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ABSTRACT OF DISSERTATION

XANTHOM ONAS LEAF BLIGHT OF ONION: BIOLOGY, EPIDEM IOLOGY, AND
M ANAGEM ENT

Xanthomonas leaf blight o f  onion is a yield limiting disease o f  onion in Colorado. 

Sustainable m anagement strategies have not been developed because basic elements o f pathogen 

and disease biology are unknown. The objective o f  this dissertation was to develop sustainable 

Xanthomonas leaf blight management strategies from a basic understanding o f  pathogen and 

disease biology. The pathogenic, phenotypic, and pathogenic diversity o f  forty-nine onion 

Xanthomonas strains were determined. M ultiplication o f onion Xanthomonas strain R -0177 was 

not different than X. axonopodis pv. phaseoli in dry bean, but typical common bacterial blight 

disease symptoms were absent. All strains were sensitive to 100 pg/ml CUSO4 , ZnSC>4 , or

streptomycin sulfate. Logistic regression o f  fatty acid and substrate utilization profiles classified 

69% o f strains into their geographical region o f  origin. Rep-DNA fingerprinting revealed five 

genotype groups within onion Xanthomonas strains. Based upon pathogenicity to onion and 

genomic fingerprinting, the onion Xanthomonas strains examined in this study are X. axonopodis 

pv. allii (Xaa).

Xaa inoculum sources are unknown, but this knowledge is essential to disease 

management. To identify these sources, epiphytic xanthom onad populations on weed, volunteer 

onion, and leguminous plants were quantified at five locations in eastern Colorado over 2003 and 

2004. Irrigation water and crop debris were sampled for Xaa populations in experimental plots 

near Fort Collins and Rocky. Xaa was recovered from irrigation water, weed, volunteer onion, 

and leguminous plants. The bacterium survived in unincorporated crop debris, but not in buried 

debris. Epiphytic populations o f  Xaa (102 to 103) survived on dry bean and lentil under field 

conditions; epiphytic X. axonopodis pv. phaseoli were recovered from onion following dry bean. 

Elimination o f  these inoculum sources should reduce Xanthomonas leaf blight losses.
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Alternatives to copper bactericides are needed to reduce use o f  high-risk pesticides. 

Studies evaluated alternative treatments and determined the critical period for conventional 

copper applications. Acibenzolar-S-methyl was as effective as copper applications in 

suppressing Xathomonas leaf blight in field trials. The critical period ranged from 1 to 2 weeks 

before bulb initiation. Adoption o f disease forecasting and novel chemical treatments such as 

acibenzolar-S-methyl may reduce copper bactericide use for Xanthomonas leaf blight 

m anagement in Colorado.

David H. Gent
Department o f  Bioagricultural Sciences and Pest M anagement

Colorado State University 
Fort Collins, CO 80523 

Fall 2004
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L IT E R A T U R E  R E V IE W

C H A P T E R  I

IN T R O D U C T IO N

Onion (Allium cepa) and dry bean (Phaseolus vulgaris) are econom ically important crops 

in Colorado and the Central High Plains region (Colorado, W yoming, Nebraska), generating over 

$60 and $43 million in farm receipts annually, respectively (2). Onions are produced on 6,000 to 

8,000 hectares annually in northeastern Colorado, the Arkansas Valley, and western slope 

production areas (15). Dry beans are grown on 175,000 to 250,000 hectares annually in the 

Central High plains in both irrigated (90%) and dryland (10%) production systems (18).

Xanthomonas leaf blight, caused by a Xanthomonas species, has em erged as a new and 

serious disease o f onion in Colorado (16,17), as well as other western U.S. onion production areas 

(5,7); and is a potential threat to pulse crop production (8). This pathogen and its disease were 

apparently favored by unusually prolonged periods o f  rain, high hum idity and dew that 

accompanied the weather patterns induced by 'El Nino' events that flowed into Colorado during 

recent years, especially during 1997. Storm damage, high winds, irrigation water, equipment and 

workers all presumably contributed to the secondary movem ent o f the pathogen and disease 

severity which affected onion in Colorado production areas (16). This disease was first reported 

in Hawaii in 1978 (1), but has since increased its distribution in the continental United States 

(5,7,14,17), several East Caribbean islands (9), Reunion Island (10,12), South Africa (20), and 

Asia (6).
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Annual losses associated with Xanthomonas leaf blight in Colorado vary depending on 

climatic conditions, but have been in excess o f  17% in marketable yield during favorable years 

(16). Entire crop losses have been reported in other production areas (20). A lthough no 

m anagement strategies have been reported in the literature (4), Colorado producers rely largely 

upon copper-based bactericides tank-m ixed with ethylenebisdithiocarbamate (EBDC) fungicides 

to suppress disease (16). EBDC fungicides enhance the activity o f copper bactericides, 

dramatically improving efficacy against onion bacterial pathogens (16). Control o f  onion bacterial 

diseases is marginal without EBDC fungicides. The loss o f  EBDC fungicides, although not used 

directly to control onion bacterial diseases, would significantly increase losses. EBDCs are 

important, economical, and widely-used fungicides for fungal diseases such as purple blotch 

(caused by Altemaria porri) and downy mildew (caused by Peronospora destructor). Growers 

routinely apply bactericides every 3 to 10 days, with applications initiated before bulbing and 

continuing until harvest. Currently, the timing o f  initial applications is based upon crop 

phenology. A weather-driven forecast model for the initial appearance o f  Xanthom onas leaf 

blight was recently developed (19). The appearance o f  leaf blight (expressed as growing degree- 

days) is strongly associated with July mean daily high temperature (Tjmax) and August cumulative 

precipitation (Pa) as is described by the plane bounded by G D D =-6153.43 +215.5Tjmax -0 .92P a. 

This model explains 99.5% (r2=.995, p<.0001) o f  the variability in initial Xanthomonas 

appearance in southern Colorado. Bactericides applied according to this or other forecast systems 

m ay prevent unnecessary early season sprays, but this model has not been validated under field 

conditions. The intelligent and judicious use o f  pesticides in a broader integrated pest 

m anagement (IPM) context will improve grower profitability and sustainability, as well as reduce 

public exposure to pesticides and possible residues.

Pesticides used to suppress this and other onion bacterial diseases are relatively 

inexpensive, but growers m ay experience severe economic impacts because o f  the 1996 Food 

Quality and Protection Act (FQPA) restrictions and/or elimination o f  currently effective
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m anagement tools. The threat o f  Xanthomonas leaf blight to other onion and pulse crop 

production regions, potential loss o f  EBDC fungicides and copper-based bactericides, as well as 

public and stakeholder concerns surrounding pesticide exposure underscore the need for new 

multi-tactic pest m anagement strategies.

A more complete understanding o f  this pathogen’s survival and ecology in relation to 

cropping systems and cultural practices is necessary to develop effective and durable IPM 

strategies that will reduce crop losses and reliance upon pesticides. The current body o f 

knowledge is devoid o f  any studies on the survival and managem ent o f  onion strains o f 

Xanthomonas in relation to onion cultural practices including irrigation method, harvest practices, 

and fertility. Ecologically-based management approaches developed from a basic knowledge o f 

pathogen biology and epidemiology should reduce or eliminate the use o f  copper-based 

bactericides and EBDC fungicides, improve grower profitability, and sustainability.

Onion strains o f Xanthomonas have been reported to infect various pulse crops including 

dry bean (8), but no research has evaluated dry bean as an alternate host despite common dry 

bean-onion rotational schemes in many onion production regions in the western U.S., including 

organic production. Similarly, no study has evaluated the pathogenicity o f  legume isolates o f  X. 

campestris (i.e., X. campestris pv. glycines, X. axonopodis pv. phaseoli, X. axonopodis pv. 

alfalfae) on onion.

A more complete understanding o f  this pathogen’s epiphytic survival and ecology in 

relation to cropping systems and cultural practices is necessary to develop and implement 

effective and durable IPM strategies that will reduce crop losses and reliance upon pesticides.

The current body o f  knowledge is devoid o f  any studies on the survival and m anagem ent o f  onion 

Xanthomonas strains in relation to onion cultural practices including irrigation method, harvest 

practices, and fertility.
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D istribu tion  an d  D escrip tion  o f X an thom onas L ea f B light

Xanthomonas leaf blight, caused by an unknown Xanthomonas species, was observed on 

the island o f  Molokai, Hawaii in 1975 on the sweet yellow onion cv. ‘Granex 33 ’ (1); they noted 

that infected leaves had lenticular water-soaked lesions which elongated into chlorotic streaks as 

the disease progressed. Tip dieback, stunting and premature death o f  infected leaves resulted in 

severe reductions in marketable yield o f  bulbs. The disease description was sim ilar to a bacterial 

blight o f  onion reported in Colorado 25 years earlier and described as Xanthomonas striaformans, 

but the bacterium differed in 8 physiological characters (21). Paulraj and O ’Garro (9) later 

reported X. campestris on onion in Barbados and suggested that it m ay have been responsible for 

an onion blast disease as early as 1971. The disease has since been reported in Texas (5),

Colorado (17), South Africa (20), Reunion Island (10), Japan (6), California (7), and Georgia 

(14). The rapid international spread o f  this disease emphasizes the need to develop economical 

and effective IPM strategies to suppress future epidemics in other western production areas where 

onion is a valuable crop.

On dry bean, common bacterial blight is caused by X. axonopodis pv phaseoli (Smith) 

Dye. Diseased plants exhibit a scalded appearance on leaf tissue and contain water-soaked spots 

that enlarge to form dark brown lesions along leaflets. Pods are also infected and often cause 

discoloration, shriveling and bacterial contamination o f  seeds (13). Direct yield losses in excess 

o f  38% have been reported (13), but reduced seed quality, marketability, and loss o f  certified seed 

status could further increase losses. Strains from Barbados are reportedly pathogenic to 

leguminous hosts such as snap bean (Phaseolus vulgaris), lima bean (Phaseolus lunatus), 

soybean (Glycine max), w inged bean (Psophocarpus tetragonolobus), m oth bean ( Vigna 

aconitifolia), and field pea (Pisum sativum), but onion has not been evaluated as a host for X. 

axonopodis pv phaseoli. Disease symptoms from onion isolates on legume hosts were typical o f  

common bacterial blight, and included water-soaked lesions, necrosis and eventual defoliation. It

4
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is unknown if  isolates from infested bean can infect onion plants in adjacent fields or during 

succeeding seasons in the western U.S.

Disease M anagem en t

The literature is largely devoid o f  bacterial disease managem ent recom m endations for 

onion. Copper- and zinc-based bactericides are generally ineffective for m anaging Xanthomonas 

leaf blight in Barbados (9), but offer some benefit under light to moderate disease pressure as 

experienced recently in Colorado (16). Pantoea agglomerans appeared prom ising as a biocontrol 

agent in growth chamber studies, but no field level studies are reported (9). Two resistant onion 

genotypes were identified from commercially available cultivars, but resistance appeared to be 

mono- or oligogenic and m ay be overcome by new or current strains o f  the pathogen. An 

extensive review o f reported resistance traits in commercial onion cultivars in the U.S. indicated 

no resistance has been identified to Xanthomonas leaf blight (Schwartz, unpublished). The lack 

o f  durable resistance in commercial onion cultivars emphasizes the need for new and effective 

cultural and ecologically-based practices to manage the disease. Pathogen-free seed or effective 

seed treatments m ay be essential as the pathogen can be recovered from seed (10), and 

contam inated seed can initiate epidemics in tropical production environments (11).

M anagement o f  common bacterial blight o f  dry bean emphasizes clean seed and seed 

treatments, crop rotation, sanitation, resistant cultivars, and cultural practices that m inimize 

periods o f  canopy wetness (18). Despite these measures, copper-based bactericides are regularly 

applied preventatively to suppress disease. Additionally, weeds and nonhost plants can be 

epidemiologically important sources o f  epiphytic xanthomonads, allowing for pathogen survival 

during periods without a suitable host (3). No studies have examined dry bean as an alternate 

host or reservoir for epiphytic onion strains o f  Xanthomonas.

5
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C H A P T E R  II 

PO L Y PH A SIC  C H A R A C T E R IZ A T IO N  O F  X A N TH O M O N A S STR A IN S F R O M  O N IO N

IN T R O D U C T IO N

A leaf blight o f  onion caused by Xanthomonas (Pammel) Dowson strains has appeared as a m ajor 

disease o f  onion since it was first described in Hawaii in 1978 (2). Disease symptoms are varied 

and include leaves with lenticular watersoaked lesions that elongate into chlorotic streaks, 

necrosis, tip dieback, and stunting o f plants that reduces bulb size. A bulb rot has never been 

reported and apparently does not occur, but yield losses o f  19% to 100% have been reported 

(26,29,36).

Since its original description by Alvarez et al. (2), the disease has been reported in Texas (14), 

Colorado (37), California (26), Barbados (29), South Africa (38), Reunion Island, France (33), 

and Georgia (35). Unreported epidemics o f  the disease have also been observed in Venezuela 

and Brazil (R. Gitaitis, personal communication). A similar disease caused by strains classified 

as X. striaformans was reported on onion in southern Colorado in 1953 (40), but differed in 8 o f 

18 physiological characteristics from the Xanthomonas sp. described by Alvarez et al. (2). A 

bacterial blight o f  W elsh onion {Allium fistulosum  L.) classified as X. campestris pv. allii has also 

been described in Japan (16), but its relationship to other strains causing disease on Allium cepa 

L. is unknown.
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The host range o f Xanthomonas isolated from onion remains uncertain. Strains from Barbados 

are reportedly pathogenic to leguminous hosts such as snap bean (.Phaseolus vulgaris L.), lima 

bean (Phaseolus lunatus L.), soybean [Glycine max (L.) Merr.], w inged bean [Psophocarpus 

tetragonolobus (L.) DC.], moth bean [Vigna aconitifolia (Jacq.) M arechal], and field pea (Pisum 

sativum L.) (27), as well as other Alliums including leek (A. ampeloprasum  var. porrum  L.), 

chives (A. schoenoprasum  L.), garlic (A. sativum L.), and shallot (A. cepa var. aggregatum) (8). 

Strains from Hawaii, however, induced a hypersensitive response in snap bean (2). X. 

campestris pv. allii are nonpathogenic to chive and Chinese chive (A. tuberosum Rottler) (16).

The diversity among strains o f  Xanthomonas strains causing disease on onion is unknown, as is 

their relationship to other species and pathovars o f  Xanthomonas. Therefore, this study was 

initiated to characterize a broad collection o f  onion Xanthomonas strains from multiple 

geographic locations over many years by a polyphasic approach. A prelim inary report o f  this 

work has been presented previously (12).

M A T E R IA L S AND M ET H O D S

B acteria l s tra in s , cu ltu re , and  DNA isolation. Forty-nine strains o f  Xanthomonas originally 

isolated from Allium cepa or Allium fistulosum  were obtained from California, Texas, Colorado, 

Georgia, Hawaii, Brazil, Venezuela, Barbados, South Africa, and Japan, including the type strain 

o f  X. campestris pv. allii (MAFF 311173) (Table 1). Spontaneous rifampicin and streptomycin 

mutants o f  onion Xanthomonas strain 0 1 7 7  (ATCC 508) and A. axonopodis pv. phaseoli strain 

B458, respectively, were generated as previously described (44) and are referred to as R -0177 

and AS-B458, respectively. All antibiotics were purchased from Sigma Chemical Co. (St. Louis, 

MO). Strain B458 was isolated from dry bean cultivar Bill Z in southwestern Colorado. Strain 

R -0177  and AS-B458 are resistant to greater than 200 pg/ml rifampicin or streptomycin,
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respectively, but selection routinely was performed on nutrient agar am ended with 50 pg/ml o f 

the appropriate antibiotic. Other strains were routinely cultured on nutrient agar or broth lacking 

antibiotic during incubation at 26°C, and bacterial strains were preserved in 15% nutrient glycerol 

broth at -80°C for long term storage.

Strains were cultured in 1.5 ml o f nutrient broth for 24 hours for DNA isolation procedures. The 

culture was adjusted to an optical density o f  0.1 at 600 nm in sterile 0.02 M potassium  phosphate 

buffer pH 7.2 (PB), and DNA was isolated using the CTAB (hexadecyltrimethylammonium 

bromide) m ethod (4). DNA was stored in Tris-EDTA buffer (TE, 10 mM Tris, 1 mM EDTA, pH 

8.0) at -20°C.

Pathogenicity  an d  host range. All strains were tested for pathogenicity on A. cepa (cv. 

Blanco Duro) in growth chamber assays. Pathogenicity on A.fistulosum  (cv. W hite W elsh) was 

confirmed with representative strains from nine geographical regions, including: 0 1 7 7 , Calon-1, 

TX-3, ATCC BAA 576, Xcu 01-1, MAFF 311173, A229-1, JV 594, and JX 727. Colonies o f  the 

strain to be tested were inoculated into 3 ml o f nutrient broth in 15 ml culture tubes, and were 

incubated at 26° C with vigorous shaking (250 oscillations/min) for 24 h. The cultures were 

adjusted to approximately 107 cfu/ml in sterile PB before spraying (Crown SpraTool, Aerovoe 

Industries, Inc., Gardnerville, NV) the foliage o f  six to eight week-old plants to runoff with the 

bacterial suspension. Control plants were inoculated with sterile PB. The plants were placed in a 

growth chamber and incubated for 7 days with a 28° C/24° C day/night tem perature regime, light 

intensity o f  350 p M s 'W 2, 100% relative humidity, and daily misting with tap w ater to runoff. At 

least four plants were inoculated with each strain. Plants were observed daily for symptom 

development, and the pathogen was isolated from characteristic lesions by grinding leaf sections 

in 1 ml o f  PB with a sterile mortar and pestle and streaking loopfuls o f  the hom ogenate onto 

nutrient agar. The pathogen was confirmed as Xanthomonas by carbon and nitrogen substrate
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utilization patterns on Biolog GN microplates (Biolog Inc., Hayward, CA) as previously 

described (43).

Pathogenicity on dry bean (cv. Sacramento light red kidney) was also evaluated by the spray 

inoculation method described for onion except plants were kept in the growth chamber for 14 

days. All plants were four to five weeks old when inoculated.

M ultiplication o f  the rifampicin resistant onion strain R -0177 and streptomycin resistant bean 

strain AS-B458 in inoculated dry bean, pepper (Capsicum annuum L., cv. Sweet California 

W onder), and onion were also quantified as previously described (27). Briefly, a single colony o f 

each pathogen was picked from a 72-hr nutrient agar plate and grown overnight in nutrient broth 

(26° C and 250 oscillations/min) to the mid-logarithmic phase. The culture was adjusted to 

approximately 108 cfu/ml spectrophotometrically (A600=0.12) with sterile PB, diluted to 104 

cfu/ml in sterile PB, and pressure infiltrated into the youngest, fully expanded bean and pepper 

leaflets o f  four to five week old plants with a sterile one ml syringe. Trace levels o f  nutrient broth 

(1 pi or less per 10 ml sterile PB) from the cultivation m edia were also introduced into the plant 

during inoculation, but were assumed to not contribute to bacterial replication in planta. Five 20- 

m m 2 leaf discs were im mediately removed (each from a different leaflet) with an ethanol 

sterilized cork-borer, and surface disinfested in 95% ethanol, followed by several rinses in sterile 

PB, before grinding individually in 100 pi o f  PB with a sterile m ortar and pestle. The 

hom ogenate was serially diluted in sterile PB and 100 pi droplets were plated in duplicate onto 

nutrient agar with the appropriate selection antibiotic. Plants serving as controls were infiltrated 

with sterile PB and the homogenate was plated onto nutrient agar. L eaf discs were removed daily 

for seven days to generate population growth curves.
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Populations in onion were determined as described by O ’Garro and Paulraj (27). Briefly, the 

youngest, fully extended leaves o f  8  week old onion plants (cv. Blanco Duro) were pinpricked 

seven times at 1 cm intervals with a 22 gauge needle bearing strain R -0177  or AS-B458 removed 

from 72-hour old nutrient agar culture plates. Each pinpricked leaf area was inoculated with a 

bacterial matrix approximately equal in size to the needle tip. L eaf sections (5 by 1 cm in length), 

each having an inoculated area, were removed every two days, surface disinfested in 95% 

ethanol, rinsed in sterile PB, and ground aseptically in 1 ml o f  sterile PB with a m ortar and pestle. 

Recoveries were done up to 14 days after inoculation to generate population growth curves. The 

homogenate was serially diluted and plated onto nutrient agar amended with 50 pg per ml o f the 

appropriate selection antibiotic. Colonies were enumerated after 72 hr o f  incubation at 26° C, 

and characteristic colonies were confirmed as strain R -0177  or AS-B458 by genomic 

fingerprinting with BOX primers as previously described (19). Pathogenicity o f  recovered onion 

Xanthomonas strain R -0177  and X. axonopodis pv . phaseoli strain AS-B458 on onion cv. Blanco 

Duro and dry bean cv. Sacramento light red kidney, respectively, was conducted as previously 

described.

C opper, zinc an d  strep tom ycin  resistance screening. The minimum inhibitory concentrations 

(MIC) o f  CUSO4 , ZnS 0 4  and streptomycin sulfate were determined using a modification o f  the 

broth microdilution test guidelines used from the National Committee for Clinical Laboratory 

Standards (25). Serial dilutions (1 :2) o f  each bactericide were made in nutrient broth in round- 

bottom 96-well plates to a final volume o f 100 pi per well. Each well was inoculated with 5 pi o f 

a 107 cfu/ml suspension o f  Xanthomonas from a 3 ml nutrient broth overnight culture. The MIC 

was considered the lowest concentration o f  each bactericide that com pletely inhibited visual 

growth after 24 hours. Xanthomonads are generally considered resistant to copper, zinc, or 

streptomycin i f  they are able to grow on artificial m edia amended with 1 0 0  to 2 0 0  pg/ml o f  a 

given bactericide (6,7,17,24,39). In this study, strains were considered resistant to C u S 0 4,
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ZnS 0 4 , or streptomycin sulfate if  the MIC was greater than 100 pg/ml. X. axonopodis pv. 

vesicatoria strains 81-23 and E3 (provided by J. Jones, Univ. o f  Florida) were included as copper 

and streptomycin resistant positive controls, respectively.

