwintering populations of the
bacterium before an onion crop is planted
the following spring. In June, small popu-
lations (less than 10 CFU/leaf) of the
pathogen were recovered from buried
leaves, and these bacteria likely would not
survive until the following season. There-
fore, prompt and thorough incorporation of
infested crop debris after harvest and rota-
tion of at least 2 years between onion crops
are necessary to reduce and avoid overwin-
tering populations of X. axonopodis pv.
allii in Colorado. However, the persistence
of buried or unincorporated onion crop
debris is unknown in Colorado, and longer
crop rotations may be necessary under
certain conditions or production practices.
Integrated management of Xanthomonas
leaf blight in Colorado may need to con-
sider multiple inoculum sources of X.
axonopodis pv. allii, including contami-
nated seed (17,18), weeds, leguminous
crops, infested crop debris, irrigation wa-
ter, and volunteer onion. The contribution
of these potential inoculum sources on
Xanthomonas leaf blight appearance or
severity remain speculative, and require
more investigation to elucidate their rela-
tive importance to disease epidemiology in
Colorado and elsewhere. Nonetheless,
onion production systems that practice
strict sanitation of weed and volunteer
onion plants, follow a 2-year or longer
rotation to nonhosts such as small grains,
avoid reuse of irrigation tail water, and

promote rapid breakdown of crop debris
by deep tillage should reduce X. axonopo-
dis pv. allii survival and minimize reliance
upon copper bactericides for disease man-
agement.
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