S u b stra te  u tiliza tion  an d  fa tty  acid m ethyl ester profiles. Substrate utilization and fatty acid 

methyl ester profiles were generated for all 49 onion Xanthomonas strains presented in Table 1 by 

M icrobe Inotech Laboratories, Inc. (St. Louis, MO) by standard procedures (42,43). Cultures 

were streaked onto trypticase soy broth agar at 26°C for 24 h before inoculating onto Biolog GN 

m icroplates according to Biolog protocols for Gram negative aerobic bacteria. The resulting 

metabolic fingerprints were read by an automated plate reader and com pared to version 4.1 o f  the 

Biolog database. Fatty acid compositions were determined by gas chromatographic analysis by 

standard methods and compared to the M icrobial Identification, Inc (M IDI, Newark, DE) Aerobe 

(v. 4.1) and Clinical Aerobe (v. 4.0) databases.

hrpB6 gene am plification  and  sequencing. A  portion o f  the highly conserved putative 

ATPase gene hrpB6 was amplified from extracted genomic DNA with the oligonucletoide 

primers RST2 (5 ’-AGG CCCTGGAAGGTGCCCTGGA-3’) and RST3 (5 ’- 

ATCGCACTGCGTACCGCGCGCGA-3’), which direct the amplification o f  an approximately 

840-bp fragment (11,18). DNA was extracted from 24 strains (noted in Table 1) as previously 

described; one to five representative strains from each geographic location were selected for the 

experiment. A polymerase chain reaction (PCR) product for this gene is expected from most 

phytopathogenic xanthomonads, but is not expected from nonpathogenic xanthom onads which 

lack the hrp gene cluster. DNA was amplified in reaction mixtures containing 12.5 pi o f 

Prom ega (M adison, WI) PCR M aster Mix, 1 pM o f  each primer, 100 ng o f  CTAB extracted 

DNA, and PCR-grade water to a total volume o f  25 pi. PCR amplification cycle conditions were 

as described by Leite et al. (18). Amplified DNAs were separated by electrophoresis in 1.0%
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agarose (Bio-Rad Laboratories, Hercules, CA) gels in Tris-acetate buffer (TAE, 40 mM Tris- 

acetate, Im M  EDTA, pH 8.2). Ethidium bromide (0.5 pg/ml) was added to each gel and the 

DNA fragments were visualized over a UV transilluminator (Fotodyne, Hartland, WI). The 

approximately 840-bp amplicon was gel purified (Qiagen M inElute gel extraction kit, Qiagen 

Inc., Valencia, CA) and sequenced (Davis Sequencing, Davis, CA). Sequence, alignment, 

calculation o f  similarity values, and cluster analysis were perform ed with M egAlign software 

(DNASTAR Inc., Madison, WI). The National Center for B iotechnology Information GenBank 

non-redundant database was searched for sequence similarity using the BLASTn algorithm (1).

16S and intergenic spacer region RFLP and sequencing. Polymerase chain reaction 

experiments were performed as previously described (22) to amplify the entire 16S and 16S-23S 

rDNA internally transcribed spacer region (ITS) or only the 16S-23S rDNA ITS region using the 

universal prim er pairs 27F (5 ,-AGAGTTTGATCCTGGCTCAG-3,)/FG PS-132(5’- 

CCGGGTTTCCCCATTCGG-3’) or G 1(5’-GAAGTCGTAACA A G G -3’)/L l(5 ’- 

CAAGG CATCCACCGT-3’), respectively. Oligonucleotide primers were synthesized by 

Integrated DNA Technologies (Coralville, IA). One to five representative strains from each 

geographic location were used in each experiment. A  10 pi aliquot o f  the resulting DNA 

fragment from the 16S and ITS region amplified by primers 27F and FGPS-132 was restricted 

with E’coRI or HaeIII as recommended by the m anufacturer (Promega Corp.) and separated by 

electrophoresis in 1.0% agarose (Bio-Rad Laboratories) gels, visualized, and photographed as 

previously described. The ITS amplicon was gel purified (Qiagen M inElute gel extraction kit, 

Qiagen Inc.) and sequenced (Davis Sequencing). Sequence alignment, calculation o f  similarity 

values, and cluster analysis were perform ed in M egAlign software. The National Center for 

Biotechnology Information GenBank non-redundant database was searched for sequence 

similarity using the BLASTn algorithm (1).
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rep-PCR genomic fingerprinting. Genomic fingerprints were determined for each strain as 

described by Louws et al. (19-21) using primers corresponding to prokaryotic enterobacterial 

repetitive intergenic consensus (ERIC) sequences, repetitive extragenic palindrom ic (REP) 

sequences, and the BOXA subunit o f  the BOX element. Stenotrophomonas maltophilia was 

included as a positive control. Additionally, 45 other strains o f  phytopathogenic xanthomonads 

representative o f  the DNA:DNA homology groups described by Vauterin et al. (41) were 

included to determine the relationship o f  onion strains o f  Xanthomonas to other species and 

pathovars o f  Xanthomonas. Seventeen o f  these strains are included in this report (Table 1).

Images were imported into GelCompar software (v. 4.1 Applied Maths, Kortrijk, Belgium), 

linearly combined, and similarity calculated using Pearson’s correlation coefficient applied to the 

entire densitometric curves o f  the gel tracks as previously described (30). Gels were standardized 

with an Invitrogen Corp. (Carlsbad, CA) lkb  DNA molecular weight ladder. Cluster analysis 

was perform ed using the unweighted pair group method with arithmetic averages clustering. All 

PCR reactions were repeated at least twice.

Statistical analysis. Analysis o f  in planta population growth was conducted in SAS v. 8.0 

(PROC M IXED, SAS Institute, Cary, NC) to generate means and standard errors o f  log 

transformed data. Factor analysis was conducted on merged Biolog and fatty acid profile data 

sets to generate 10 unique and uncorrelated factors (SAS PROC FACTOR, SAS Institute, Cary, 

NC) with orthogonal varimax rotation. These factors were subsequently used in logistic 

regression (PROC LOGISTIC) with stepwise selection to predict the region o f  origin o f  each 

strain. Cluster and principal component analysis o f  fatty acid com position content and substrate 

utilization profiles were conducted with M INITAB 13 (M initab Inc., State College, PA) using the 

unweighted pair-group method with arithmetic averages clustering. The percent color change in 

each Biolog GN2 M icroPlate well, compared to the water control, was used in cluster and
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principal com ponent analysis. Percent compositions o f  each fatty acid were used in the analysis 

o f  fatty acid profiles.

RESULTS

Pathogenicity and host range. All onion strains o f  Xanthomonas used in this study were 

pathogenic on onion except strains A1889, A1890, and TX-2b. Strain TX-2b was identified as X. 

campestris pv. carotae by rep-PCR, Biolog, and ITS sequence and produced typical bacterial leaf 

blight symptoms on carrot (Daucus carota L.). Characteristic lenticular shaped, water soaked 

lesions also developed on A. fistulosum  within 7 days following inoculation with representative 

strains from nine geographical regions. Disease symptoms were not observed with any onion 

strain o f  Xanthomonas on dry bean cultivar Sacramento, but typical common bacterial blight 

symptoms were observed on dry bean 5 days after inoculating with X. axonopodis pv. phaseoli 

strain AS-B458.

Populations o f  onion Xanthomonas strain R -0177 increased in planta in dry bean and onion, but 

not in pepper (Figure 1). Populations o f  X. axonopodis pv. phaseoli strain AS-B458 and onion 

Xanthomonas strain R -0177  increased in dry bean to greater than 108 cfu and 107cfu per 20 mm2 

leaf disk, respectively, 7 days after inoculation. Strain R -0177 increased to greater than 108 cfu 

per 1 cm leaf section in onion during the study time course. Populations o f  X. axonopodis pv. 

phaseoli decreased to less than 103 cfu per sample area in onion and pepper 7 days after 

inoculation (data not presented).

Copper, zinc and streptomycin resistance screening. Resistance to copper, zinc, or 

streptomycin was not observed among onion strains o f  Xanthomonas'. all were inhibited by 100
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pg/ml or less o f  copper sulfate, zinc sulfate, or streptomycin. All strains were highly sensitive to 

streptomycin and were inhibited by 1.6 pg/ml or less.

Substrate utilization and fatty acid methyl ester profiles. A diversity o f  substrate utilization 

and fatty acid methyl ester profiles were observed in onion strains o f  Xanthomonas. M ean Biolog 

and fatty acid profile similarity indices o f  the 49 onion Xanthomonas strains tested were 0.62 and

0.78, respectively, with the X. axonopodis profile. Corresponding distance coefficients for Biolog 

and fatty acid profiles were 4.428 and 2.581, respectively, compared to the A. axonopodis profile. 

The closest pathovar matches within the Biolog v. 4.1 database were X. axonopodis pv. 

dieffenbachiae (57%), X. axonopodis pv. begonia (16%), X. axonopodis pv. phaseoli (4%), and 

X. axonopodis pv. malvacearum  (4%). Nearly 12% o f the strains did not have a closest match 

and were simply identified as Xanthomonas axonopodis. The M IDI Aerobe (v. 4.1) and Clinical 

Aerobe (v. 4.0) fatty acid databases indicated onion strains o f  Xanthomonas were most closely 

related to A. arboricola pv. poinsettiicola (37%), A. axonopodis pv. dieffenbachiae (18%), and A. 

axonopodis pv. citrumelo (16%).

Biolog substrate utilization profiles revealed diversity in carbon and nitrogen utilization patterns 

by onion strains o f  Xanthomonas, but this diversity was not fully explained by geographic origin 

(Figure 2). Euclidean distances among strains were less than 13 with the exception o f  strains JV 

594 (Brazil), ATCC BAA 576 (South Africa), and A225-2 (Hawaii). Principal com ponent 

analysis did not reveal distinct clustering o f  strains (data not presented).

Onion strains o f Xanthomonas contained high proportions o f  15:0 ISO (26.91%) and 15:0 ISO 

20H/16:loo7c (18.87%) fatty acids. The 10:0, 10:0 2 0 H , 11:0 30H , 12:0, 13:0 ISO, 13:0 20H , 

17:1 co6c, 17:1 lOmethyl, and 17:0 ISO 3 0 H  fatty acids com prised less than 1.22% o f  the total 

fatty acid profile or were absent in all strains. Table 2 presents fatty acid com position profiles for
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five representative strains that characterize the diversity o f  fatty acid profiles in the 49 onion 

strains o f  Xanthomonas included in this study. Cluster analysis o f  fatty acid profiles revealed 

phenotypic diversity in onion strains o f  Xanthomonas that was partially explained by geographic 

origin (Figure 3). Euclidean distances among strains were generally less than 5, except for 6 

strains from Hawaii and strains 0 177 , TX-2b, Xcu 01-1, and F2:22, suggesting little diversity in 

fatty acid composition. Strains from California formed a distinct group that also included 

Georgia strain Xcu 200-2. Japanese strains formed two distinct but highly related subgroups 

(Euclidean distance less than 4), but other strains were not grouped solely by geographic origin. 

Strains A1889 and A1890, which were not pathogenic to onion, had a nearly identical fatty acid 

profile, but were dissim ilar from all other evaluated strains. Additionally, principal component 

analysis did not reveal distinct clustering o f  strains (data not presented). Several fatty acids were 

only occasionally recovered from strains or were present at low levels and m ay have obscured the 

variability among geographical regions, reducing the pow er o f  principal com ponent analysis to 

separate strains by geography. Fatty acid methyl ester profiles alone were not useful for 

determining geographic origin o f  all strains.

Factor analysis o f  combined Biolog substrate utilization and fatty acid profile data and 

subsequent logistic regression yielded a model with two factors (Factors 1 and 9) that correctly 

placed 69.3% into their geographical region; 23.5% were m isclassified and 7.2% were tied. The 

likelihood equations for each equation were com puted Z= p0 + 0.782(Factor 1) + 0.865(Factor 2), 

where Po is the cumulative logit intercept for each region given in Table 3. The probability o f 

group membership o f  a strain in a region (Z,) is described by p ( R , )  = ez'/(l + ez'), where e is the 

natural logarithm. The probability o f  group membership in Venezuela is given by p (R v e n e z u e ia )= l-  

P (R 'Icxas)
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hrp B6  gene amplification and sequencing. A single DNA fragment was amplified with all 

onion Xanthomonas strains examined in this study. Sequence similarity o f  97 to 98% was 

observed with onion Xanthomonas strains compared to the partial hrp gene sequence o f  X. 

axonopodis pv. vesicatoria accession U33548, which was previously deposited in GenBank (10). 

Cluster analysis revealed five distinct groups which generally grouped by geographical region o f 

origin (data not presented). Strains from Texas, South Africa, and Colorado did not group solely 

by geographical region o f  origin.

16S and internally transcribed spacer region RFLP and sequencing. All onion strains o f  

Xanthomonas analyzed contained a single 16S-23S internally transcribed spacer region. 

Sequencing o f  the PCR amplified ITS region yielded an approximately 600-bp amplicon with 

greater than 99% sequence similarity to the ITS region o f  A. axonopodis pv. citrumelo strain FI 

(accession AF442741), which was previously deposited in GenBank (9). All strains differed 

from X. axonopodis pv. citrumelo strain FI by 5 bp or less except for strains A299-1 (9-bp) and 

TX-2b (18-bp). The ITS sequence o f  strain TX-2b was 100% similar to accession AF279428 

from X. campestris pv. carotae (5). Onion strains o f Xanthomonas also appear to contain the 

transfer RNA (tRNA) genes tRNAAla and tRNAIIe.

Variability within the ITS region was limited among onion strains o f  Xanthomonas. Greater than 

98% sequence similarity was observed among strains evaluated, but strains from Japan, 

California, Brazil, Venezuela, Texas, Hawaii, and South Africa generally grouped by 

geographical region o f  origin in cluster analysis (data not presented). Strains from Colorado and 

Georgia did not group by region.

No polymorphisms were detected among onion strains o f  Xanthomonas evaluated when the entire 

16S + ITS region was amplified and subsequently restricted with EcoRI or HaeIII. However, X.
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axonopodis pv. phaseoli strain B458 did exhibit a polymorphic band, approxim ately 150-bp in 

size, compared to onion strains o f  Xanthomonas when restricted with HaelW (data not presented), 

suggesting onions strains o f  Xanthomonas are genetically distinct from X. axonopodis pv. allii.

rep-PCR genomic fingerprinting. Complex DNA fingerprints were generated from genomic 

DNA extracted from 49 onion Xanthomonas, 45 other Xanthomonas species and pathovars, and 

the Stenotrophomonas maltophilia positive control (Figure 4). Amplified DNA fragments ranged 

in size from approximately 200-bp to greater than 4-kb and revealed a high degree o f  genetic 

diversity among onion strains o f  Xanthomonas. DNA fingerprint sim ilarity among onion 

Xanthomonas strains ranged from greater than 98% to less than 50%. Onion Xanthomonas 

strains formed five distinct genotypes that were largely but not entirely explained by geographical 

origin. The majority o f  strains (30%) belonged to genotype 2, which all originated from Hawaii 

except for Colorado strain 0177 . Genotype 4 strains comprised 25% o f  the strains analyzed and 

represented strains originating from California, Georgia, Colorado, and Venezuela. Seven strains 

originally isolated from A . fistulosum  in Japan, including the type strain o f  A. campestris pv. allii, 

comprised genotype 4. Thirteen percent o f  the strains com prised the heterogeneous genotype 5 

and included strains from Brazil, South Africa, Barbados and Texas strain TX-2c. Genotype 1 

comprised three strains (6%) from Texas. TX-2b had a nearly identical DNA fingerprint as the X. 

campestris pv. carotae type strain, and produced typical bacterial leaf blight symptoms on carrot, 

but was not pathogenic to onion. Strains A1890, A1889, and A 9 1 -la  did not cluster with the five 

other onion Xanthomonas genotypes.

Eight rep-PCR DNA fragments were common to the five genotype groups o f  onion Xanthomonas 

strains (Figure 5) and appear to be signature bands o f  these strains. Strains pathogenic on onion 

share these DNA fragments, including X. campestris pv. allii strains, independent o f  geographical 

region o f  origin. All eight o f  these bands are present in the X. axonopodis pv. citrumelo type
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strain, but seven bands are also present in X. axonopodis pv. alfalfae and X. axonopodis pv. 

betlicola. The DNA fingerprint ofX.  axonopodis pv. citrumelo was nearly identical to Colorado 

strain 0 1 7 7  and grouped within the genotype 2 group (Figures 4 and 6). The X. axonopodis pv. 

betlicola type strain DNA fingerprint was also highly similar to genotype 2 strains. X. 

axonopodis pv. alfalfae grouped with genotype 4 strains from Japan, and X. axonopodis pv. 

vesicatoria grouped with the heterogeneous genotype 5 strains. The other pathovars o f  

Xanthomonas which grouped with onion Xanthomonas strains all belong to DNA homology 

group 9-2 (41), providing strong evidence that onion Xanthomonas strains also belong within 

DNA homology group 9-2.

DISCUSSION

In this paper we have described the phenotypic and genetic diversity among strains o f  

Xanthomonas causing Xanthomonas leaf blight o f  onion and the relationship o f  these strains to 

other described Xanthomonas pathovars and species. O f particular im portance is the relationship 

o f  onion Xanthomonas to the described pathovar X. campestris pv. allii. W e conclude the onion 

Xanthomonas strains examined in this study are pathovar X. campestris pv. allii based upon 

pathogenicity to onion, as well as phenotypic (carbon substrate utilization, fatty acid profiles) and 

genetic (hrpb6 gene sequence, 16S rDNA RFLP profile, ITS sequence, rep-PCR-m ediated DNA 

fingerprints) similarities. A pathovar is designated solely on the basis o f  distinctive pathogenicity 

to one or more plant hosts (10). The X. campestris pv. allii and onion Xanthomonas strains 

included in this study were indistinguishable based upon pathogenicity to A. cepa and A. 

fistulosum, and therefore satisfy the basic requirem ent for pathovar designation. DNA 

fingerprinting by rep-PCR demonstrated that although considerable genetic diversity is present 

within onion Xanthomonas, the strains included in this study clearly group w ith and belong to the 

described pathovar X. campestris pv. allii. No onion strains o f  Xanthomonas, including the type
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strain o f  X. campestris pv. allii, grouped with the A. campestris DNA hom ology group 15 strains. 

However, they all grouped within the X. axonopodis DNA homology group 9-2, indicating the 

correct species epithet should be X. axonopodis and not X. campestris. Therefore, we propose 

onion strains o f  Xanthomonas be classified as X. axonopodis pv. allii to correctly represent their 

genotypic and phylogenetic relationship to other X. axonopodis species within DNA homology 

group 9-2. Onion strains o f  Xanthomonas are hereafter referred to as X. axonopodis pv. allii.

The results o f  this polyphasic characterization and transfer o f  X. campestris pv. allii strains to X. 

axonopodis pv. allii are in agreement with similar research independently conducted by 

Rougmanac et al. (34).

Additionally, the high ITS sequence similarity and 16S RFLP profiles am ong strains suggest a 

close phylogenetic relationship exists within X. axonopodis pv. allii. The limited genetic 

diversity within the 16S rDNA region is consistent with other findings (13), and m ay limit utility 

o f  the ITS region for differentiating X. axonopodis pv. allii from other xanthom onads. However, 

the rDNA spacer region is useful for identifying other bacteria (15) and could provide 

presumptive identification o f  X. axonopodis pv. allii. Describing this relationship among these 

strains and between other Xanthomonas species and pathovars should clarify the taxonomic 

position o f  X. axonopodis pv. allii, and elucidation o f this relationship should aid in identification 

and future epidemiological studies o f  X. axonopodis pv. allii.

Pathogenicity on onion and multiplication in dry bean were clearly demonstrated, but the absence 

o f  disease symptoms on dry bean suggests most X. axonopodis pv. allii strains m ay be only 

weakly virulent on dry bean and perhaps other pulse crops. Alternatively, dry bean m ay be a 

nonsymptomatic host o f  some X. axonopodis pv. allii strains. Pathogenicity and/or virulence on 

alternate hosts (i.e., pulse crops) appears to be highly variable among populations o f  X. 

axonopodis pv. allii. In this study, bean common bacterial blight disease sym ptoms were absent
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with all X. axonopodis pv. allii strains evaluated, but the Barbados population is reportedly highly 

virulent on dry bean and other pulse crops (27). A lthough most X  axonopodis pv. allii strains 

appear weakly virulent, dry beans may serve as a reservoir o f  X  axonopodis pv. allii surviving as 

weak pathogens or epiphytically. Greenhouse and field studies are in progress to quantitate the 

survival o f  X  axonopodis pv. allii between onion crops on dry bean and other hosts.

Resistance to commonly applied bactericides did not appear within the collection o f  strains 

included in this study. This is consistent with Paulraj and O ’G arro’s (28) findings from Barbados. 

Resistance to copper, zinc, and streptomycin has been w idely reported in phytopathogenic 

bacteria (6,7,17,24,39), and insensitivity is often conferred by resistance genes located on self- 

transmissible plasmids (6,7,24,39). Xanthomonads are generally considered resistant to copper, 

zinc, or streptomycin i f  they are able to grow on artificial m edia amended with 100 to 200 pg/ml 

o f the bactericide, but resistance to streptomycin concentrations o f 800 pg/ml or greater have 

been reported (24). Growers in Colorado and other onion producing regions rely heavily on 

copper-based bactericides for disease suppression and resistance may emerge with continued use 

(36), underscoring the need for an integrated pest managem ent program  to manage Xanthomonas 

leaf blight. The MIC o f  zinc was equal to or less than copper for all X  axonopodis pv. allii 

included in this study (data not presented), and zinc m ay be an effective bactericide to manage X. 

axonopodis pv. allii and delay copper resistance development. However, the relationship 

between the M ICs determined in this study and sensitivity o f  bacterial cells under field conditions 

is unknown. Petri dish assays o f  bacterial sensitivity to copper, zinc, and streptomycin have been 

extensively used to detect bactericide resistance (6,7,17,24,39), and in vitro sensitivity appears to 

be a suitable proxy for sensitivity under field conditions (22). The efficacy o f  zinc sprays is 

currently under investigation in field trials.
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Fatty acid and substrate utilization profiling revealed significant intraspecific diversity. Cluster 

analysis revealed limited grouping o f  strains by geographical region o f  origin based upon cellular 

fatty acid composition and, to a lesser extent, Biolog M icroplate substrate utilization. However, 

the fatty acid and substrate utilization profiles were sufficiently variable am ong regions to allow 

for factor analysis and subsequent multiple logistic regression to generate a predictive model.

The multiple logistic regression model developed in this study could correctly classify 69% o f the 

strains included in this analysis into their geographical region o f  origin. Combining this model 

with rep-PCR-mediated DNA fingerprinting would provide a powerful tool for investigating 

dissemination o f  X. axonopodis pv. allii by seed transmission among onion production regions.

Identification o f  strains using the M IDI aerobe database and Biolog v. 4.1 database inconsistently 

identified strains. Fatty acid profiling identified the 49 strains o f  X. axonopodis pv. allii used in 

this study as 11 different Xanthomonas pathovars. Biolog identified the strains’ closest m atch as 

10 different pathovars. Users o f  these systems are encouraged to create a new profile for A. 

axonopodis pv. allii i f  fatty acids or Biolog substrate utilization are to be used for identification.

The conserved rep-PCR genomic fingerprints within geographic locations suggest that the 

population structure is largely clonal within production areas. The tight phylogenetic cluster 

formed within a given production region suggests X  axonopodis pv. allii was introduced into 

these production regions in one or a few events, perhaps on contaminated seed (3,33). The onion 

production regions considered in this study are sufficiently isolated that gene flow from other 

populations w ould be low and distinct clonal populations may have formed following genetic 

drift and selection o f  fit genotypes. The climates, cultivars, and production practices within the 

onion production regions considered in this study are different and m ay have selected for fitness 

and adapted genotypes unique for each region. However, the signature bands o f  X. axonopodis 

pv. allii pathogenic on onion are conserved among strains, and the recent evolution o f  X.
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axonopodis pv. allii was revealed by the identical rDNA RFLP profiles and high sequence 

similarity o f  the non-conserved ITS region.

The relationship between X. axonopodis pv. allii and X. axonopodis pv. alfalfae, X. axonopodis 

pv. betlicola, X. axonopodis pv. citrumelo, and X. axonopodis pv. vesicatoria and other DNA 

homology 9-2 strains remains unclear. Our study included a small subset o f  strains from each 

geographical region and few representative strains from other Xanthomonas species and 

pathovars. We are currently studying a larger collection o f  DNA hom ology group 9-2 strains to 

more fully describe the genetic and pathogenic relationships between these pathovars and X. 

axonopodis pv. allii.

The high level o f  genetic diversity within X. axonopodis pv. allii is in stark contrast to m any other 

DNA fingerprinting studies with Xanthomonas and other plant pathogenic bacteria (5,20,32). 

Louws et al. (19) found nearly identical rep-PCR DNA fingerprints within the subspecies o f 

Clavibacter michiganensis. Genetic similarity within subspecies was greater than 80%, but less 

than 40% between subspecies. The level o f  diversity within X. axonopodis pv. allii approaches 

that between Clavibacter subspecies. However, signature rep-PCR bands conserved within X. 

axonopodis pv. allii, identical rDNA RFLP profiles, and high ITS region sequence similarity do 

not suggest a polyphyletic population structure exists. Rademaker et al. (31) dem onstrated rep- 

PCR fingerprinting explains 81% o f  the variability in DNA:DNA hom ology and can be used to 

reflect true genotypic and phylogenetic relationships. X. axonopodis pv. allii rep-PCR 

fingerprints among strains were at least 40% similar, corresponding approxim ately to at least 70% 

DNA:DNA homology (31). Therefore, despite high levels o f  genetic diversity within the 

population, X. axonopodis pv. allii appears to constitute a single species. Genetic drift o f 

geographically isolated populations could account for the observed diversity am ong rep-PCR
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DNA fingerprints. Knowledge o f the population structure should aid in future epidemiological 

and ecological studies o f  X. axonopodis pv. allii.

Genetic diversity within X. axonopodis pv. allii m ay have important implications for resistance 

gene deployment and breeding. Host resistance to Xanthomonas leaf blight has only been 

reported in short day onion cultivars (27) and resistance appears to be associated with one or few 

genes. A  race structure m ay exist within X. axonopodis pv. allii that could account for the 

variability in pathogenicity and virulence on pulse crops and other Allium. Studies are currently 

underway to further characterize genes involved in X. axonopodis pv. allii pathogenicity on onion 

and the existence o f  a population race structure.
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Table II. 1. Xanthomonas and Stenotrophomonas strains used in this study.

Origin

Strain
Other strain 
designations Host Location Year Source8 ITSb RFLPb hrp  i

A l 18-2a
Allium cepa 
Allium cepa

Hawaii
Hawaii

1977
1977 A. Alvarez

A206-2a Allium cepa Hawaii 1977 A. Alvarez +
A206-2b Allium cepa Hawaii 1977 A. Alvarez + +
A206-5 Allium cepa Hawaii 1977 A. Alvarez
A225-2 Allium cepa Hawaii 1977 A. Alvarez
A227-2 Allium cepa Hawaii 1977 A. Alvarez
A229-1 Allium cepa Hawaii 1977 A. Alvarez + + +
A255-4 Allium cepa Hawaii 1977 A. Alvarez
A256-3 Allium cepa Hawaii 1977 A. Alvarez
A274-3 Allium cepa Hawaii 1977 A. Alvarez
A274-7a Allium cepa Hawaii 1977 A. Alvarez +
A551-3 Allium cepa Hawaii 1980 A. Alvarez
A554-3 Allium cepa Hawaii 1980 A. Alvarez
A579-7 Allium cepa Hawaii 1980 A. Alvarez
A 1889 Allium cepa Hawaii 1987 A. Alvarez
A 1890 Allium cepa Hawaii 1987 A. Alvarez
JV 594 CFBP 6362 Allium cepa Brazil 1987 0 . Pruvost + +
JV 595 CFBP 6363 Allium cepa Brazil 1987 0 . Pruvost + +
ATCC 504 0130 Allium cepa Colorado 1996 H. Schwartz + +
ATCC 505 0153 Allium cepa Colorado 1996 H. Schwartz +
ATCC 506 0154 Allium cepa Colorado 1996 H. Schwartz + + +
ATCC 507 0155 Allium cepa Colorado 1996 H. Schwartz + +
ATCC 508 0177 Allium cepa Colorado 1998 H. Schwartz + +
B458 Phaseolus Colorado 2000 H. Schwartz + + +

F2:22
vulgaris 
Allium cepa Barbados 1996 L. O’Garro + +

JX 721 CFBP 6387 Allium.cepa Venezuela 1997 0 . Pruvost +
JX 727 CFBP 6388 Allium cepa Venezuela 2001 O. Pruvost + +
TX-la Allium cepa Texas 1998 T. Isakeit
TX-2b Allium cepa Texas 1998 T. Isakeit + +
TX-2c Allium cepa Texas 1998 T. Isakeit
TX-3 Allium cepa Texas 1998 T. Isakeit + +
TX-10 Allium cepa Texas 1998 T. Isakeit + +
MAFF Allium Japan 1998 MAFF + +
311173
MAFF

Jistulosum
Allium Japan 1998 MAFF + +

311174
MAFF

Jistulosum
Allium Japan 1998 MAFF +

311175
MAFF

Jistulosum
Allium Japan 1998 MAFF +

311176
MAFF

Jistulosum
Allium Japan 1998 MAFF +

311177
MAFF

Jistulosum
Allium Japan 1998 MAFF +

311178
MAFF

Jistulosum
Allium Japan 1998 MAFF

311179
ATCC BD 142

Jistulosum 
Allium cepa South Africa 1999 ARC-PPRI + +

BAA 575
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ATCC 
BAA 576

BD 143 Allium cepa South Africa 1999 ARC-PPRI +

ATCC 
BAA 577

BD211 Allium cepa South Africa 1999 ARC-PPRI

Xcu 200-2 Allium cepa Georgia 2000 R. Gitaitis
Xcu 01-1 Allium cepa Georgia 2001 R. Gitaitis +
Xcu 01-2 Allium cepa Georgia 2001 R. Gitaitis +
Calandri-1 Allium cepa California 2002 R. Gilbertson +

Calandri-3 Allium cepa California 2002 R. Gilbertson
Calon-1 Allium cepa California 2002 R. Gilbertson +
Calon-5 Allium cepa California 2002 R. Gilbertson +
ATCC
10547

Dacus carota USA ATCC

ATCC
11633

Capsicum
annuum

USA ATCC

ATCC
11672

Xanthium
strumarium

India 1950 ATCC

ATCC
11765

Medicago
sativa

India ATCC

ATCC
13461

Holcus sp. Texas 1978 ATCC

ATCC
13637

Homo sapiens 1960 ATCC

ATCC
19047

Piper betle India 1964 ATCC

ATCC
19312

Axonopu
scoparius

Columbia ATCC

ATCC
19313

Corylus
maxima

Oregon ATCC

ATCC
29088

Lolium
multiflorium

Switzerland 1975 ATCC

ATCC
29091

Dactylis
glomerata

Switzerland 1975 ATCC

ATCC
33913

Brassica
oleracea

UK ATCC

ATCC
35937

Lycopersicon
lycopersicum

New Zealand ATCC

ATCC
49079

Raphunus
sativus

USA ATCC

ATCC
49083

Juglans regia New Zealand ATCC

ATCC
49119

Phaseolus
vulgaris

USA 1989 ATCC

ATCC
49120

Citrus sp. Florida 1989 ATCC

a Source: H. Schwartz, Department o f  Bioagricultural Sciences and Pest M anagement, Colorado 
State University, Fort Collins, CO; R. Gilbertson, Department o f  Plant Pathology, University o f 
California, Davis, CA; T. Isakeit, Department o f  Plant Pathology and M icrobiology, Texas A&M 
University, College Station, TX; M AFF=M inistry o f  Agriculture, Forestry, and Fisheries o f 
Japan, Okinawa; ATCC=American Type Culture Collection, M anassas, VA; L. O ’Garro, 
Department o f  Biology, University o f  the W est Indies, Bridgetown, Barbados; A. Alvarez, 
Department o f  Plant Pathology, University o f Hawaii, Honolulu, HI; R. Gitaitis, Departm ent o f 
Plant Pathology, University o f  Georgia, Tifton, GA; ARC-PPRI= Agricultural Research Council- 
Plant Protection Research Institute, Pretoria, South Africa; O. Pruvost, Centre de Cooperation 
Internationale en Recherche Agronomique pour le Developement, Reunion Island, France.

b + Indicates strain was used for this analysis; ... Indicates strain was not used for this analysis
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Table II. 2. Cellular fatty acid composition o f  five representative onion strains o f  Xanthomonas 
from different geographical regions and belonging to five rep-PCR genotype groups.
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y Fatty acid com position data for five o f  the 49 onion Xanthomonas strains analyzed are presented 
that represented the diversity o f  fatty acid profiles observed among strains pathogenic to onion.

z Sum F3=sum med feature 3 representing 16:lco7c and 15 ISO 2 0 H  fatty acids. Fatty acids 10:0 
2 0 H , 12:0, 17:1 co6c, and 17:1 lOmethyl were occasionally detected in some strains, but 
comprised less than 1% o f  the total fatty acid profile. The representative strains presented here 
lacked these four fatty acids and are not presented.
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Table II. 3. M aximum likelihood estimates o f fatty acid methyl ester and substrate utilization 
profile multiple logistic regression used to predict geographic region o f  origin o f  onion strains o f 
Xanthomonas.

Maximum Likelihood Estimates

Parameter" DFX Estimatey
Standard
Error W ald x2 P r> X 2z

Intercept Barbados 1 -4.662 1.08 18.48 <0.0001

Intercept Brazil 1 -3.529 0.68 26.56 <.00001

Intercept California 1 -2.495 0.49 26.44 <0.0001

Intercept Colorado 1 -1.670 0.39 18.56 <0.0001

Intercept Georgia 1 -1.260 0.35 12.68 0.0004

Intercept Hawaii 1 0.916 0.33 7.81 0.0052

Intercept Japan 1 1.704 0.38 19.71 <0.0001

Intercept South Africa 1 2.166 0.43 24.97 <0.0001

Intercept Texas 1 3.641 0.72 25.77 <0.0001

Factor 1 1 0.782 0.27 8.38 0.0038

Factor 9 1 0.865 0.27 9.91 0.0016

"E ach  equation is given by Z= p0 + 0.782(Factor 1) + 0.865(Factor 2), where p0 is the cumulative 
logit intercept for each region; where Intercept Barbados=-4.662 and Intercept Brazil (Barbados + 
B razil)=-3.529....and Intercept Texas=(Barbados + B razil.... +Texas) =3.641. The probability o f  
group membership o f  a strain in a region (Zi) is described by p ( R j)  = ez'/( l + ez'), where e is the 
natural logarithm and the p ( R Venezueia)=  1 -p (R ie x a s ) -

x Degrees o f  freedom 

y Intercept estimate= po

z Probability o f  obtaining a greater y2 statistic than that observed if  the null hypothesis is true.
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F igure  II. 1. In planta population dynamics o f  onion Xanthomonas strain R -0177  and X. 
axonopodis pv. phaseoli strain AS-B458 in dry bean, onion, and pepper. Populations o f 
Xanthomonas strain R -0177  in onion were enumerated every 2 days for 14 days, but are scaled to 
7 days for comparison. X. axonopodis pv. phaseoli strain AS-B458 decreased to less than 103 
CFU per leaf disk or section 7 days after inoculation in pepper and onion, respectively (data not 
shown). Data are mean o f  five replications repeated twice (n=10) ±  standard error or mean. 
X=Xanthomonas; Xap=Xanthomonas axonopodis pv. phaseoli
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Figure II. 2. Relationships among 49 onion Xanthomonas strains isolated from various 
geographical regions based upon Biolog GN M icroplate (Biolog Inc., Hayward, CA) substrate 
utilization patterns. The type strain o f Xanthomonas campestris pv. allii M AFF 311173 is noted 
in bold.

A229-1
A579-7
ATCC BAA 575
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Figure II. 3. Relationships among 49 onion Xanthomonas strains isolated from various 
geographical regions based upon fatty acid composition. The type strain o f  Xanthomonas 
campestris pv. allii MAFF 311173 is noted in bold.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DNA
20 40 60 so ioo B O X  ERIC REP homology

P a t h o v a r S t r a i n  g r o u p

1 1 l l. ' l  X a x p ha s e o l i 49119 9
1 ! 1 1 1 1 X ax phaseol i B458 9
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II 1 1 1 l l  |i 1 .i ' I  X ax T X - l a .
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1 > 1 l X  ax 0 1 5 4 .
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l 1 i 1 1 1 1 X ax M A F F  3 1 1 1 7 3 .
I 1 ■' > 1 1 1 X ax M AF F  3 1 1174 _

1 H I I 1 I 1 X ax MAF F  311179 _
' 1 H i >11 1 X ax M AF F  311175 .
|t 1 i i i 1 1 * i l l  X  ax M AF F  311176 _

i ii 1 I I P m | X ax M AF F  311177 .
ISI « i l i l l m | X ax M AF F  311178 .

( 1 i i 1 1 i I I I  X  ax alfalfac 11765 9
ii i I i  i X ax F2:22 _

II i i i I 1 X ax TX-2c _

1 i l i i n  X  ax vesicatoria 11633 9
It i 1 i i  X  ax JV 594 .
ll t i M i l  X ax JV 595 .
ll i 1 1 i I i X ax BAA 577 .

1 u t 1 1 M M  X ax BAA 575 _
1 i 1 1 • i i i  X ax BAA 576
<41 > i i I I I ' i 1 X vasicola holcicola 13461 10

1 i 1 < i Ii X TX-2b _

1 i a | in I X campest r i s  carotae 10547 4
1 i i i 1 I X arborieola juglandis 49083 4

1 i i l l  X arborieola coryl ina 19313 4
1 i i 1 X campest r i s  campest r i s 33913 15

i i i 1 X campest r i s  raphani 49079 15
1 i 1 X tranlucens graminis 29088 16

i li t n i i X transluccns graminis 29091 16
1 i i i i n  X campest r i s  vesicatoria 35937 14

1 i i 1 I S maltophi ia 13637 21
| ! 1 X campest r i s  badrii 11672 8

1 1 1 i ............  X A 1890 _

II 1 I ' i M  . | |  X A 1889 -
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F igure  II. 4. Similarity among rep-PCR-mediated DNA fingerprints o f  onion Xanthomonas 
strains from various geographical areas and between other species and pathovars o f 
Xanthomonas. DNA fingerprints were generated using primers corresponding to prokaryotic 
enterobacterial repetitive intergenic consensus (ERIC) sequences, repetitive extragenic 
palindromic (REP) sequences, and the BOXA subunit o f  the BOX element (BOX); and analyzed 
using the product-mom ent correlation coefficient (r). DNA homology groups correspond to those 
reported by Rademaker et al. (31). The type strain o f Xanthomonas campestris pv. allii MAFF 
311173 is noted in bold. Genotype groups 1 to 5 are noted with brackets. X=Xanthomonas, X 
ax=Xanthomonas axonopodis, S maitophilia=Stenotrophomonas maltophilia, - = not known
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Figure II. 5. Diversity o f  rep-PCR DNA fingerprints among onion Xanthomonas strains isolated 
from various geographical regions and representing different genotype groups. Arrows indicate 
DNA bands that are conserved across all strains pathogenic on onion. The scale indicates the 
product-mom ent correlation coefficient (r). Strain M AFF 311173 is the type strain o f  X. 
campestris pv. allii. M AFF=M inistry o f Agriculture, Forestry, and Fisheries GENE BANK 
accession.
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F igure  II. 6. rep-PCR DNA fingerprint profile matches o f  onion Xanthomonas strains and other 
Xanthomonas pathovars within DNA homology group 9-2. X  ax=Xanthomonas axonopodis
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C H A P T E R  III

EPIPHYTIC SURVIVAL OF XANTHOM ONAS AXONOPODIS PV. ALLII AND X. 

AXONOPODIS PV. PHASEOLI ON LEGUM INOUS HOSTS AND ONION

INTRODUCTION

Xanthomonas leaf blight o f  onion (Allium cepa), caused by Xanthomonas axonopodis pv. allii, is 

a yield limiting disease in Colorado (32,33) and several tropical, subtropical, and semi-arid onion 

producing regions o f  the world (1,12,14,21,25,26,28,34). Disease symptoms are varied, but 

include leaves with lenticular water-soaked lesions that elongate into chlorotic streaks, necrosis, 

tip dieback, and stunting o f plants that reduces bulb size. A  bulb rot has never been reported, but 

yield losses o f  19% to 100% have been reported (32,34).

The host range o f  A. axonopodis pv. allii appears limited to onion and a few Allium  species

(1,6,10,14,27), although some strains are reportedly pathogenic to leguminous hosts such as snap 

bean (Phaseolus vulgaris), lima bean (Phaseolus lunatus), soybean (Glycine max), w inged bean 

(Psophocarpus tetragonolobus), moth bean ( Vigna aconitifolia), and field pea (Pisum sativum) 

(22). Gent et al. (10) reported that A. axonopodis pv. allii did not induce com m on bacterial 

blight symptoms on dry bean, but the pathogen multiplied in planta to greater than 107 CFU per 

20 mm2 leaf disk under experimental conditions.

Onion is frequently rotated with leguminous hosts such as dry bean and soybean in the Colorado 

because few pests in this region are known to attack both onion and these crops, and production
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practices tend to be compatible (30). Although X. axonopodis pv. allii is capable o f  in planta 

multiplication in dry bean under high humidity and temperature growth cham ber conditions, it is 

unknown if  the bacterium  is capable o f  pathogenic or epiphytic survival on leguminous hosts 

under field conditions in Colorado. Similarly, X. axonopodis pv. phaseoli m ay be capable o f 

epiphytic survival on onion, but no studies have evaluated this under field conditions. Close 

rotation o f  onion and leguminous hosts (such as dry bean) m ay allow X. axonopodis pv. allii 

and/or X. axonopodis pv. phaseoli to survive asymptomatically in onion and legume cropping 

systems, negating the effects o f  crop rotation. Therefore, this study was initiated to determine if  

X. axonopodis pv. allii and X. axonopodis pv. phaseoli are capable o f  epiphytical survival on both 

leguminous hosts and onion.

M ATERIALS AND M ETHODS

Bacterial strains and culture. A rifampicin mutant o f  X. axonopodis pv. allii strain 01 7 7  

(ATCC 508) was generated as previously described (36), and is referred to as R -0177. Strain R- 

0 1 7 7  is resistant to greater than 200 pg/ml rifampicin, but selection routinely was performed on 

nutrient agar amended with 50 pg/ml o f  rifampicin. Other strains o f  X  axonopodis pv. allii and 

X. axonopodis pv. phaseoli were routinely cultured on nutrient agar or broth lacking antibiotic 

during incubation at 29°C. Bacterial strains were preserved in 15% nutrient glycerol broth at - 

80°C for long-term storage.

Pathogenicity and host range. All presumptive X. axonopodis isolates recovered from dry 

bean and onion were tested for pathogenicity to onion (cv. Vantage) and dry bean (cv.

Sacramento light red kidney) in growth chamber assays. The youngest, fully extended leaves o f 

8-week old onion plants were pin-pricked three times at 2.5 cm intervals with a 22 gauge needle 

bearing a bacterial matrix o f  a given isolate removed from a 72-hour old nutrient agar culture
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plate. Each pin-pricked leaf area was inoculated with a bacterial matrix approxim ately equal in 

size to the needle tip. Plants serving as negative controls were pin-pricked with a sterile needle. 

Pathogenicity to dry bean (cv. Sacramento light red kidney) was evaluated by spray inoculation. 

A  colony o f  the isolate to be tested was transferred to 3 ml o f  nutrient broth in a 15 ml culture 

tube, and was incubated at 26°C with vigorous shaking (250 oscillations/min) for 24 h. The 

bacterial cells were collected by centrifugation before adjusting to approxim ately 107 CFU/ml in 

sterile m agnesium  phosphate buffer (0.01 M magnesium sulfate and 0 .0 1M potassium  phosphate 

pH 7.2). Three- to four-week old dry bean plants were sprayed (Crown SpraTool, Aerovoe 

Industries, Inc., Gardnerville, NV) to runoff with the bacterial suspension. At least three plants 

were inoculated with each isolate. Control plants were inoculated with sterile buffer.

The plants were placed in a growth chamber and incubated for 14 days with a 28°C/24°C 

day/night temperature regime, light intensity o f 350 p M s 'm '2, 100% relative humidity, and daily 

misting with tap water to runoff. Plants were observed daily for symptom development.

Growth cham ber epiphytic population assays. Epiphytic developm ent o f  strain R -0177  was 

monitored on several leguminous hosts and onion in growth chamber assays. Plants o f  soybean 

(cv. S40C1), lentil (Lens culinaris cv. Brewer), chickpea (Cicer arietinum cv. Sanford), dry bean 

(cv. Sacramento Light Red Kidney), alfalfa (Medicago sativa, cv. Haygrazer) or onion (cv. 

Cometa) were grown under greenhouse conditions (approximately 24°C/20°C day/night 

temperature regime and 14-hour photoperiod, with approximately 2-h o f  supplemental 

incandescent lighting) until they were three- to four- (soybean, lentil, chickpea, dry bean, and 

alfalfa) or six- to eight (onion) weeks old. Three plants o f  each species were seeded individually 

in M etroM ix 200 potting soil (Grace Sierra Horticultural Products Com pany, M ilpitas, CA) in 1 1 

pots.
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Twenty pots o f  each plant species were inoculated by spraying to runoff with a 105 CFU/ml 

bacterial suspension using a Crown Spratool. Inoculum o f  strain R -0177 was cultured by 

inoculating 3 ml o f  nutrient broth in 15 ml culture tubes, and incubating at 26°C with vigorous 

shaking (250 oscillations/min) for 24 h. The bacterial cells were collected by centrifugation 

before adjusting to approximately 105 CFU/ml in sterile magnesium phosphate buffer. After 

inoculation, plants were allowed to air dry and then sampled immediately by rem oving all 

aboveground plant material from four pots o f each plant species and placing it individually into 

plastic bags. Another set o f  four pots o f  each plant species was destructively sampled each day 

for four days. An experimental unit consisted o f  one pot o f  a given plant species that contained 

three plants destructively sampled each day. Plants were placed in a growth cham ber and 

incubated at 28°C/24°C day/night temperature regime, light intensity o f  350 pM s''m '2, 100% 

relative humidity, and daily misting with tap water to runoff.

Harvested plant samples were weighed and placed into sterile 250 ml flasks containing 100 ml o f  

m agnesium sulfate-potassium phosphate buffer, and shaken at 250 oscillations/m in for 60 min at 

room  temperature (approximately 22°C). Aliquots (100 pi) were diluted in 10-fold serial 

dilutions in sterile magnesium phosphate buffer before plating in duplicate onto nutrient agar 

amended with 50 pg/ml rifampicin and cycloheximide. Characteristic X. axonopodis pv. allii 

colonies were enumerated after 72 h o f  incubation at 26°C, and a subset o f  rifampicin-resistant 

colonies were confirmed as X. axonopodis pv. allii by standard physiological and biochemical 

tests (29), including Gram stain reaction, pigmentation on yeast dextrose carbonate medium, 

fluorescence on K ing’s medium B, indole test, growth on 0.1% tetrazolium  chloride, oxidase test, 

starch hydrolysis, oxidative utilization o f glucose, catalase test, production o f  H2S from cysteine, 

presence o f  arginine dihydrolase, and casein hydrolysis test. The experim ent was repeated twice 

over time.
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Inoculated field epiphytic population studies. Field studies were established at the 

Agricultural Research, Development, and Education Center near Fort Collins, CO to determine if  

X. axonopodis pv. allii is capable o f  surviving epiphytically on leguminous hosts under field 

conditions. Soybean (cv. S40C1), lentil (cv. Brewer), chickpea (cv. Sanford), dry bean (cv. 

Sacramento light red kidney), and onion (cv. Vantage) were planted into plots from April to early 

June (depending on the plant species) in 2003 and 2004. Plants were established from seed 

planted approxim ately 0.1 m apart in beds on 0.76 m centers. Each bed contained two rows o f 

each crop spaced 0 .1 5 m  apart. The field was furrow irrigated once to twice weekly and did not 

receive any fertilizer. A plot consisted o f  four contiguous 0.76 m-wide beds 7.6 m  in length o f 

each plant species. Each plot was replicated four times in a randomized com plete block design.

The center two rows o f  each plot were inoculated to runoff with 106 CFU/ml strain R -0177  

amended with 0.1% Silwet L-77 (Loveland Industries, Greeley, CO) using a C 0 2-pressurized 

backpack sprayer on 25 July, 2003 (206 day o f  year) and 23 July, 2004 (205 day o f  year). 

Inoculum was prepared by harvesting cells o f  strain R -0177  from 72-h old rifampicin-am ended 

nutrient agar plates grown at 29°C. The culture was adjusted spectrophotom etically to 108 

CFU/ml (OD6oo=0.12) and then diluted 100-fold in sterile m agnesium  phosphate buffer.

Approxim ately 20 to 40 grams o f  asymptomatic leaf material were arbitrarily collected from each 

plot every 4 to 8 days after inoculation, placed into resealable plastic bags, and prom ptly 

transported to the laboratory on ice for epiphyte enumeration. Five to 10 grams o f  this bulked 

leaf sample was weighed and used in epiphyte enumeration assays as described previously, 

except leaf rinsates were plated in duplicate using a spiral-plating system (Autoplate 4000, Spiral 

Biotech, Inc., Norwood, MA). Representative colonies were confirmed as X. axonopodis pv. allii 

by physiological and biochemical tests, and pathogenicity on onion as described previously.
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Recovery o f epiphytic X. axonopodis pv. allii and X. axonopodis pv. phaseoli from  

com mercially-produced onion and dry bean. Epiphytic xanthomonad populations were 

recovered and enumerated from commercial dry bean and onion fields in northern Colorado to 

determine if  X. axonopodis pv. allii and X. axonopodis pv. phaseoli can survive asymptomatically 

on dry bean and onion, respectively. Field locations and production practices are summarized in 

Table 1. Fourteen dry bean and onion fields were monitored in 2003, w hich consisted o f  three 

onion fields planted to a non-host (winter wheat) o f  X. axonopodis pv. allii orX . axonopodis pv. 

phaseoli in 2002, five dry bean fields planted to dry bean in 2002, four onion fields planted to dry 

bean in 2002, and two dry bean fields planted to wheat in 2002. Epiphytic xanthomonad 

populations were m onitored in twenty fields in 2004, which included six onion fields planted to a 

non-host in 2003 (field com, sugar beet, or w inter wheat), nine onion fields planted to dry bean in 

2003, and five dry bean fields planted to a non-host (winter wheat or field com ) in 2003.

Approxim ately 20 to 40 grams o f  leaf material was collected from each field every 18 to 26 days 

by walking in a W  pattern and arbitrarily collecting the youngest fully-extended leaves from 10 to 

20 asymptomatic plants. The leaves were placed into resealable plastic bags, and promptly 

transported to the laboratory on ice for epiphyte enumeration. Four bulked samples (each 5 to 10 

grams) from each field were used in epiphyte enumeration assays as described previously, except 

leaf rinsates were plated in duplicate using a spiral-plating system (Autoplate 4000, Spiral 

Biotech, Inc., Norwood, MA) onto modified M XP medium (9) containing 50 pg/m l kasugamycin, 

50 pg/ml cephalexin, and 50 pg/ml cycloheximide to reduce growth o f  other bacteria and fungi. 

Plates were incubated in the dark at 29°C for 96 h before counting characteristic xanthom onad 

colonies surrounded by a zone o f  starch hydrolysis. Representative xanthom onad colonies were 

picked from plates and confirmed as X. axonopodis pv. allii or X. axonopodis pv. phaseoli by 

physiological and biochemical tests, Biolog substrate utilization profiles, and pathogenicity to 

onion or dry bean.
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Statistical analysis. Growth chamber assays were organized as a com pletely randomized 

design with four replications. All bacterial population data were log transform ed to achieve 

independently and normally distributed experimental errors with a com m on variance. Statistical 

analysis was perform ed using the PROC M IXED model in SAS v. 9.1 (SAS Institute, Cary, NC). 

Inoculated field studies were arranged as a randomized complete block design with four 

replications. Data were analyzed using PROC MIXED, where block and year were considered 

random and crop treatments fixed effects. Epiphytic xanthomonad populations m onitored over 

time in commercial onion and dry bean fields were analyzed by repeated measures analysis with 

unequal spacing over time using PROC MIXED. The experiment was arranged as a completely 

randomized design, where an entire field following the same crop rotation pattern was considered 

an experimental unit.

RESULTS

Growth cham ber epiphytic population assays. Epiphtyic populations o f  X. axonopodis pv. 

allii strain R -0177  increased on all hosts evaluated in warm, humid conditions favorable to the 

pathogen (Figure III. 1). Host and sample date affected the culturable epiphytic populations (P- 

value<0.0001). Epiphytic populations (CFU/g fresh weight) four days after inoculation were 1.67 

x 104, 3.03 x 105, 4.32 x 105, 5.5 x 105, 7.90 x 105, and 2.17 x 106 for chickpea, lentil, soybean, 

dry bean, alfalfa, and onion, respectively. Small water-soaked lesions were apparent on onion 4 

days after inoculation, but water-soaked lesions and other typical bacterial disease symptoms 

were absent on all other hosts. Epiphytic populations increased 3.05 logarithmic units/g fresh 

weight o f  plant tissue on onion over the time course o f  the experiment, which was at least 1.0 

logarithmic unit greater than the leguminous plants evaluated; suggesting onion is a more suitable 

epiphytic host o f  X. axonopodis pv. allii than the leguminous plants studied in this experiment.
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Epiphytic populations increased only 0.79 and 0.83 logarithmic units/g fresh weight tissue on 

soybean and chickpea, respectively, despite favorable temperatures and high relative humidity.

Inoculated field epiphytic population studies. Inoculated field experiments were established 

to determine if  X. axonopodis pv. allii is capable o f  epiphytic survival under uncontrolled and 

variable weather conditions. Crop species and sampling date were significant in the mixed model 

(P-value=0.029 and <0.0001, respectively) where replication and year were considered random 

factors. Although plots were uniformly inoculated with 106 CFU/ml o f  X. axonopodis pv. allii 

strain R -0177 , culturable epiphytic populations 33 days after inoculation varied among crop 

species. Epiphytic populations decreased at least 0.8 logarithmic units/g fresh weight on leaves 

o f  leguminous hosts and increased 2.72 logarithmic units/g fresh weight on onion leaves (Figure 

III.2). X. axonopodis pv. allii populations on onion increased on six o f  seven sampling dates, 

and 3.21 x 107 CFU/g fresh weight o f  leaves were recovered on the last sampling date. No 

epiphytic bacteria were recovered from leaf rinsates o f  chickpea or soybean, and less than 10 

CFU/g fresh weight were recovered from dry bean leaves on the last sampling date. Small 

epiphytic populations were recovered from lentil on six o f  seven sampling dates throughout the 

season, and 8.29 x 102 CFU/g fresh weight o f  leaves were recovered on the last sampling date.

In 2004, epiphytic populations o f  X. axonopodis pv. allii again decreased on all crops except 

onion (Figure III.3). Fifty-three days after inoculation, epiphytic populations varied from 

undetectable (chickpea and soybean) to greater than 2.10 x 105 CFU/g fresh w eight o f  leaves 

(onion). Final season bacterial populations on dry bean and lentil did not differ from those on the 

first sampling date, suggesting dry bean and lentil allowed the bacterium  to persist but not 

multiply. X. axonopodis pv. allii populations on onion were greater on all sampling dates than 

those on the first sampling date, but varied from 2.10 x 105to 3.66 x 107 CFU/g fresh weight o f  

leaves am ong sampling dates.
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Recovery o f epiphytic X. axonopodis pv. allii and X. axonopodis pv. phaseoli from  

com mercially-produced onion and dry bean. Fourteen commercial dry bean and onion fields 

under different cropping systems were monitored for naturally-occurring epiphytic xanthomonad 

populations in 2003. Epiphytic X. axonopodis pv. phaseoli was recovered on at least one 

sampling date from five o f  five (100%) dry bean fields preceded by dry bean, two o f  two (100%) 

dry bean fields preceded by winter wheat, and four o f  four onion (100%) fields preceded by dry 

bean in 2002. X. axonopodis pv. phaseoli was not recovered from the three onion fields preceded 

by winter wheat in 2002. X. axonopodis pv. allii was not recovered from any field sampled.

Among fields sampled in 2003, A. axonopodis pv. phaseoli populations ranged from 0 to 1.23 x 

105 CFU/ g leaf tissue on dry bean preceded by dry bean, 0 to 3.16 x 102 CFU/g leaf tissue on dry 

bean preceded by winter wheat, and 0 to 2.1 x lO’/g leaf tissue on onion preceded by dry bean the 

previous season. Sampling date was not significant in the mixed model (Table III. 2). Epiphytic 

X. axonopodis pv. phaseoli populations were greatest in dry bean fields preceded by dry bean or 

w inter wheat in 2002, but X. axonopodis pv. phaseoli populations did not differ am ong dry bean 

preceded by winter wheat and onion preceded by dry bean (Figure III. 4) Least square means 

estimates, significance, and confidence limits for culturable epiphytic xanthom onad populations 

in relation to crop rotation are presented in Table III. 3.

In 2004, 20 commercial dry bean and onion fields following different crop rotations were 

monitored for naturally-occurring xanthomonad populations. Epiphytic X. axonopodis pv. 

phaseoli was recovered on at least one sampling date from seven o f nine (78%) onion fields 

planted to dry bean the previous season, and culturable xanthomonad populations ranged from 0 

to 9.51 x 103 CFU/g o f  leaves among fields and sampling dates. X. axonopodis pv. phaseoli was 

not recovered from onion fields preceded by a nonhost (field com, sugar beet, or w inter wheat) or
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dry bean fields preceded by a nonhost (field com  or winter wheat) the previous season (Figure III. 

5). X. axonopodis pv. allii was not recovered during 2004.

Epiphytic xanthomonad populations on dry bean and onion varied am ong years. Epiphytic 

xanthomonad populations on onion preceded by dry bean were not different significantly from 

those on onion preceded by winter wheat in the first year o f  this study, but were greater in 2004 

(Table III.3). In 2003, epiphytic populations on dry bean preceded by winter wheat were greater 

than 0 (a  level=0.1), but were not different from 0 values in 2004.

DISCUSSION

Common bacterial blight o f  dry bean and Xanthomonas leaf blight o f  onion are endemic in some 

Colorado dry bean and onion production regions. Onion and dry bean are often grown in rotation 

with one another in the central High Plains production regions because few pests are known to 

attack both crops, and production practices for each crop are generally com patible (30).

Epiphytic survival o f  X. axonopodis pv. phaseoli and X. axonopodis pv. allii on onion and dry 

bean, respectively, may necessitate a change in current disease managem ent tactics. Strains o f  X. 

axonopodis pv. allii currently present in the U.S. do not incite common bacterial blight on 

leguminous crops (1,10,27), and X. axonopodis pv. phaseoli does not attack onion (10), but 

asymptomatic survival o f  these pathogens in the phyllosphere o f  onion and other rotational crops 

could complicate the effectiveness o f disease m anagement strategies.

In this study, we demonstrated X. axonopodis pv. allii is capable o f  epiphytic m ultiplication and 

survival under growth chamber and field conditions on several leguminous crops commonly 

grown in rotation with onion. X. axonopodis pv. allii achieved populations that were at least 10- 

fold greater on onion than on leguminous hosts in growth chamber studies, suggesting the
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bacterium  is more adapted to the onion phyllosphere than those o f  leguminous nonhosts. 

Epiphytic populations varied among these nonhosts, but still increased on all plants evaluated.

Survival o f  X. axonopodis pv. allii on several leguminous hosts under high hum idity growth 

chamber conditions is not surprising. Under greenhouse conditions, X. axonopodis pv. phaseoli 

is capable o f  colonizing m any diverse plants, including com , beet, Chenopodium album (common 

lambsquarter), Amaranthus retroflexus (redroot pigweed), and Echinochloa crus-galli (barnyard 

grass; but the populations on these hosts are 10 to 10,000-fold smaller than on dry bean and large 

epiphytic populations do not persist for long periods o f  time (8). Under hum id conditions, enteric 

clinical pathogens such as Salmonella enterica and Escherichia coli are capable o f  epiphytic 

survival on diverse plants, but they are not adapted to stressful conditions and their populations 

decrease under dry conditions (7,22). W hen wet conditions return, however, S. enterica can 

multiply and reestablish large epiphytic populations on leaves (7). A sim ilar occurrence may be 

possible with X. axonopodis pv. allii on leguminous hosts, where small populations o f  the 

bacterium can persist during unfavorable conditions but recover when the environmental and/or 

host condition(s) change.

Inoculated field plots revealed X. axonopodis pv. allii can persist on several leguminous hosts, in 

the absence o f  disease symptoms, for extended periods o f  time under variable and stressful 

conditions. In both 2003 and 2004, measurable X. axonopodis pv. allii populations were 

recovered from dry bean and lentil at least 35 days after inoculation, ranging from 101 to greater 

than 106 CFU/g. Chickpea and soybean appear to be poor epiphytic hosts o f  X. axonopodis pv. 

allii under the environmental conditions (high temperatures and low m oisture) present during 

these studies. The pathogen was not detectable on chickpea 10 or 37 days after inoculation in 

2003 and 2004, respectively. On soybean, detectable populations were absent 15 and 45 days 

after inoculation in 2003 and 2004, respectively. The epiphyte recovery m ethod used in these
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studies could not detect less than 199 culturable X. axonopodis pv. allii CFU/gram o f  tissue in an 

experimental unit, and populations less than this level were considered 0. It is possible small, 

undetected populations o f  the pathogen were present on chickpea and soybean on sampling dates 

in which no epiphytes were recovered. W hether these small populations were present or the 

pathogen was extinct on these plant species, chickpea and soybean do not appear to be important 

epiphytic hosts o f  X. axonopodis pv. allii in semi-arid production regions.

Larger epiphytic populations o f  X. axonopodis pv. allii were recovered from dry bean and lentil 

in 2004 as compared to 2003, and may be related to weather conditions. W eather conditions 

monitored by a local Colorado Agricultural M eteorological Network weather station less than 1 

km from the field site recorded measurable precipitation on 2 and 6 days during July and August

2003, respectively, totaling 0.3 cm  in July and 2.7 cm in August. During the same periods in

2004, measurable rainfall was recorded on 6 and 11 days in July and August, respectively, 

totaling 1.8 cm and 3.5 cm. M ean daily high and low temperatures each m onth were nearly 5°C 

and 3°C higher in 2003 as compared to 2004, respectively. Temperature and m oisture are known 

to influence the epiphytic behavior o f  m any phytopathogenic and nonpathogenic bacteria 

(13,15,22), and m ay adversely affect X. axonopodis pv. allii colonization and persistence on 

nonhosts.

In contrast, X. axonopodis pv. allii epiphytic populations on symptomless onion leaves in 2003 

were lower at the end o f  the 2004 season as compared to the 2003 season. Samples were 

collected longer into the growing season in 2004 as compared to 2003 and m ay suggest a seasonal 

population decline, but epiphytic populations were trending downward over the final four 

sampling dates in 2004. The basis for these differences are unknown, but different environmental 

conditions m ay influence X. axonopodis pv. allii survival and multiplication on the leaves o f  host 

and nonhost plants. Relatively large (generally greater than 106 CFU/g) epiphytic populations o f
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X. axonopodis pv. allii were recovered from onion across sampling dates, and suggests the 

pathogen is relatively more adapted to survive warm, dry conditions on onion as com pared to 

leguminous plants.

In commercial dry bean and onion fields, X. axonopodis pv. phaseoli was recovered consistently 

from onion following dry bean in rotation, but rarely from onion following a nonhost such as 

field com, sugar beet, or winter wheat. Although Cafati and Saettler (8) reported X. axonopodis 

pv. phaseoli can colonize field com  and sugar beet leaves when artificially inoculated under 

greenhouse conditions, the epiphytic populations decreased significantly after 21 days and these 

hosts are unlikely to support large epiphytic populations o f  X  axonopodis pv. phaseoli under field 

conditions. Under semi-arid conditions in Colorado, X. axonopodis pv. phaseoli was recovered 

from onion following a nonhost from only one field on one sampling date during these studies.

Recovery o f  X. axonopodis pv. phaseoli from symptomless onion in close rotation with dry bean 

but not other crops suggests the pathogen was present in the dry bean crop, over wintered in the 

field, and subsequently colonized onion in the following season. Epiphytic X. axonopodis pv. 

phaseoli also persisted on onion throughout most o f  the 2003 and 2004 seasons. Several 

epiphytic hosts o f  phytopathogenic xanthomonads have been identified, but generally host- 

specific xanthomonads do not persist epiphytically on nonhost for extended periods o f  time 

(2,4,37). That X. axonopodis pv. phaseoli was recovered from onion throughout m uch o f  the 

growing season m ay be epidemiologically significant. Cropping o f  dry bean and onion in 

sequential seasons m ay provide a bridge for small populations o f  X. axonopodis pv. phaseoli to 

survive in the absence o f  its primary host, and thus persist in the field. However, not all onion 

fields surveyed supported epiphytic X. axonopodis pv. phaseoli, and epiphytic populations from 

those fields that did support X. axonopodis pv. phaseoli were relatively small (less than 102 and 

104 in 2003 and 2004, respectively). If  m inimum tillage practices were followed in these fields,
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or if  incorporation o f  onion crop debris was incomplete, X. axonopodis pv. phaseoli could 

potentially overwinter in association with infested onion crop debris (11). Deep incorporation o f 

onion crop debris would likely prevent X. axonopodis pv. phaseoli from overwintering.

X. axonopodis pv. allii was not recovered from onion or dry bean in commercial fields monitored 

in this study, but its persistence on inoculated dry bean and lentil under experimental field 

conditions suggest the pathogen may be able to survive between onion crops on these hosts. In 

Barbados, onion rotation with leguminous crops is not recom m ended because prevalent strains o f  

X. axonopodis pv. allii in Barbados are reportedly pathogenic to such crops (23). X. axonopodis 

pv. allii did not cause any visible disease symptoms on the epiphytic hosts (except onion) 

evaluated under growth chamber or field conditions in this study; and X. axonopodis pv. allii 

strains from other geographical regions o f  the world are not pathogenic to leguminous plants

(1,10,27). A lthough X. axonopodis pv. allii is not an aggressive pathogen o f  dry bean or lentil in 

the Central High Plains production region, the potential and significance o f  its epiphytic survival 

on common rotation crops with onion requires more investigation.

The potential for X. axonopodis pv. allii and X. axonopodis pv. phaseoli to colonize the 

phyllosphere o f  plants that serve as host to other pathovars o f  X. axonopodis m ay have 

implications for horizontal gene transfer and evolution o f  new genotypes o f  each pathogen. The 

phyllosphere is a harsh environment for m icrobes because o f  quickly-changing temperature, 

humidity, free moisture, and ultraviolet radiation, and bacteria survive m ost successfully in this 

environment in large cell aggregates (17,19,20). The location and aggregation o f  X. axonopodis 

cells on dry bean and onion is unknown, but these phyllosphere environments are likely to be 

conducive to conjugative transfer o f  plasmid and chromosomal DNA am ong bacteria (17). Since 

X. axonopodis pv. allii and X. axonopodis pv. phaseoli can both survive epiphytically on onion 

and dry bean, the rate o f  horizontal gene transfer among the pathovars m ay increase.
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Epiphytic survival o f  multiple pathovars o f  X. axonopodis on the same host m ay increase the risk 

o f  bactericide or antibiotic resistance developing in both pathogens. Copper and streptomycin 

resistance is not widespread in X. axonopodis pv. allii (10,24) or X. axonopodis pv. phaseoli, but 

is common in m any phytopathogenic bacteria (5,18). Copper tolerance genes m ay also occur on 

plasmids carrying avirulence genes (35). In Colorado, copper bactericides are routinely applied 

to both dry bean and onion for common bacterial blight and Xanthomonas leaf blight 

management, respectively (31,32). X. axonopodis pv. allii and X  axonopodis pv. phaseoli may 

be exposed to copper residues on both hosts, exerting a strong selection pressure for resistance in 

both pathogens. Epiphytic survival o f  both pathogens on dry bean and onion could lead to rapid 

development o f  copper resistance in either pathovar, and subsequent transfer to the other by 

horizontal gene transfer.

In this study we have established, for the first time, that X. axonopodis pv. allii and X. axonopodis 

pv. phaseoli are capable o f  epiphytic survival on both onion and dry bean. The implications o f 

epiphytic survival o f  these pathogens on crops commonly grown in close rotation remain unclear, 

but cropping systems that avoid close rotations o f  onion and dry beans and encourage rapid 

breakdown o f  crop residues should reduce potential inoculum sources o f  both pathogens in the 

Central High Plains.
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T ab le  I I I . l .  Dry bean and onion fields monitored for epiphytic xanthom onad populations 
2003 and 2004. W heat=winter wheat, Com =field com , and Bean=dry bean.

2002
Crop
2003 2004z Location (county) Irrigation method

2003 fields

Wheat

monitored

Onion Weld Furrow
W heat Onion — Weld Furrow
W heat Onion — W eld Furrow
Bean Onion — Weld Drip
Bean Onion — M organ Sprinkler
Bean Onion — M organ Sprinkler
Bean Onion - M organ Sprinkler
Bean Bean — Weld Furrow
Bean Bean — W eld Furrow
Bean Bean — W eld Drip
Bean Bean — W eld Drip
Bean Bean — W eld Drip
W heat Bean — W eld Furrow
W heat Bean - W eld Furrow

2004 fields monitored

Com Onion Weld Furrow
Bean Potato Onion M organ Sprinkler
— Sugar- Onion Weld Furrow

Potato
beet
W heat Onion Larimer Furrow

Bean W heat Onion W eld Drip
Bean Bean Onion W eld Drip
— Bean Onion W eld Drip
Bean Bean Onion Weld Furrow
— Bean Onion Weld Furrow
— Bean Onion Weld Furrow
— Bean Onion Larimer Furrow

W heat Bean Onion M organ Sprinkler
W heat Bean Onion M organ Sprinkler
W heat Bean Onion M organ Sprinkler
W heat Bean Onion M organ Sprinkler

— Com Bean W eld Furrow
— W heat Bean W eld Furrow
— W heat B ean W eld Furrow
— W heat Bean W eld Furrow
— W heat Bean W eld Drip

z — Indicates crop was unknown
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Table III. 2. Type 3 test o f  mixed model fixed effects with spatial exponential repeated measure 
analysis o f  2003 and 2004 epiphytic xanthomonad populations in relation to crop rotation and 
sampling time.

Effect Numerator DF Denom inator DF F Value P-Value

2003
Rotation 3 10 4.73 0.0265
Sampling time 4 40 1.22 0.3195
Rotation*Samping time 12 40 0.79 0.6592

2004
Rotation 2 17 5.87 0.0115
Sampling time 3 51 1.07 0.3691
Rotation*Samping time 6 51 0.55 0.7709
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Table III. 3. Least square mean estimates, significance, and confidence limits for culturable 
epiphytic xanthom onad populations in relation to crop rotation. Values were calculated as 
logarithmic colony forming units/g fresh weight o f  leaves.

Rotationy DF
Least square 
m eans estimate t value Prob t>07

Least square means 
confidence limits
Lower Upper

2003
Nonhost-onion 10 0.00 0.00 1.0000 -1.09 1.09
Dry bean-onion 10 0.29 0.69 0.5045 -0.65 1.24
Dry bean-dry bean 10 2.02 5.32 0.0003 1.17 2.87
W heat-dry bean 10 1.14 1.89 0.0877 -0.20 2.47

2004
Nonhost-onion 17 0.00 1.00 0.3327 -0.22 0.61
Dry bean-onion 17 0.83 5.20 <0.0001 0.50 1.17
Nonhost-dry bean 17 0.20 1.00 1.0000 -0.45 0.45

y Epiphytic xanthomonad populations monitored over time in commercial onion and dry bean 
fields were analyzed by repeated measures analysis with unequal spacing over time using SAS v 
9.1 PROC MIXED. Sampling date was not significant in the mixed model. The experim ent was 
arranged as a completely randomized design, where an entire field following the same crop 
rotation pattern was considered an experimental unit. Nonhost refers to rotational crops that are 
not hosts o f  X. axonopodis pv. allii or X. axonopodis pv. phaseoli, and included field com , sugar 
beet, potato, and winter wheat.

z Probability mean population o f  epiphytic xanthomonads is greater than 0 based on a t test.
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Figure III.1 . Epiphytic population dynamics o f  Xanthomonas axonpodis pv. allii strain R -0177 
on leguminous hosts and onion under high humidity and temperature growth cham ber conditions. 
Data are mean o f  four replications repeated over two experiments (w=8) ±  standard error o f the 
mean.
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F ig u re  III. 2. Epiphytic population dynamics o f  Xanthomonas axonpodis pv. allii strain R -0177 
on leguminous hosts and onion in inoculated experimental plots near Fort Collins, CO, 2003. 
Plots were inoculated with a 106 cfu/ml suspension o iX . axonpodis pv. allii strain R -0177  on 25 
July, 2003 (206 day o f  year). Data are mean o f  four replications («=4) ±  standard error o f  the 
mean.
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Figure III . 3. Epiphytic population dynamics o f  Xanthomonas axonpodis pv. allii strain R -0177 
on leguminous hosts and onion in inoculated experimental plots near Fort Collins, CO, 2004. 
Plots were inoculated with a 106 cfu/ml suspension o f  X. axonpodis pv. allii strain R -0177  on 23 
July, 2004 (205 day o f  year). Data are mean o f  four replications (n=4) ±  standard error o f  the 
mean.
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□  Nonhost/Onion

□  Dry Bean/Onion

D ay  o f  year H  Nonhost/Dry Bean
■  Dry Bean/Dry Bean

F igure III. 4. Epiphytic xanthomonad populations in 2003 on dry bean and onion in relation to 
cropping system. Epiphytic populations were estimated from bulked samples collected on 25 
June, 13 July, 4 August, and 26 August. The number o f  fields assayed for epiphytic populations 
varied among crop rotations; n=3 for nonhost-onion rotations, n=4 for dry bean-onion rotations, 
n=2 for nonhost-dry bean rotations, and «=5 for dry bean-dry bean rotations.
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□  Nonhost-Dry Bean

□  Nonhost-Onion 
■  Dry Bean-Onion D ay  o f  year

218

F igure  III . 5. Epiphytic xanthomonad populations in 2004 on dry bean and onion in relation to 
cropping system. Epiphytic populations were estimated from bulked samples collected on 26 
M ay, 21 June, 13 July, and 5 August. Nonhost refers to rotation crops that are not hosts o f  
Xanthomonas axonopodis pv. allii or X. axonopodis pv. phaseoli, and included field com , sugar 
beet, and w inter wheat. The number o f  fields assayed for epiphytic populations varied among 
crop rotations; n= 5 for nonhost-dry bean rotations, n=6 for nonhost-onion rotations, and «=9 for 
dry bean-onion rotations.
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C H A P T E R  IV

INOCULUM  SOURCES OF XANTHOM ONAS AXONOPODIS PV. ALLII IN 

COLORADO  

INTRODUCTION

Xanthomonas leaf blight o f  onion (Allium cepa), caused by Xanthomonas axonopodis pv. allii, is 

a yield limiting disease in Colorado (24). Disease symptoms are varied but include leaves with 

lenticular water-soaked lesions that elongate into chlorotic streaks, necrosis, tip dieback, and 

stunting o f  plants that reduces bulb size. This reduction in leaf area results in undersized bulbs at 

harvest that can reduce yields significantly (17,24,25). A bulb rot is not known to occur.

Few disease managem ent strategies have been developed for Xanthomonas leaf blight o f  onion 

because basic knowledge o f X. axonopodis pv. allii survival and dissem ination is lacking. The 

planting o f  pathogen-free seed is essential because seed can be contam inated by X. axonopodis 

pv. allii (20), and this contamination appears important epidemiologically in tropical production 

regions (18). Crop rotation has been suggested in Barbados since X. axonopodis pv. allii strains 

common in this region reportedly attack leguminous host such as snap bean (Phaseolus vulgaris), 

lima bean (Phaseolus lunatus), and soybean (Glycine max) (15). Disease symptoms have not 

been observed in Colorado on any leguminous host, but A. axonopodis pv. allii colonized and 

persisted epiphytically on dry bean (P. vulgaris) and lentil {Lens culinaris) (Gent and Schwartz, 

unpublished data). The bacterium can also attack several Allium  species such as A.fistulosum, A.
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sativum , A.porrum, and A. cepa var. ascalonicum ("5,8,10,19). Two Xanthom onas leaf blight 

resistant cultivars have been identified (15), but are not adapted in Colorado and are no longer 

available commercially.

In the absence o f  effective cultural practices, host resistance, or biological controls, growers in 

Colorado rely upon copper-based bactericides to manage Xanthomonas leaf blight (24). Copper 

bactericides alone or amended with maneb suppress the disease, but spray applications must be 

applied preventatively and regularly (every five to 10 days) to be effective (23). Ten or more 

applications are made each season, but spray timing m ay be improved by disease forecasting (26). 

Copper resistance was not observed in a worldwide collection o f  49 X. axonopodis pv. allii 

strains (8), but was reported in strains from Barbados (16), and is common among other 

phytopathogenic bacteria (4,13,27). Reliance upon copper bactericides alone for Xanthomonas 

leaf blight m anagement is not sustainable.

Sustainable m anagement o f  Xanthomonas leaf blight will likely require a m ulti-tactic approach 

that reduces or avoids prim ary inoculum sources, but these inoculum sources are unknown. 

Therefore, w e sought to identify and quantify X. axonopodis pv. allii prim ary inoculum sources in 

Colorado onion production regions.

M A T E R IA L S AND M E T H O D S

B acteria l s tra in s  an d  cu ltu re . A rifampicin mutant o f  X. axonopodis pv. allii strain 01 7 7  

(ATCC 508) was generated as previously described (28), and is referred to as R -0177. Strain R- 

01 7 7  is resistant to greater than 200 pg/ml rifampicin, but selection routinely was performed on 

nutrient agar amended with 50 or 100 pg/ml o f  rifampicin and 50 pg/ml cycloheximide. Other 

xanthomonads isolated from weeds, crops, or water were routinely cultured on nutrient agar at
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29°C. Bacterial strains were preserved in 15% nutrient glycerol broth at -80°C for long-term 

storage.

Pathogenicity  an d  host range. All presumptive xanthomonads recovered were tested for 

pathogenicity on onion (cv. Vantage) and dry bean (cv. Sacramento light red kidney) in growth 

chamber assays. The youngest, fully-extended leaves o f  8 week-old onion plants were pin- 

pricked three times at 2.5 cm intervals with a 22 gauge needle bearing a bacterial matrix o f a 

given isolate removed from 72-hour old nutrient agar culture plates. Each pin-pricked leaf area 

was inoculated with a bacterial matrix approximately equal in size to the needle tip. Plants 

serving as negative controls were pin-pricked with a sterile needle. Pathogenicity on dry bean 

was evaluated by spray inoculation. A single colony o f  the isolate to be tested was picked from a 

72-hr old nutrient agar plate and transferred into 3 ml o f  nutrient broth in 15 ml culture tubes, and 

was incubated at 26°C with vigorous shaking (250 oscillations/min) for 24 h. The bacterial cells 

were collected by centrifugation before adjusting to approximately 107 CFU/ml in sterile 

m agnesium sulfate-potassium phosphate buffer (0.01 M m agnesium  sulfate and 0 .0 1M potassium 

phosphate pH 7.2). Three- to four-week old dry bean plants were sprayed (Crown SpraTool, 

Aerovoe Industries, Inc., Gardnerville, NV) to runoff with the bacterial suspension. Control 

plants were inoculated with sterile buffer. The plants were placed in a growth chamber and 

incubated for 7 days with a 28°C/24°C day/night temperature regime, light intensity o f  350 pMs" 

'm '2, 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.

G row th  ch am b er ep iphytic  popu lation  assays. Epiphytic development o f  strain R -0177  was 

monitored on weeds commonly found in Colorado onion fields in growth cham ber assays. Plants
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o f field bindweed (Convolvulus arvensis), common lam bsquarter (Chenopodium album), hairy 

nightshade (Solanum sarrachoides), yellow nutsedge (Cyperus esculentus), and redroot pigweed 

(Amaranthus retroflexus) were grown under greenhouse conditions (approximately 24°C/20°C 

day/night temperature regime and 14-hour photoperiod, with approximately 2-h o f  supplemental 

incandescent lighting) until they were three- to four- (weeds) or six- to eight-(onion) weeks old. 

Three seeds o f  each species were planted individually into M etroM ix 200 potting soil (Grace 

Sierra Horticultural Products Company, Milpitas, CA) in 1 1 pots. W eed seed was collected from 

biotypes o f  each species found at and near the Colorado State University Agricultural Research, 

Development, and Education Center (ARDEC) near Fort Collins, CO; and were assumed to be 

collected from apparently non-contaminated mature plants.

Twenty pots o f  each plant species were inoculated by spraying to runoff with a 105 CFU/ml 

bacterial suspension using a Crown Spratool. Inoculum o f strain R -0177  was cultured by 

inoculating 3 ml o f  nutrient broth in 15 ml culture tubes, and incubating at 26°C with vigorous 

shaking (250 oscillations/min) for 24 h. The bacterial cells were collected by centrifugation 

before adjusting to approximately 105 CFU/ml in sterile magnesium sulfate-potassium  phosphate 

buffer. After inoculation, plants were allowed to air dry and then sampled im mediately by 

removing all aboveground plant material from four pots o f  each plant species and placing each 

individually into a plastic bag. Another set o f  four pots o f  each plant species were destructively 

sampled each day for four days. An experimental unit consisted o f one pot o f  a given plant 

species that contained three plants destructively sampled each day. Plants were m aintained at 

28°C/24°C day/night temperature regime, light intensity o f  350 pM s’lnT2, 100% relative humidity, 

and daily misting with tap water to runoff after inoculation.

Harvested plant samples were weighed and placed into sterile 250 ml flasks containing 100 ml o f 

m agnesium  sulfate-potassium phosphate buffer, and shaken at 250 oscillations/m in for 60 min at
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room  temperature (approximately 22°C). Aliquots (100 pi) were diluted in 10-fold serial 

dilutions in sterile magnesium sulfate-potassium phosphate buffer before plating in duplicate onto 

nutrient agar amended with 50 pg/ml rifampicin and cycloheximide. Characteristic X. 

axonopodis pv. allii colonies were enumerated after 72 h o f  incubation at 26°C, and a subset o f 

rifampicin resistant colonies were confirmed as X. axonopodis pv. allii by standard physiological 

and biochemical tests (21), including Gram reaction, pigmentation on yeast dextrose carbonate 

medium, fluorescence on K ing’s medium B, indole test, growth on 0.1% tetrazolium  chloride, 

oxidase test, starch hydrolysis, oxidative and fermentative utilization o f  glucose, production o f 

catalase, production o f  H2S from peptone, production o f  arginine dihydrolase, and casein 

hydrolysis test. The experiment was repeated twice over time.

R ecovery o f A. axonopodis pv. allii from  w eed, crop , and  v o lun teer onion p lan ts . Weed, 

crop, and volunteer onion plant surveys were conducted in 2003 and 2004 in three m ajor onion- 

growing regions o f  the state; namely the Arkansas Valley, north central Colorado, and 

northeastern Colorado. Commonly-occurring weed, crop, and volunteer onion (where found) 

plants were collected from within and adjacent to fields that were currently planted to or had been 

planted to onion the previous year. Five sites were surveyed for X. axonopodis pv. allii in 2003, 

and 6 sites were surveyed in 2004. Xanthomonas leaf blight was confirm ed at Sites 1 and 5 in 

2002, and sites 1,4,and 5 in 2003. The disease was not observed in onion crops at the other sites 

during 2002 or 2003.

A t each location, four bulked samples (each 5 to 10 grams) from each field were used for 

epiphyte recovery assays. Plant samples were weighed and placed into sterile 250 ml flasks 

containing 100 ml o f  magnesium sulfate-potassium phosphate buffer, and shaken at 250 

oscillations/min for 60 min at room  temperature (approximately 22°C). Aliquots (100 pi) were 

diluted in 10-fold serial dilutions in sterile magnesium sulfate-potassium phosphate buffer before
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plating in duplicate onto modified M XP medium (7) containing 50 mg/1 kasugamycin, 30 mg/1 

cephalexin, and 50 mg/1 cycloheximide or plated in duplicate onto m odified M XP medium  using 

a spiral-plating system (Autoplate 4000, Spiral Biotech, Inc., Norwood, MA). Culture 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 o f  starch hydrolysis. Representative xanthomonad 

colonies were picked from plates and 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 determ ined by 

pathogenicity to onion or dry bean.

Recovery o f X . axonopodis pv. allii from irrigation water. Irrigation w ater entering and 

leaving onion fields was assayed for the presence o f X. axonopodis pv. allii in 2003 and 2004. 

Field plots were established at ARDEC near Fort Collins, CO and the Arkansas Valley Research 

Center near Rocky Ford, CO to study the epiphytic survival o f  X. axonopodis pv. allii on 

leguminous hosts, determine the influence o f  nitrogen fertilization on Xanthom onas leaf blight 

severity, and screen copper and other bactericides efficacy for Xanthomonas leaf blight 

management. Plots in these studies were inoculated with 106 to 108 CFU/ml o f  X. axonopodis pv. 

allii strain R -0177  to initiate disease epidemics. Data from these studies is not presented here, 

but irrigation water entering and leaving these fields was collected and assayed for X. axonopodis 

pv. allii in 2003 (1 field near Fort Collins) and 2004 (2 fields near Fort Collins designated fields 1 

and 2, and 1 field near Rocky Ford). Cultivars Vantage and X-201 were planted each year at Fort 

Collins and Rocky Ford, respectively.

X. axonopodis pv. allii populations were measured from water collected during each irrigation in 

sterile 50-ml centrifuge tubes from both the top and bottom ends o f  each field. W ater sampling 

began when Xanthomonas leaf blight symptoms were first detected, and continued until the last
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irrigation before harvest. W ater entering the top o f fields was collected random ly from 3 to 10 

locations as it left gated, polyvinvyl chloride delivery pipe (Fort Collins) or siphon tubes (Rocky 

Ford) before it contacted any plant or area o f the field where plants were growing. Tail water was 

collected randomly from 3 to 10 locations at the bottom o f  each field from individual furrows 

before it m ixed with water from other rows. Random rows sampled at the top o f  the field were 

not necessarily the same random rows sampled from the bottom  o f the field. W ater used for 

irrigation in fields sampled near Fort Collins was derived from ground water delivered to the field 

in buried plastic pipe, while 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. An individual water sample collected on a given sampling date from a location was 

considered an experimental unit. Each field was approximately 150 m  in length, and was irrigated 

once to twice weekly except when rainfall >2.5 cm occurred since the previous irrigation.

W ater samples were placed at 4°C until assays were conducted. All samples were processed 

within 24 h  from collection, but samples were generally processed within 1 h from the time o f 

collection. A liquots (100 pi) were diluted in 10-fold serial dilutions in sterile magnesium 

sulfate-potassium phosphate buffer or spiral-plated directly (in duplicate) onto nutrient agar 

amended with 100 pg/ml rifampicin and 50 pg/ml cycloheximide. Characteristic X. axonopodis 

pv. allii colonies were enumerated after 72 h o f  incubation at 29°C days, and a subset o f  

rifampicin resistant colonies were confirmed as X. axonopodis pv. allii by pathogenicity to onion 

and by physiological and biochemical tests.

Survival o f X  axonopodis pv. allii in crop debris. X. axonopodis pv. allii survival in onion 

crop debris was determined in furrow-irrigated plots near Fort Collins and Rocky Ford from 

September 2003 to M ay (Rocky Ford) or June 2004 (Fort Collins). Leaves o f  onion cv. Vantage 

with characteristic Xanthomonas leaf blight symptoms were arbitrarily collected (irrespective o f

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



leaf age) in September 2003 from plants grown in experimental plots near Fort Collins. Leaves 

were only collected from plants that did not receive any bactericide treatment, and were dried at 

room  temperature (approximately 24°C) for 72 h. Leaves were examined carefully, and any leaf 

with atypical Xanthomonas leaf blight symptomology was discarded. The remaining diseased 

leaves were cut into 12.7 cm lengths, which contained large lenticular-shaped, water-soaked 

lesions. Leaves with lesions covering at least 50% o f  the flat side o f  the leaf were collected and 

weighed, on average 0.23 g each. Four o f  these leaves were placed into a nylon stocking and 

placed into mesh onion sacks (four nylon stockings per bag) to aid in recovery o f  the nylon-mesh 

stockings if  they decomposed over time. The mesh onion sacks were placed on the soil surface o f 

a 75 cm wide bed, and anchored with wooden stakes or buried 25 cm deep to simulate over 

wintering 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. The field near Fort Collins was left fallow and not irrigated until onion was again planted in 

April 2004. The field was then irrigated once to twice weekly until the study concluded. At 

Rocky Ford, the field was planted to winter wheat (Triticum aestivum) and was irrigated five 

times throughout the duration o f  the study.

A buried and non-buried mesh onion sack each was recovered monthly beginning 1 October 

2003. A  nylon stocking was removed from the mesh onion sack, and placed into a sterile m ortar 

before the addition o f  approximately 150 ml o f  liquid nitrogen. After evaporation, the nylon 

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 temperature, 20 ml o f  sterile 

magnesium sulfate-potassium phosphate buffer was added and used to thoroughly rinse the nylon 

stocking and associated leaf material. Aliquots (100 pi) were diluted in 10-fold serial dilutions in 

sterile m agnesium  sulfate-potassium phosphate buffer before plating in duplicate onto nutrient 

agar amended with 100 pg/ml rifampicin and 50 pg/ml cycloheximide. Characteristic X.
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axonopodis pv. allii colonies were enumerated after 72 h o f  incubation at 29°C, and a subset o f 

rifampicin-resistant colonies were confirmed as X. axonopodis pv. allii by pathogenicity to onion 

and physiological and biochemical tests.

Statistical analyses. Growth chamber assays were organized as a com pletely randomized 

design with four replications. All bacterial population data were log transform ed to achieve 

independently and norm ally distributed experimental errors with a com m on variance. Statistical 

analysis was perform ed using PROC M IXED in SAS v. 9.1 (SAS Institute, Cary, NC). 

Populations o f X. axonopodis pv. allii recovered in water collected from the top and bottom  o f 

fields were analyzed by t tests on each sampling date from each location. Populations o f  X. 

axonopodis pv. allii recovered in crop buried or non-buried crop debris was analyzed by one­

sided t- tests assuming unequal variances on each sampling date from each location.

RESULTS

Growth cham ber epiphytic population assays. X, axonopodis pv. allii population dynamics 

varied among weed species evaluated in growth chamber assays. Culturable populations o f the 

bacterium four days after inoculation increased 1.44, 1.77, and 1.84 logarithmic units/g fresh 

weight on Convolvulus arvensis, Cyperus esculentus, and Solanum sarrachoides, respectively. 

During the same period, epiphytic populations decreased by 1.2 and 2.7 logarithmic units/g fresh 

weight on A. retroflexus and C. album, respectively. Angular, water-soaked lesions and other 

symptoms characteristic o f  bacterial pathogen infection were not visible on any plants throughout 

the experiment.
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Recovery ofX.  axonopodis pv. allii from weed, crop, and volunteer onion plants. X.

axonopodis pv. allii and nonpathogenic xanthomonads were recovered from several weed and 

crop plants sampled in 2003 at sites where an epidemic o f  Xanthomonas leaf blight occurred the 

previous year. At site 1 in Larimer County, epiphytic xanthomonads were recovered from 

volunteer onion, Amaranthus retroflexus, Echinochloa crus-galli, Polygonum convolvulus, 

Cirsium arvense, Convolvulus arvensis, and Malva neglecta. These isolates were yellow- 

pigment, non-fluorescent, Gram-negative, obligate aerobes, positive for the presence o f  catalase, 

produced H 2 S from cysteine, hydrolyzed casein and starch, were negative for the production o f 

arginine dihydrolase, indole, and oxidase, and did not grow on 0.1 % tetrazolium  chloride 

medium. These isolates were identified to the genus Xanthomonas based upon substrate 

utilization profiles on Biolog GN microplates (data not presented), but m ost were nonpathogenic 

to onion and dry bean. Isolates pathogenic to onion, and therefore classified as X. axonopodis pv. 

allii, were recovered only from M. neglecta.

At site 5 in Otero County, an epidemic o f  Xanthomonas leaf blight occurred in 2002. In 2003, 

epiphytic X. axonopodis pv. allii was recovered from symptomless Medicago sativa, A. 

retroflexus, Anoda cristata, K. scoparia, and Solanum rostratum. Isolates recovered from these 

hosts were confirmed as X. axonopodis pv. allii by physiological and biochem ical tests as 

described above, Biolog substrate utilization profiles, and pathogenicity to onion but not dry 

bean. Characteristic Xanthomonas leaf blight symptoms o f  lenticular water-soaked lesions most 

prom inent on the flattened sides o f  leaves, necrotic streaks, and tip dieback were observed on 

volunteer onion plants at site 5. Isolation o f  the casual organism from diseased plants yielded 

typical X. axonopodis pv. allii colonies, which were confirmed as the Xanthom onas leaf blight 

bacterium as described above. Epiphytic Xanthomonas species were not recovered from weeds 

sampled at sites 2, 3, or 4 in 2003. Xanthomonas leaf blight did not occur at these sites in 2002.
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In 2004, weeds and crops at 6 locations were monitored for epiphytic xanthomonads, and 

epiphytic xanthomonads were recovered from all sites except site 2. At site 1, an epidemic o f 

Xanthomonas leaf blight occurred in 2003, and epiphytic xanthomonads were recovered from 

volunteer onion, A. retroflexus, Helianthus annus, and Lens culinaris. X. axonopodis pv. allii 

was recoverd from volunteer onion, but only X. axonopodis pv. phaseoli was recovered from A. 

retroflexus. Xanthomonads nonpathogenic to onion or dry bean were recovered from Helianthus 

annus and Lens culinaris. An epidemic o f Xanthomonas leaf blight did not occur at site 3 in 

2003, and X. axonopodis pv. allii was not recovered. X. axonopodis pv. phaseoli was recovered 

from 4 . retroflexus and S. halepense at site 3. A Xanthomonas leaf blight epidemic occurred at 

site 4 in 2003, and X. axonopodis pv. allii was recovered from volunteer onion, but not the weeds 

sampled. However, both X. axonopodis pv. phaseoli and nonpathogenic xanthom onads were 

recovered from Convolvulus arvensis. An epidemic of Xanthomonas leaf blight occurred at site 5 in 

2003, andX. axonopodis pv. allii was recovered from all plants sampled, nam ely volunteer onion,

A. retroflexus, Cenchrus longispinus, Chenopodium album, H. annuus, K. scoparia, and S. 

sarrachoides. A Xanthomonas leaf blight epidemic did not occur at site 6 in 2003, and X. 

axonopodis pv. allii was not recovered from any plant sampled. Epiphytic xanthom onads were 

recovered from all plants sampled though, namely C. arvensis, C. eculentus, H. annuus, K. 

scoparia, M. sativa, S. rostratum, and T. officinale, but these xanthomonads were not pathogenic 

to dry bean or onion.

R ecovery o f X. axonopodis pv. allii from  irrig a tio n  w a te r. X. axonopodis pv. allii was 

recovered consistently from irrigation tail water leaving onion fields where Xanthom onas leaf 

blight symptoms were visible (Figures IV. 2 to IV. 4). At Fort Collins in 2003, 9.90 x 102 to 4.11 

x 103 CFU/ml were recovered from irrigation tail water, but A. axonopodis pv. allii was not 

recovered from water entering the field. From field 1 at Fort Collins in 2004, small populations
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o f X  axonopodis pv. allii (8.93 to 7.53 x 101 CFU/ml) were recovered from irrigation tail water 

in the week following the first appearance o f  Xanthomonas leaf blight symptoms, but as many as 

3.02 x 104 CFU/ml were recovered later in the season. X. axonopodis pv. allii was not recovered 

on any sampling date from water entering the field. In field 2 at Fort Collins in 2004, very small 

populations o f  X. axonopodis pv. allii (7.03 CFU/ml) were again recovered from irrigation tail 

water within 7 days o f  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 from water entering field 2 on any sampling date.

At Rocky Ford in 2004, only two irrigation events were sampled after Xanthom onas leaf blight 

symptoms were apparent in the field because timely and consistent rainfall supplied m uch o f  the 

water requirem ent for the crop. On 1 and 14 August, no xanthomonads were recovered from 

irrigation water entering the field, but 1.55 x 101 and 8.71 x 102 CFU/ml were recovered from 

irrigation water at the bottom o f  the field, respectively.

Surv ival o f  X . axonopodis pv. allii in c rop  debris. Culturable populations o f  X. axonopodis 

pv. allii were not greater in onion leaves on the soil surface as compared to buried leaves at Fort 

Collins or Rocky Ford (P-value 0.50 and 0.52) on the first sampling date, but were greater on all 

other sampling dates across both locations (Table IV. 2 and Figures IV. 5 and IV. 6). At Fort 

Collins, culturable X. axonopodis pv. allii populations decreased more than 100-fold in leaves on 

the soil surface, as compared to the original population, over the 9-month duration o f  the study.

In the same time period, culturable X. axonopodis pv. allii populations decreased more than 

1,000,000,000-fold in leaves buried 25-cm deep. Similarly at Rocky Ford, populations in leaves 

left on the surface decreased greater than 10,000-fold over the 8 months they were monitored, but 

decreased greater than 100,000,000 in buried leaves. On the last sampling date, 8.32 x 107and 

1.32 x 106 CFU /leaf were cultured from leaves left on the soil surface at Fort Collins and Rocky
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Ford, respectively. Culturable populations in buried leaves on the same dates were 9.12 and 5.37 

xlO2 C FU /leaf from Fort Collins and Rocky Ford, respectively.

DISCUSSION

Xanthomonas leaf blight was first observed in Colorado in 1996, and annual occurrences o f  the 

disease since its appearance suggest it has become endemic in southern Colorado. M anagement 

o f  Xanthomonas leaf blight has largely been limited to copper bactericide applications because 

basic elements o f  the disease epidemiology are unknown, and inoculum sources o f  the pathogen 

have not been identified. In this study, we have identified and quantified several primary 

inoculum sources o f  X. axonopodis pv. allii. Reservoirs o f  the pathogen were identified in or on 

other crop, and weed, and volunteer onion plants, contaminated irrigation water, and infested crop 

debris. The design o f  onion production systems must consider 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 o f 

epiphytic X. axonopodis pv. allii, as well as X. axonopodis pv. phaseoli and other xanthomonads. 

X. axonopodis pv. allii was only recovered from sites where Xanthomonas leaf blight occurred 

the previous year, and its recovery from many weeds was not consistent across sites or time. In 

2003, X. axonopodis pv. allii was recovered only from M. neglecta at site 1, but was recovered 

from five weed species and alfalfa at site 5; an epidemic o f  Xanthomonas leaf blight occurred at 

both locations in 2002. Similarly in 2004, the bacterium  was not recovered from any weed or 

other crop plants at sites 1,2,3 or 4, but was recovered from six weed species at site 5. In growth 

chamber studies under conditions favorable to the pathogen, epiphytic populations o f  X. 

axonopodis pv. allii increased on three o f  five weed species evaluated, but decreased nearly 1000- 

fold on C. album. Plant species and environmental conditions are known to influence epiphytic
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bacterial populations (14), but the conditions that allow X. axonopodis pv. allii to successfully 

colonize weeds are unclear. W hen the results o f  growth chamber and field studies are taken 

together, they suggest that not all weed species support epiphytic growth o f  X. axonopodis pv. 

allii. We recovered X. axonopodis pv. phaseoli and nonpathogenic xanthom onads from several 

weed and crop plants, and sanitation o f  weeds m ay eliminate potential reservoirs o f  both X. 

axonopodis pv. allii and X. axonopodis pv. phaseoli.

Volunteer onion, however, consistently was a source o f  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 Xanthomonas 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 volunteer onion is 

an early-season source o f  the pathogen.

X. axonopodis pv. allii does not appear to persist for long periods o f  time on weed hosts. W e did 

not recover X. axonopodis pv. allii from weeds or other crops i f  Xanthomonas leaf blight did not 

occur the previous season. This finding is consistent with studies o f  X. axonopodis pv. phaseoli 

(1,6) and X. campestris pv. vitians (3). Angeles-Ramos et al. (1) found X. axonopodis pv. 

phaseoli was most readily recovered from weeds within dry bean fields where com m on bacterial 

blight symptoms were present, but few weeds outside o f such fields harbored epiphytic X. 

axonopodis pv . phaseoli. These epiphytic populations were short-lived. W ithin 7 days from 

harvest, epiphytic X. axonopodis pv. phaseoli cells were not detected on weeds within the field. 

Similarly, Barak et al. (3) reported A. campestris pv. vitians was not recovered unless lettuce 

(Lactuca sativa) with bacterial leaf spot symptoms were nearby, and the bacterium  did not 

survive on weeds during a two-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

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xanthomonas leaf blight was present less than 10 months prior. Therefore, epiphytic survival o f  

X. axonopodis pv. allii on weeds may be important in some fields, but does not appear to be the 

primary means for bacterial persistence in the absence o f  onion.

Irrigation water appears to be an efficient medium for the dispersal o f X  axonopodis pv. allii. 

Large populations o f  the bacterium, sometimes in excess o f  104 CFU/ml, were recovered from 

irrigation water leaving fields where Xanthomonas leaf blight symptoms were observed.

However, irrigation water originating from ground water was not found to harbor X. axonopodis 

pv. allii when plated onto rifampicin-amended nutrient agar or modified M XP medium  (data not 

presented). Onion crops are irrigated prim arily by furrow irrigation in Colorado (Schwartz and 

Bartolo, 1995), and the tail water leaving these fields is returned to canal systems and reused in 

other down-stream fields. Xanthomonads are known to be readily dissem inated by irrigation 

water (11) and avoiding reuse o f  irrigation water and relying upon ground w ater for irrigation 

where possible should reduce this source o f  X. axonopodis pv. allii.

Crop debris can be an epidemiologically important source o f  xanthomonads (3,9,22), and we 

found significant populations o f  X. axonopodis pv. allii overwintering in diseased onion leaves 

buried 25-cm deep or left on the soil surface. Culturable populations o f  the bacterium  were 

decreased eight to nine orders o f  magnitude in buried leaves over the nine m onth time course o f  

this study, but decreased only two to four orders o f  magnitude in leaves left on the soil surface. 

Greater than 106 CFU /leaf were recovered from onion leaves on the soil surface after eight 

months, but only 104 C FU /leaf were recovered from buried leaves when sam pled in March, the 

month in which most onions are planted in Colorado. Deep incorporation o f  diseased crop debris 

would not eliminate overwintering populations o f  the bacterium  before an onion crop would be 

planted the following spring. In June, small populations (less than 10 CFU/leaf) o f  the pathogen 

were recovered from buried leaves, and these bacteria would likely not survive until the following
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season. Therefore, prom pt and thorough incorporation o f  infested crop debris after harvest and 

crop rotation o f  at least two years between onion are necessary to reduce and avoid overwintering 

X. axonopodis pv. allii in Colorado.

Integrated managem ent o f  Xanthomonas leaf blight in Colorado must consider multiple inoculum 

sources of X.  axonopodis pv. allii, including contaminated seed (18,20), weeds, leguminous 

crops, infested crop debris, irrigation water, and volunteer onion. Onion production systems that 

practice strict sanitation o f weed and volunteer onion plants, follow a two-year or longer rotation 

to nonhosts such as small grains, avoid reuse o f  irrigation tail water, use only pathogen-free seed, 

and promote rapid breakdown o f crop debris by deep tillage should reduce X. axonopodis pv. allii 

survival and m inimize reliance upon copper bactericides for disease management.
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T able  IV. 1. Location, field history, and results o f  isolation o f  Xanthomonas axonopodis from sites in Colorado during 2003 to 2004.

Cropy
Epiphtyic

Site 2002 2003 2004 Date County Plant species Xanthomoi

2003

1 Onion Onion 23-Jun Larimer Allium cepa +

1 Onion Onion — 23-Jun Larimer Amaranthus retroflexus +
1 Onion Onion — 23-Jun Larimer Chenopodium album -

1 Onion Onion — 23-Jun Larimer Echinochloa crus-galli +
1 Onion Onion — 23-Jun Larimer Polygonum convolvulus +
1 Onion Onion — 25-Jul Larimer Amaranthus retroflexus +
1 Onion Onion -- 25-Jul Larimer Cirsium arvense +

1 Onion Onion — 25-Jul Larimer Convolvulus arvensis 4-

1 Onion Onion — 25-Jul Larimer Echinochloa crus-galli +
1 Onion Onion — 25-Jul Larimer Malva neglecta +
2 Dry bean Onion - 26-Jun Morgan Amaranthus retroflexus -
2 Dry bean Onion - 26-Jun Morgan Chenopodium album -
2 Dry bean Onion - 26-Jun Morgan Helianthus annuus -
2 Dry bean Onion — 26-Jun Morgan Helianthus annuus -
3 Dry bean Onion -- 26-Jun Morgan Kochia scoparia -
3 Dry bean Onion -- 26-Jun Morgan Kochia scoparia -
3 Dry bean Onion — 26-Jun Morgan Solanum sarrachoides -

4 Dry bean Onion - 30-Jun Prowers Chenopodium album -

5 Onion Onion — 30-Jun Otero Allium cepa +
5 Onion Onion — 30-Jun Otero Chenopodium album -

5 Onion Onion — 8-Jul Otero Allium cepa +

5 Onion Onion — 8-Jul Otero Amaranthus retroflexus +
5 Onion Onion — 8-Jul Otero Anoda cristata +
5 Onion Onion - 8-Jul Otero Chenopodium album -
5 Onion Onion — 8-Jul Otero Kochia scoparia -
5 Onion Onion — 8-Jul Otero Medicago sativa +
5 Onion Onion — 8-Jul Otero Solanum rostratum +
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2004

1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
1 Onion Onion Onion
2 Dry bean Onion Potato
2 Dry bean Onion Potato
2 Dry bean Onion Potato
3 — Dry bean Onion
3 — Dry bean Onion
3 — Dry bean Onion
4 Onion Onion Soybean
4 Onion Onion Soybean
4 Onion Onion Soybean

Field
4 Onion Onion com

Field
5 Field com Onion com

Field
5 Field com Onion com

Field
5 Field com Onion com

Field
5 Field com Onion com

Field
5 Field com Onion com

27-M ay Larimer Allium cepa +
27-M ay Larimer Amaranthus retroflexus
27-M ay Larimer Helianthus annuus
27-May Larimer Kochia scoparia
27-May Larimer Lens culinaris +
27-M ay Larimer Solanum sarrachoides
9-Jun Larimer Amaranthus retroflexus +
9-Jun Larimer Helianthus annuus +
9-Jun Larimer Kochia scoparia
9-Jun Larimer Lens culinaris
9-Jun Larimer Polygonum convolvulus
9-Jun Larimer Solanum sarrachoides
7-Jun Morgan Allium cepa
7-Jun Morgan Kochia scoparia
7-Jun Morgan Solanum sarrachoides
13-Jul Morgan Amaranthus retroflexus +
13-Jul Morgan Kochia scoparia
13-Jul Morgan Sorghum halepense +
8-Jun Otero Allium cepa +
8-Jun Otero Glycine max
8-Jun Otero Kochia scoparia

8-Jun Otero Convolvulus arvensis +

7-Jun Yuma Allium cepa +
+

7-Jun Yuma Amaranthus retroflexus
+

7-Jun Yuma Cenchrus longispinus
+

7-Jun Yuma Chenopodium album
+

7-Jun Yuma Helianthus annuus
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Field
5 Field com Onion com

Field
5 Field com Onion com
6 Alfalfa Alfalfa Onion
6 Alfalfa Alfalfa Onion
6 Alfalfa Alfalfa Onion
6 Alfalfa Alfalfa Onion
6 Alfalfa Alfalfa Onion
6 Alfalfa Alfalfa Onion

7-Jun Yuma Kochia scoparia

7-Jun Yuma Solanum sarrachoides
7-Jun Prowers Cyperus esculentus +
7-Jun Prowers Helianthus annuus +
7-Jun Prowers Kochia scoparia +
7-Jun Prowers Medicago sativa +
7-Jun Prowers Solanum rostratum +
7-Jun Prowers Taraxacum officinale +
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y Commonly occurring weed, crop, and volunteer onion (where found) plants were collected from 
within and adjacent to fields that were currently planted to or had been planted to onion the 
previous year. Four bulked samples (each 5 to 10 grams) o f  each weed from each field were 
used in epiphyte recovery assays. Plant samples were weighed and placed into sterile 250 ml 
flasks containing 100 ml o f  magnesium sulfate-potassium phosphate buffer, and shaken at 250 
oscillations/min for 60 min at room temperature (approximately 22°C). Aliquots (100 pi) were 
diluted in 10-fold serial dilutions in sterile magnesium sulfate-potassium phosphate buffer before 
plating in duplicate onto modified MXP medium (7) containing 50 mg/1 kasugamycin, 30 mg/1 
cephalexin, and 50 mg/1 cycloheximide or plated in duplicate onto m odified M XP medium  using 
a spiral-plating system. Culture plates were incubated in the dark at 29°C for 96 h before 
counting characteristic xanthomonad colonies surrounded by a zone o f  starch hydrolysis.

z 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 and 
dry bean. Nonpathogenic xanthomonads were recovered from several weed hosts, including A. 
retroflexus, C. arvense, C. arvensis, C. eculentus, E. crus-galli, H. annuus, K. scoparia, L. 
culinaris, M. sativa, S. rostratum, and T. officinale.
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T able  IV . 2. Survival o f  Xanthomonas axonopodis pv. allii strain R -0177  in leaves o f onion 
cultivar Vantage buried 25 cm deep or left on the soil surface near Fort Collins, CO.

Samnlinp datey
Oct-03 Nov-03 Dec-03 Jan-04 Feb-04 Mar-04 Apr-04 May-04 Jun-04 

Colony forming units (logarithmic CFU/leafi

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
Mestz 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
f-test________ 0.5213 0.0008 <0.0001 <0.0001 0.0006 0.0372 0.0001 0.0052

y Leaves o f  onion cv. Vantage with characteristic Xanthomonas leaf blight symptoms were 
arbitrarily collected (irrespective o f leaf age) in September 2003 in experimental plots near Fort 
Collins from plants that did not receive any bactericide treatment, and were dried at room 
temperature for 72 h. Leaves were cut into 12.7 cm lengths, each at least 50% covered by water- 
soaked lesions. Four o f  these leaves were transferred to a nylon stocking and placed into mesh 
onion sacks (four nylon stockings per bag) to aid in recovery o f  the nylon-m esh stockings if  they 
decomposed over time. The mesh onion sacks were placed on the soil surface and anchored with 
wooden stakes or buried 25 cm  deep to simulate over wintering without or with deep tillage, 
respectively. An experimental unit was considered an individual nylon stocking containing four 
diseased onion leaves, sampled on a given date. Samples were collected m onthly beginning 1 
October, 2003and Xanthomonas axonopodis pv. allii strain R -0177 populations were estimated 
by grinding the nylon stocking and associated diseased leaves in liquid nitrogen, suspending the 
ground leaf material in 20 ml o f  sterile magnesium phosphate buffer, and plating 100pl aliquots 
o f  serial dilutions onto nutrient agar amended with 100 pg/ml rifampicin and 50 pg/ml 
cycloheximide. Characteristic X. axonopodis pv. allii colonies were enum erated after 72 h o f 
incubation at 29°C.

z Probability observed differences in culturable X. axonopodis pv. allii colony forming units 
among samples is due to chance. One-sided student f-tests assumed unequal variances.
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F igure  IV . 1. Epiphytic populations o f Xanthomonas axonopodis pv. allii strain R -0177  on 
weeds under high temperature and humidity conditions in a growth chamber. Three- to four- 
week old plants o f  field bindweed (Convolvulus arvensis), common lam bsquarter (Chenopodium 
album), hairy nightshade (Solanum sarrachoides), yellow nutsedge (Cyperus esculentus), and 
redroot pigweed {Amaranthus retroflexus) were spray inoculated to runoff with a 105 CFU/ml 
bacterial suspension and maintained at 28°C/24°C day/night temperature regime, light intensity o f 
350 p M s 'W 2, 100% relative humidity, and daily misting with tap water to runoff. Epiphytic X. 
axonopodis pv. allii strain R -0177 populations were quantified by leaf-rinsing and subsequent 
serial dilution onto rifampicin-amended nutrient agar. Data are mean o f  four replications 
repeated twice (w=8)±standard error.
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F igure  IV. 2. Recovery o f  Xanthomonas axonopodis pv. allii strain R -0177  in irrigation water 
entering and leaving an onion field near Fort Collins, CO in 2003 during an epidemic o f 
Xanthomonas leaf blight. X. axonopodis pv. allii populations in water were measured from water 
collected during each irrigation in sterile 50-ml centrifuge tubes from both the top and bottom 
ends. W ater sampling began when Xanthomonas leaf blight symptoms were first detected, and 
continued until the last irrigation before harvest. W ater entering the top o f  the field was collected 
arbitrarily from 3 to 10 locations as it left gated polyvinvyl chloride delivery pipe before it 
contacted any plant or area o f  the field where plants were growing. Tail water was collected 
arbitrarily from 3 to 10 locations at the bottom o f the field from individual furrows before it 
m ixed with water from other rows. Random rows sampled at the top o f  the field were not 
necessarily the same random rows sampled from the bottom  o f  the field. Aliquots o f  water (l 00 
pi) were diluted in 10-fold serial dilutions in sterile magnesium  sulfate-potassium  phosphate 
buffer or spiral-plated directly (in duplicate) onto nutrient agar amended with 100 pg/ml 
rifampicin and 50 pg/ml cycloheximide. Characteristic X. axonopodis pv. allii colonies were 
enumerated after 72 h o f  incubation at 29°C.
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F igure IV. 3. Recovery o f  Xanthomonas axonopodis pv. allii strain R -0177  in irrigation water 
entering and leaving an onion field near Fort Collins, CO in 2004 during an epidemic o f 
Xanthomonas leaf blight. X. axonopodis pv. allii populations in water were measured from water 
collected during each irrigation in sterile 50-ml centrifuge tubes from both the top and bottom 
ends. W ater sampling began when Xanthomonas leaf blight symptoms were first detected, and 
continued until the last irrigation before harvest. W ater entering the top o f  the field was collected 
arbitrarily from 3 to 10 locations as it left gated polyvinvyl chloride delivery pipe before it 
contacted any plant or area o f  the field where plants were growing. Tail water was collected 
arbitrarily from 3 to 10 locations at the bottom o f  the field from individual furrows before it 
m ixed with water from other rows. Random rows sampled at the top o f  the field were not 
necessarily the same random rows sampled from the bottom  o f  the field. A liquots o f  water (100 
pi) were diluted in 10-fold serial dilutions in sterile magnesium sulfate-potassium  phosphate 
buffer or spiral-plated directly (in duplicate) onto nutrient agar amended with 100 pg/ml 
rifampicin and 50 pg/ml cycloheximide. Characteristic X. axonopodis pv. allii colonies were 
enumerated after 72 h o f  incubation at 29°C.
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F igure IV. 4. Recovery o f  Xanthomonas axonopodis pv. allii strain R -0177  in irrigation water 
entering and leaving an onion field near Fort Collins, CO in 2004 during an epidemic o f 
Xanthomonas leaf blight. X. axonopodis pv. allii populations in water were m easured from water 
collected during each irrigation in sterile 50-ml centrifuge tubes from both the top and bottom 
ends. W ater sampling began when Xanthomonas leaf blight symptoms were first detected, and 
continued until the last irrigation before harvest. W ater entering the top o f  the field was collected 
arbitrarily from 3 to 10 locations as it left gated polyvinvyl chloride delivery pipe before it 
contacted any plant or area o f  the field where plants were growing. Tail water was collected 
arbitrarily from 3 to 10 locations at the bottom o f  the field from individual furrows before it 
mixed with water from other rows. Random rows sampled at the top o f  the field were not 
necessarily the same random rows sampled from the bottom o f  the field. Aliquots o f  water (100 
pi) were diluted in 10-fold serial dilutions in sterile magnesium sulfate-potassium phosphate 
buffer or spiral-plated directly (in duplicate) onto nutrient agar amended with 100 pg/ml 
rifampicin and 50 pg/ml cycloheximide. Characteristic X. axonopodis pv. allii colonies were 
enumerated after 72 h o f  incubation at 29°C.
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F igure  IV . 5. Survival o f  Xanthomonas axonopodis pv. allii strain R -0177  in crop debris buried 
25 cm deep or left on the soil surface near Fort Collins, CO. Leaves o f  onion cv. Vantage with 
characteristic Xanthomonas leaf blight symptoms were arbitrarily collected (irrespective o f  leaf 
age) in September 2003 experimental plots near Fort Collins from plants that did not receive any 
bactericide treatment, and were dried at room  temperature for 72 h. Leaves were cut into 12.7 
cm  lengths, each at least 50% covered by water-soaked lesions. Four o f  these leaves were 
transferred to nylon stocking and placed into mesh onion sacks (four nylon stockings per bag) to 
aid in recovery o f  the nylon-mesh stockings if  they decomposed over time. The m esh onion sacks 
were placed on the soil surface and anchored with wooden stakes or buried 25 cm  deep to 
simulate over wintering without or with deep tillage, respectively. An experimental unit was 
considered an individual nylon stocking containing four diseased onion leaves, sam pled on a 
given date. Samples were collected monthly and Xanthomonas axonopodis pv. allii strain R- 
0 1 7 7  populations were estimated by grinding the nylon stocking and associated diseased leaves 
in liquid nitrogen, suspending the ground leaf material in 20 ml o f sterile m agnesium  phosphate 
buffer, and plating lOOpl aliquots o f  serial dilutions onto nutrient agar am ended with 100 pg/ml 
rifampicin and 50 pg/ml cycloheximide. Characteristic X. axonopodis pv. allii colonies were 
enumerated after 72 h o f  incubation at 29°C.
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F igu re  IV. 6. Survival o f  Xanthomonas axonopodis pv. allii strain R -0177  in crop debris buried 
25 cm deep or left on the soil surface near Fort Collins, CO. Leaves o f  onion cv. Vantage with 
characteristic Xanthomonas leaf blight symptoms were arbitrarily collected (irrespective o f leaf 
age) in September 2003 experimental plots near Fort Collins from plants that did not receive any 
bactericide treatment, and were dried at room temperature for 72 h. Leaves were cut into 12.7 
cm lengths, each at least 50% covered by water-soaked lesions. Four o f  these leaves were 
transferred to a nylon stocking and placed into mesh onion sacks (four nylon stockings per bag) to 
aid in recovery o f  the nylon-mesh stockings if  they decomposed over time. The m esh onion sacks 
were placed on the soil surface and anchored with wooden stakes or buried 25 cm deep to 
simulate over wintering without or with deep tillage, respectively. An experimental unit was 
considered an individual nylon stocking containing four diseased onion leaves, sampled on a 
given date. Samples were collected monthly and Xanthomonas axonopodis pv. allii strain R- 
0 1 7 7  populations were estimated by grinding the nylon stocking and associated diseased leaves 
in liquid nitrogen, suspending the leaf material in 20 ml o f  sterile m agnesium  phosphate buffer, 
and plating lOOpl aliquots o f  serial dilutions onto nutrient agar amended with 100 pg/ml 
rifampicin and 50 pg/m l cycloheximide. Characteristic X. axonopodis pv. allii colonies were 
enumerated after 72 h o f  incubation at 29°C.
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CHAPTER V

M IN IM IZ IN G  CLASS B2 C A R C IN O G E N  USE F O R  X A N TH O M O N A S L E A F B L IG H T  

O F  O N IO N  M A N A G E M EN T  

IN T R O D U C T IO N

Xanthomonas leaf blight o f  onion {Allium cepa), caused by the bacterium  Xanthomonas 

axonopodis pv. allii, is a yield limiting disease o f onion in Colorado (31,32). The disease 

symptoms can be varied, but generally appear as lenticular-shaped chlorotic spots that quickly 

develop into water-soaked lesions during rainy or humid weather. Chlorotic streaks, necrosis, 

and tip dieback develop as the disease progresses, resulting in stunting o f  plants and a reduction 

in or cessation o f  bulb development. Lesions are most prom inent on the flattened sides o f  leaves. 

A bulb rot has not been reported, but yield losses can be significant in Colorado (31).

Few management strategies have been developed for Xanthomonas leaf blight. Crop rotation to 

nonhosts (5,11,19,26), use o f  resistant cultivars (19) and planting pathogen-free seed have been 

suggested (25,27). Adapted and commercially acceptable cultivars resistant to Xanthomonas leaf 

blight have not been identified in for local producers (Schwartz, unpublished), and the disease 

continues to cause losses in certain years in Colorado.

Copper bactericides amended with an ethylenebisdithiocarbamate (EBDC) fungicide can suppress 

Xanthomonas leaf blight and other bacterial diseases o f  onion in Colorado, but applications must 

be applied preventatively and regularly to be effective (31). Consequently, growers m ay make 

eight or more copper/EBDC applications per season to suppress disease. This approach to
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disease managem ent adds expense to onion production and may not be sustainable. Also, EBDC 

fungicides are class B2 carcinogens and may not be available for use on onion in the future. 

Copper resistance has not been observed among Xanthomonas axonopodis pv. allii strains 

prevalent in Colorado (8), but has been reported in Barbados (20). Bactericide resistance is 

widespread among phytopathogenic bacteria (4,17,33), and copper resistance is likely to appear 

in Xanthomonas axonopodis pv. allii with continued reliance upon this chemical for disease 

suppression. Copper bactericides alone provide little control o f  copper-tolerant bacteria (16,29). 

Therefore, new m anagement strategies for Xanthomonas leaf blight are critical to delay or 

prevent the development o f  copper-tolerance, minimize EBDC fungicide use, and reduce 

production costs.

Copper bactericide and associated EBDC fungicide use m ay be reduced in Colorado by 

improving the timing and efficiency o f  applications. Currently, the tim ing o f  bactericide 

applications is based upon crop phenology (31). But the appearance o f  Xanthom onas leaf blight 

is variable across time and fields, and growers may make applications more often then needed to 

effectively manage the disease. Schwartz et al. (32) developed multiple regression models to 

predict the appearance and severity o f  Xanthomonas leaf blight in southern Colorado, and the use 

o f  these models to time bactericide applications may reduce unnecessary bactericide applications. 

Additionally, EBDC fungicides may not be necessary for Xanthomonas leaf blight m anagement 

since copper-tolerant strains o f  Xanthomonas axonopodis pv. allii are not prevalent in Colorado 

(8).

Novel chemical and biological control agents appear prom ising for reducing traditional 

bactericide use on onion. Paulraj and O ’Garro (21) evaluated Pantoea agglomerans in growth 

chamber assays, and found prophylactic applications o f the bacterium  to onion foliage greatly 

reduced Xanthomonas leaf blight severity. Additionally, systemic acquired resistance (SAR) can
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be induced by acibenzolar-S-methyl (Actigard 50WG, Syngenta Crop Protection, Greensboro, 

NC), a structural analog o f  salicylic acid (9). Acibenzolar-S-methyl can be an effective 

alternative to m any bactericides and fungicides for control o f  numerous plant diseases 

(1,2,6,9,18,22). Resistance to acibenzolar-S-methyl has not been reported in any pathogen, and 

its use can suppress bacterial spot and speck o f  tomato caused by copper-tolerant strains o f  A. 

axonopodis pv. vesicatoria and Pseudomonas syringae pv. tomato, respectively (16). However, 

acibenzolar-S-methyl and other inducers o f  systemic acquired resistance must be used carefully 

as phytotoxicity and yield depression can occur on some hosts or genotypes (6,24); and its use 

may aggrevate other pest problems (34,35). No studies have evaluated acibenzolar-S-m ethyl for 

Xanthomonas leaf blight suppression on onion.

Despite the potential for reduced copper and EBDC fungicide use to m anage Xanthom onas leaf 

blight in Colorado, few field level studies have evaluated disease forecasting, EBDC fungicide 

rates, and novel chemical and biological controls. New m anagement strategies for Xanthomonas 

leaf blight are necessary to improve disease control, avoid potential environmental impacts, and 

reduce onion production costs. Therefore, we launched this series o f  studies to reduce copper and 

EBDC fungicides used for Xanthomonas leaf blight m anagement by im proving the timing o f 

bactericide applications, and identifying novel chemical treatments and biological control agents.

M E T H O D S AND M A T E R IA L S

B acteria l s tra in s  and  cu ltu re . A rifampicin m utant o f  A. axonopodis pv. allii strain 01 7 7  

(ATCC 508) was generated as previously described (36), and is referred to as R -0177. Strain R- 

0 1 7 7  is resistant to greater than 200 pg/ml rifampicin, but selection routinely was perform ed on 

nutrient agar amended with 50 pg/ml o f rifampicin. Other strains o f  A. axonopodis pv. allii were 

routinely cultured on nutrient agar or broth lacking antibiotic during incubation at 29°C. To
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prepare inoculum o f  strain R -0177, loopfuls o f  bacteria were streaked onto rifampicin-am ended 

nutrient before incubating culture plates at 29°C for 72 h in the dark. Cells were harvested from 

plates by flooding with deionized water and gently scraping the plates with a small, flame- 

sterilized spatula. The cell suspension was adjusted to 108 CFU/ml spectrophotometrically 

(OD60o=0.12) before adjustment to the desired concentration for an experiment. The bacterial 

strain was preserved in 15% nutrient glycerol broth at -80°C for long-term storage.

Epiphytic population assays. Experiments were conducted in a growth cham ber to determine 

the effect o f  acibenzolar-S-methyl and copper hydroxide on epiphytic m ultiplication o f  X. 

axonopodis pv. allii strain R -0177. Plants o f  onion cultivars Cometa and Vantage were grown 

under greenhouse conditions (approximately 24°C/20°C day/night tem perature regim e and 14- 

hour photoperiod, with approximately 2-h o f  supplemental incandescent lighting) until they were 

six- to eight-weeks old. Three plants o f  each species were seeded individually into 1 1 pots in 

M etroM ix 200 potting soil (Grace Sierra Horticultural Products Company, M ilpitas, CA). Plants 

treated with acibenzolar-S-methyl (Actigard 50WG) were sprayed with 39 g a.i./ha amended with 

0.25 v/v Latron AG-98 (Dow AgroSciences, Indianapolis, IN) in 90 1 o f  water/ ha in a spray 

chamber pressurized to 275 kPa with compressed C 0 2. Plants receiving the copper hydroxide 

treatment were similarly treated with copper hydroxide-mancozeb (M anKocide, Griffin, L. L. C., 

Valdosta, GA) at 1.03 kg a.i./ha (copper hydroxide)+ 0.34 kg a.i./ha (mancozeb) amended with 

0.25% v/v Latron AG-98 1 h prior to inoculation. Untreated plants were sprayed with water 

amended with 0.25% v/v Latron AG-98.

Twenty pots o f  each cultivar were inoculated by spraying to runoff with a 105 CFU/ml bacterial 

suspension using a Crown SpraTool (Aerovoe Industries, Inc., Gardnerville, NV). Inoculum o f 

strain R -0177  was cultured by inoculating 3 ml o f  nutrient broth in 15 ml culture tubes, and 

incubating at 26°C with vigorous shaking (250 oscillations/min) for 24 h. The bacterial cells
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were collected by centrifugation before adjusting to approximately 105 CFU/ml in sterile 

magnesium phosphate buffer (0.01 M magnesium sulfate and 0 .0 1M potassium  phosphate, pH 

7.2). After inoculation, plants were allowed to air dry and then sampled im mediately by 

removing all aboveground plant material from four pots o f  each cultivar and placing it 

individually into plastic bags. Plants were placed in a growth chamber and incubated at 

28°C/24°C day/night temperature regime, light intensity o f  350 pM s''m '2, 100% relative humidity, 

and daily misting with tap water to runoff. Another set o f  four pots o f  each cultivar were 

destructively sampled each day for four days. An experimental unit consisted o f  one pot o f  a 

given cultivar that contained three plants destructively sampled each day.

Harvested plant samples were weighed and placed into sterile 250 ml flasks containing 100 ml o f 

magnesium phosphate buffer, and shaken at 250 oscillations/min for 60 min at room  temperature 

(approximately 22°C). Aliquots (100 pi) were diluted in 10-fold serial dilutions in sterile 

magnesium phosphate buffer before plating in duplicate onto nutrient agar amended with 50 

pg/ml rifampicin and cycloheximide. Characteristic X. axonopodis pv. allii colonies were 

enumerated after 72 h o f  incubation at 29°C, and a subset o f  rifampicin resistant colonies were 

confirmed as X. axonopodis pv. allii by standard physiological and biochem ical tests (28); 

including Gram stain reaction, pigmentation on yeast dextrose carbonate medium, fluorescence 

on K ing’s medium  B, indole test, growth on 0.1% tetrazolium  chloride, oxidase test, starch 

hydrolysis, oxidative utilization o f  glucose, catalase test, production o f  H2S from cysteine, 

presence o f  arginine dihydrolase, and casein hydrolysis test. The experim ent was repeated twice 

over time.

In  planta  popu la tion  dynam ics. M ultiplication o f  A. axonopodis pv. allii strain R -0177  in 

onion was quantified as previously described (8). Plants were treated with acibenzolar-S-methyl, 

copper hydroxide, or water as described above. The youngest, fully-extended leaves o f  8-week-
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old onion plants (cv. Cometa and Vantage) were pin-pricked seven times at 1 cm  intervals with a 

22 gauge needle bearing strain R -0177 removed from 72-hour old nutrient agar culture plates. 

Each pin-pricked leaf area was inoculated with a bacterial matrix approxim ately equal in size to 

the needle tip. L eaf sections (7 by 1 cm in length), each having an inoculated area, were removed 

daily, vortexed in 5 ml o f  sterile magnesium phosphate buffer amended with 0.25% v/v X-77 

nonionic surfactant (Helena Chemical Co., Fresno, CA) to remove surface copper hydroxide- 

mancozeb residues, surface disinfested in 95% ethanol, rinsed in sterile m agnesium  phosphate 

buffer, and ground aseptically in 1 ml o f sterile magnesium phosphate buffer with a m ortar and 

pestle. The homogenate was serially diluted and plated onto nutrient agar amended with 50 

pg/ml rifampicin and cycloheximide. Rifampicin-resistant colonies were enum erated after 72 hr 

o f  incubation at 29° C, and representative colonies were confirmed as strain R -0177  by 

physiological and biochemical tests.

Evaluation o f acibenzolar-S-m ethyl and biological control agents. Field plots were 

established from 2002 to 2004 near Fort Collins, CO at the Colorado State University 

Agricultural Research, Development, and Education Center, near Rocky Ford, CO at the 

Arkansas Valley Research Center, and near Yuma, CO at the Irrigation Research Foundation to 

evaluate acibenzolar-S-methyl and biological control agents for suppression o f  Xanthom onas leaf 

blight. Plots at Fort Collins (2002 to 2004) and Yuma (2003 and 2004) were established with the 

yellow onion cultivar Vantage from seed planted approximately 0.10 m apart in beds on 0.76 m 

centers; each bed contained one (Yuma) or two (Fort Collins) rows spaced 0.15 m apart. At 

Rocky Ford, seeds o f  yellow onion cultivar X-201 was planted approximately 0.10 m  apart in 

beds on 1.06 m  centers; each bed contained two rows spaced 0.15 m  apart. Fields at Fort Collins 

and Rocky were irrigated by furrow irrigation, but irrigation was provided by center-pivot in 

fields at Yuma. Fertilizer, herbicides, and insecticides were applied according to standard 

production practices (30). A plot consisted o f  one bed 1.06- (Rocky Ford) or 0.76 m  (Fort Collins
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and Yuma) wide by 4.6 m  long bed separated by a single untreated row. Treatments were applied 

as described in the bactericide timing study described above.

Treatments were the same at all locations during a given year, but varied am ong years. 

Experiments were arranged in a randomized split-block design with four replications. Whole 

plot treatments consisted o f  a given chemical or biological control agent (untreated, copper 

hydroxide, acibenzolar-S-methyl, Pantoea agglomerans, P. agglomerans/Pfluorescens), and the 

subplot factor was the presence or absence o f  weekly copper hydroxide-mancozeb (M anKocide) 

applications. Plots were monitored weekly to determine the initial appearance and subsequent 

disease development. Average percent disease severity was estimated for each plot using a 

modified Horsfall-Barrett scale and then converted to a percentage. W eekly disease severity 

ratings were used to calculate the relative area under the disease progress curve (RAUDPC). At 

maturity, a 3 m  subsection o f  each subplot was m echanically topped and harvested, graded, and 

weighed to estimate yields.

In 2002, plots were established near Rocky Ford and Fort Collins. Treatm ents consisted o f  10 

weekly applications o f copper hydroxide (Kocide 2000) at 0.90 kg a.i./ha or acibenzolar-S-methyl 

at 39 g a.i./ha, with or without copper hydroxide-mancozeb (M anKocide) at 1.03 kg a.i./ha 

(copper hydroxide) + 0.34 kg a.i./ha (mancozeb). Ten weekly applications were made beginning 

108 or 76 days after planting at Rocky Ford or Fort Collins, respectively. Untreated rows 

separating treated plots were inoculated with 108 CFU/ml water o f  X. axonopodis pv. allii strain 

0 1 7 7  to initiate an epidemic o f Xanthomomas leaf blight. These rows were inoculated 151 and 

164 or 113, 118, and 127 days after planting at Rocky Ford and Fort Collins, respectively.

In 2003, experiments were conducted near Rocky Ford, Fort Collins, and Yuma. Treatments 

consisted o f  9 or 10 applications o f  copper hydroxide (Kocide 2000) at 0.90 kg a.i./ha or
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acibenzolar-S-methyl (Actigard 50WG) at 39 g a.i./ha with or without copper 

hydroxide/mancozeb (M anKocide) at 1.03 kg a.i./ha (copper hydroxide) + 0.34 kg a.i./ha 

(mancozeb). Copper hydroxide and copper hydroxide-mancozeb treatments were applied weekly 

beginning 105, 99, or 97 days after planting at Rocky Ford, Fort Collins, or Yuma, respectively. 

Ten applications were m ade at Rocky Ford and Yuma, but 9 applications were made at Fort 

Collins. Four weekly acibenzolar-S-methyl applications were made at each location in 2003, 

beginning 105, 99, or 97 days after planting at Rocky Ford, Fort Collins, or Yuma, respectively. 

Plots were inoculated with 108 CFU/ml water X. axonopodis pv. allii strain R -0177  124, 136, 

143, 150, and 157, or 133, 140, and 144, or 126 and 133 days after planting at Rocky Ford, Fort 

Collins, or Yuma, respectively.

In 2004, the experiments were repeated at the three locations. Treatments and rates were as 

described in 2003, but BlightBan C9-1 (lyophilized cells o f  Pantoea agglomerans strain C9-1, 

NuFarm, Laverton, Australia) and BlightBan C9-1/A506 (equal mixture o f  lyophilized cells o f 

Pantoea agglomerans strain C9-1 and P . fluorescens strain A506) were included. BlightBan C9- 

1 was applied at the rate o f  1010 CFU/ml P. agglomerans strain C9-1, and BlightBan C9-1/A506 

was applied at the rate o f  5 x 109 CFU/ml each o f  P. agglomerans strain C9-1 and P . fluorescens 

strain A506. W eekly applications o f  treatments began 101, 101, 98 days after planting at Rocky 

Ford, Fort Collins, and Yuma. A total o f  11, 9, and 12 copper hydroxide applications were made 

at Rocky Ford, Fort Collins, and Yuma, respectively. Four weekly applications were made o f 

acibenzolar-S-methyl and two weekly applications were made o f  the biological control agents 

beginning on the same days as the copper hydroxide treatment.

Identification o f the critical period for bactericide applications. Experim ents were 

established at the Arkansas Valley Research Center near Rocky Ford, CO from 2002 to 2004 to 

determine the critical period for Xanthomonas leaf blight control with copper bactericides. A plot
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consisted o f  a 7.5 m  length o f  one bed containing two lines o f  the onion cultivar X -201. Plots 

were arranged in a randomized split-block design with three replications, where the timing o f  the 

first copper hydroxide application was the whole plot factor and EBDC fungicide rate was the 

subplot factor.

To determine the critical period for bactericide applications, the timing o f  the first copper 

hydroxide (Kocide 2000, Griffin, L.L.C., Valdosta, GA) application was staggered. W hole plots 

received a weekly application o f  0.90 kg a.i./ha copper hydroxide, beginning approxim ately four 

weeks pre-bulb initiation to two weeks post-bulb initiation. Subplots were treated with maneb 

(Maneb 75DF, Cerexagri Inc., King o f  Prussia, PA) at a rate o f  0, 0.42, 0.84, or 1.68 kg a.i./ha 

initiated on the same day as the copper hydroxide treatment for that whole plot treatment. The 

untreated plots did not receive any copper hydroxide, but did receive 0, 0.42, 0.84, or 1.68 kg

a.i./ha maneb. Once copper hydroxide and maneb treatments were initiated, they were reapplied 

weekly until approximately 14-days before harvest. In 2002, the four-week pre-bulb initiation, 

three-week pre-bulb initiation, two-week pre-bulb initiation, one-week pre-bulb initiation, bulb 

initiation, one-week post-bulb initiation, and two-week post-bulb initiation treatments began 

101,108,115,123,130,137, and 144 days after planting, respectively. These treatments received 

9, 8, 7, 6, 5, 4, or 3 total applications, respectively. The copper hydroxide untreated plots 

received 5 applications o f  maneb at the rates specified previously, beginning 130 days after 

planting. In 2003, copper hydroxide treatments began 92, 96, 105, 114, 122,128, or 135 days 

after planting for the various timings, and 9, 8, 7, 6, 5, 4, or 3 total applications were made for 

each timing, respectively. The copper hydroxide untreated plots received 5 applications o f maneb 

at the rates specified previously, beginning 122 days after planting. In 2004, copper hydroxide 

treatments began 71, 77, 84, 93, 98, 106, or 112 days after planting, and 14, 13, 12, 11, 10, 9, or 8 

total applications were made for each timing, respectively. The copper hydroxide untreated plots 

received 10 applications o f  maneb at the rates specified previously, beginning 98 days after
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planting. All treatments were applied in 90 liter o f  water/ ha using a 45-cm  long boom  equipped 

with two 8002 even flat-fan nozzles, and was pressurized to 275 kPa using com pressed CO 2 . 

Plots were not inoculated with X. axonopodis pv. allii.

Statistica l analyses. Statistical analyses were perform ed using the PROC MIXED function o f 

SAS v. 9.1 (SAS Institute, Cary, NC). Bacterial population data from growth cham ber studies 

were log transformed to achieve independently and normally distributed experimental errors with 

a common variance. The area under the bacterial growth curve was calculated from growth 

chamber studies o f  Xanthomonas axonopodis pv. allii epiphytic and in planta populations and 

used as the response variable in statistical analyses. Replication o f experimental units and the 

entire experiment were considered random factors. In field studies, location and replication were 

considered fixed and random factors in the mixed models analyses, respectively. Relative area 

under the disease progress curve was used as the response variable in field studies.

R ESU LTS

E piphy tic  popu la tion  assays. Epiphytic populations o f X  axonopodis pv. allii, as measured 

by the area under the bacterial population growth curve, were equivalent for cultivars Vantage 

and Cometa (P=0.088) in response treatments. Cultivar*treatment interactions were not 

significant (P=0.204). X. axonopodis pv. allii populations on plants treated with acibenzolar-S- 

methyl or copper hydroxide-mancozeb treatments differed on sampling days, but the area under 

the bacterial growth curve was not different among the treatments (P=0.089) (Figure V. 1). 

Acibenzolar-S-methyl or copper hydroxide-mancozeb treatment reduced epiphytic populations

0.5 to 2.0 logarithmic units per g fresh weight o f  tissue at each sample time 24 hours after 

inoculation, as com pared to untreated plants.

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In planta population dynamics. In planta populations o f X  axonopodis pv. allii in leaves o f 

onion cultivars Vantage and Cometa were equivalent as measured by the area under the bacterial 

population growth curve (P=0.334), and cultivar*treatment interactions were not significant 

(P = 0.137). Treatment with acibenzolar-S-methyl or copper hydroxide-mancozeb reduced in 

planta bacterial populations as compared to untreated plants (Figure V. 2). X. axonopodis pv. 

allii populations were reduced on acibenzolar-S-methyl and copper hydroxide-mancozeb plants 

on most (5 o f  6) or all sampling days as compared to the untreated; but this decrease was less than 

1 logarithmic unit per g fresh weight o f  tissue.

Evaluation o f acibenzolar-S-m ethyl and biological control agents. Field trials were 

conducted over three years in different Colorado onion production regions to compare 

acibenzolar-S-methyl and biological control agents to conventional copper bactericides. Despite 

repeated inoculations with X  axonopodis pv. allii in 2002, an epidemic o f  Xanthom onas leaf 

blight did not occur at either location. The lack o f  disease developm ent allowed us to determine 

the impact o f  acibenzolar-S-methyl on onion yield and grade in the absence o f  disease. Ten 

weekly applications o f  acibenozolar-S-methyl reduced total onion yield 9.3 (22%) and 8.7 (27%) 

t/ha at Rocky Ford and Fort Collins, respectively (Table V. 1).

In 2003, acibenzolar-S-methyl reduced Xanthomonas leaf blight equal (Fort Collins and Yuma) 

or superior (Rocky Ford) to copper hydroxide and copper hydroxide-mancozeb (Table V. 2). At 

Rocky Ford, acibenzolar-S-methyl treatment reduced the RAUDPC 43%  as com pared to the 

copper hydroxide-mancozeb treatment. Acibenzolar-S-methyl applied alone was as effective as 

acibenzolar-S-methyl applied in combination with copper hydroxide-mancozeb at all locations. 

Acibenzolar-S-methyl treatment increased the yield o f  jum bo grade bulbs at Rocky Ford as 

compared to copper hydroxide-mancozeb and untreated plots, but a com bination o f  acibenzolar- 

S-methyl and copper hydroxide-mancozeb reduced jum bo yield 24% as com pared to acibenzolar-
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S-methyl alone. Total yields at the three locations were not affected by acibenzolar-S-methyl or 

copper bactericide treatment as compared to untreated plots.

In 2004, acibenzolar-S-methyl provided Xathomonas leaf blight suppression equal (Rocky Ford 

and Yuma) or superior (Fort Collins) to copper hydroxide and copper hydroxide-mancozeb 

(Table V. 3). At Fort Collins, the RAUDPC was reduced 29 or 33% with acibenzolar-S-methyl 

as compared to copper hydroxide or copper hydroxide-mancozeb, respectively. Acibenzolar-S- 

methyl alone was as effective as the combination with copper hydroxide-mancozeb at all 

locations. Bulb yield or grade did not differ among treatments at any location.

The combined application o f  P. agglomerans strain C9-1 + P . fluorescens strain A506 was as 

effective as copper hydroxide (all locations) or copper hydroxide-mancozeb (Rocky Ford and 

Fort Collins) in reducing Xanthomonas leaf blight severity (Table V. 3). The combination o f 

these biological control agents with copper hydroxide-mancozeb at Y um a was superior to the 

biological control agents alone, and was equivalent to copper hydroxide-mancozeb. Disease 

severity was equal in P. agglomerans strain C9-1 and untreated plots at all locations.

Identification o f the critical period for bactericide applications. Natural epidemics o f 

Xanthomonas leaf blight occurred in 2003 and 2004. The disease was not present in 2002, so 

comparisons among application timing and maneb rates were not possible. Yields were not 

expected to differ in the absence o f  disease and plots were not harvested in 2002. In 2003, a late 

season (within 14 days o f  harvest) epidemic o f  Xanthomonas leaf blight occurred, and all 

treatments that included copper hydroxide reduced the RAUDPC as com pared to the untreated 

(Table V. 4). Plots in which treatments were initiated 2 to 4 weeks before bulb initiation had less 

disease than those started at bulb initiation or later. Disease severity was equal among treatments 

initiated four, two, one week before bulb initiation, but two or three less applications achieved
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this level o f  disease suppression when treatments were initiated one to two weeks before bulb 

initiation. Disease suppression was equal among different timings irrespective o f  m aneb rate. 

Yields were not estimated because disease pressure was not considered severe enough to cause 

measurable treatment effects.

In 2004, a longer epidemic (27 days) o f  Xanthomonas leaf blight occurred, but no application 

timing or maneb rate significantly improved Xanthomonas leaf blight suppression (Table V. 4). 

Yields were estimated, but did not differ among treatments.

DISCUSSION

Copper bactericides tank-m ixed with EBDC fungicides are a central com ponent o f  onion 

production in Colorado for Xanthomonas leaf blight and other bacterial disease control (31), but 

this strategy for bacterial disease management increases production costs and reliance upon 

EBDC fungicides. A critical need exists for new disease m anagement strategies that are more 

effective, economical, and environmentally sound than calendar-based copper/EBDC 

bactericides. In this study, we demonstrated acibenzolar-S-methyl and biological control agents 

effectively control Xanthomonas leaf blight, and can replace the bactericides currently used to 

suppress this disease in Colorado. Additionally, we demonstrated the disease can be managed 

without early season copper (prior to one to two weeks before bulb initiation) applications or 

maneb amendment

Acibenzolar-S-methyl appears to be a valuable tool for Xanthomonas leaf blight m anagem ent in 

Colorado. Acibenzolar-S-methyl reduced in planta and epiphytic X. axonopodis pv allii 

populations in two onion cultivars as much as copper hydroxide-mancozeb in growth chamber 

studies. U nder field conditions with inoculation with a copper-sensitive strain o f  X. axonopodis
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pv. allii, four weekly applications o f acibenzolar-S-methyl applied at 39 g a.i./ha were as or more 

effective than nine to 10 weekly application o f  either copper hydroxide or copper hydroxide- 

mancozeb, without reducing bulb yield or grade when Xanthomonas leaf blight was present. In 

six experiments, disease suppression was not improved by combining acibenzolar-S-methyl with 

copper hydroxide-mancozeb, suggesting this novel chemical treatment can fully replace copper 

hydroxide-mancozeb applications for Xanthomonas leaf blight management.

Phytotoxicity has been reported with acibenzolar-S-methyl treatment on tobacco (6), tomato 

transplant seedlings (15), and pepper (24), and must be used carefully to avoid phytotoxicity to 

onion. W e observed a significant total yield depression when 10 weekly applications o f 

acibenzolar-S-methyl were made in the absence o f  disease, but not when four applications were 

made when low to high levels o f  disease developed. Cole (6) reported increasing application 

volumes reduced phytotoxicity to tobacco, but we only evaluated acibenzolar-S-m ethyl at one 

application volume simulating a conventional ground-rig application. Future studies should 

evaluate acibenzolar-S-methyl applications in a range o f  application volumes, including aerial 

and chemigation applications. We only evaluated four or more applications o f  acibenzolar-S- 

methyl at one rate in these studies, but Xanthomonas leaf blight may be effectively controlled 

with lower rates or fewer than four applications. In other studies, Xanthom onas leaf blight 

suppression occurred by two applications o f  acibenzolar-S-methyl com bined with six application 

o f  copper hydroxide-mancozeb and was more effective than copper hydroxide-mancozeb alone

(7).

We evaluated two onion cultivars susceptible to Xanthomonas leaf blight (Lang and Schwartz, 

unpubished) in field studies with acibenzolar-S-methyl, but combining moderate levels o f  host 

resistance with acibenzolar-S-methyl m ay contribute additively to disease control. Tomato 

genotypes susceptible or resistant to early blight (caused by Alternaria solani) have different
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accumulation patterns o f pathogenesis-related (PR) proteins in response to pathogen challenge 

and induced systemic resistance (13), and higher constitutive and inducible levels o f  some PR 

proteins are associated with resistance. Resistant genotypes were also associated with a more 

rapid induction o f  PR genes in the early stages o f infection (14). Acibenzolar-S-methyl is known 

to activate a number o f  physiological, biochemical, and ultrastructural changes in plants (2,9,22), 

and the level o f  activation m ay be greatest in onion genotypes with m ore rapid induction and 

higher levels o f  inducible defense pathways. Acibenzolar-S-methyl m ay also negatively impact 

some genotypes (24), and acibenzolar-S-methyl should be evaluatated on a broad collection o f 

onion cultivars to determine potential interactions between this SAR-inducing compound and 

plant genotype under varying environmental conditions.

Reports o f  SAR-induction by acibenzolar-S-methyl effective against biotrophic and necrotrophic 

plant pathogens and insects are found in the literature (1,2,6,9,15,18,22,24), but acibenzolar-S- 

methyl could potentially aggravate some disease or insect pests on onion. Cross-talk between the 

salicylic and jasm onic acid pathways is not fully understood, but these pathways appear to 

mediate resistance to distinct pathogens (35). SAR is energetically costly to plants, and other 

defense pathways are often down-regulated in response to SAR (10,12,34,37); but the interactions 

among defense pathways vary depending on plant species, pests attacking a plant, and 

physiological state o f  the plant (23). W e have evaluated onion treated with acibenzolar-S-methyl 

for other diseases and pests, and have not observed increases in diseases caused by necrotrophic 

pathogens (e.g., Botrytis spp.) or insects (e.g., Thrips tabaci) populations (data not presented). 

However, treatment o f  onion with 1 or 10 mM methyl jasm onate triggers induced systemic 

resistance that reduced T. tabaci populations but renders plants hypersensitive to Xanthomonas 

leaf blight (Gent and Schwartz, unpublished). Evaluation o f  acibenzolar-S-m ethyl in a complete 

onion production system is necessary for intelligent use o f  this chemical for Xanthom onas leaf 

blight and other onion diseases.
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Biological control o f  Xanthomonas leaf blight comparable to weekly applications o f  copper 

hydroxide-mancozeb was achieved using a commercial formulation o f  lyophilized cells o f  a 

mixture o f  P. agglomerans strain C9-1 and P . fluorescens strain A506, but not with P. 

agglomerans strain C 9-1 alone. A  strain o f  P. agglomerans isolated from the onion phyllosphere 

in Barbados provided nearly complete suppression o f  Xanthomonas leaf blight in growth chamber 

assays (21), but we did not observe any measurable effect o f  strain C9-1 under field conditions in 

Colorado. We did not include P. fluorescens strain A506 alone in the experiments presented 

here, so the relative contributions o f P. agglomerans strain C9-1 and P . fluorescens strain A506 

to Xanthomonas leaf blight suppression are unclear. Tank-mixes o f  the biological control agents 

with copper hydroxide-mancozeb generally did not improve disease suppression as com pared to 

the copper hydroxide-mancozeb alone, presumably because these bacteria are copper sensitive. 

Future research should evaluate P. agglomerans strain C9-1 and P . fluorescens strain A506 

against other bacterial diseases o f  onion such as center rot (caused by Pantoea ananatis) and sour 

skin (caused by Burkholderia cepacia). In petri-dish bioassays, antibiotics produced by P. 

agglomerans strain C9-1 inhibited the growth o f  P. ananatis (Gent and Ishimaru, unpublished), 

and these biological control agents m ay be able to suppress multiple onion bacterial pathogens.

Experiments evaluating the timing o f  copper hydroxide with varying rates o f  maneb indicated 

two or more copper hydroxide applications m ay be eliminated without compromising 

Xanthomonas leaf blight suppression when disease pressure is low. Disease did not develop in 

2002, and disease pressure was relatively light in 2003 and 2004. Preventative copper hydroxide 

applications beginning one to two weeks prior to bulb initiation in 2003 were as effective as those 

beginning during early- to mid-vegetative growth (three to four weeks before bulb initiation). In 

2004, a late-season epidemic o f Xanthomonas leaf blight occurred and no copper hydroxide 

application timing significantly improved onion yield or grade. Late-season application o f  copper
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hydroxide m ay not be necessary under low disease pressure because onion yield and grade are 

unlikely to be affected as plants near maturity.

The critical period for Xanthomonas leaf blight control appears to be near bulb initiation. 

Schwartz et al. (32) reported weather patterns before bulb initiation are not associated with the 

appearance or severity o f Xanthomonas leaf blight in Colorado, but copper hydroxide 

applications initiated after bulb initiation result in poor disease control and yield depression (31). 

Bartolo et al. (3) simulated different levels o f  hail damage to onion at various growth stages in 

Colorado, and found onion yield and grade to be most negatively impacted i f  defoliation occurred 

near bulb initiation. Yield losses became less as plants neared maturity. A similar phenomenon 

m ay exist for Xanthomonas leaf blight since the disease reduces the photosynthetic area o f  onion 

similar to mechanical damage. Late-season epidemics, as observed in 2003 and 2004, are likely 

to impact bulb yield and grade negligibly, and copper hydroxide applications for Xanthomonas 

leaf blight are probably not necessary in the one to two weeks preceding onion harvest.

In this study we have identified effective and economical m eans o f reducing the use o f  copper 

bactericides and EBDC fungicides for Xanthomonas leaf blight suppression. Copper bactericide 

and EBDC fungicide application frequency m ay be reduced by only applying them during the 

critical periods for disease control, or by relying upon acibenzolar-S-methyl and biological 

control agents. Integration o f  these chemical and biological controls within an integrated pest 

management program  that emphasizes the planting o f  pathogen-free seed (25,27), sanitation o f 

weeds, leguminous crops, infested crop debris, and volunteer onion, avoids reuse o f  irrigation 

water, and follows a two-year or longer rotation to nonhosts such as small grains should greatly 

reduce the need for class B2 carcinogen to manage Xanthomonas leaf blight in Colorado and 

perhaps elsewhere.
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Table V. 1. Onion bulb yield and grade in response to chemical treatment with copper hydroxide and acibenzolar-S-methyl in the absence 
o f  Xanthomonas leaf blight at two locations in Colorado in 2002.

_______________________ Yield and grade (t/ha)x___________________
____________ Rocky Fordy____________   Fort ColIinsy

Treatment2 M edium Jumbo Total M edium Total
Untreated 26.1a 8.3a 42.7a 15.4a 31.8a
Copper hydroxide 22.8a 6.5a 39.9ab 9.2a 28.7ab
Acibenzolar-S-methyl 20.8a 5.6a 33.4b 10.9a 23.1b

x Treatments within a column followed by the same letter are not significantly different based on F isher’s F-protected least significant 
difference. Data are mean o f four replications.

y Cultivar X-201 was used in experiments at Rocky Ford, and cultivar Vantage was used in experiments at Fort Collins.

z Ten weekly applications o f  each treatment were applied to plots beginning approxim ately two weeks before bulb initiation; copper 
hydroxide (Kocide 2000, Griffin, L. L. C., Valdosta, GA), and acibenzolar-S-methyl (Actgard 50WG, Syngenta Crop Protection, 
Greensboro, NC).
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T able V. 2. Xanthomonas lea f blight severity, yield, and grade o f  onion in relation to copper bactericide and acibenzolar-S-methyl 
applications at three locations in Colorado in 2003.

Location, disease severity, and yield (t/ha)
Rocky Ford" Fort Collins "x Yuma”

Treatment RAUDPC Medium Jumbo Total RAUDPC Total RAUDPC Total
Untreated 0.17a 10.6ab 12.1a 24.4a 0.25a 7.8a 0.37a 7.3a
Copper hydroxide 0.15b 8.3ab 16.1abc 25.7ab 0.18b 9.3a 0.24ab 7.7a
Acibenzolar- S -methyl 0.08c l l . l b c 20.0c 32. lab 0.15b 9.0a 0.16b 6.4a
Copper hydroxide-mancozeb subplot
Untreated 0.14b 16.1c 15.7b 33.8b 0.18b 7.3a 0.28ab 6.8a
Copper hydroxide 0.14b 4.6a 17.1abc 22.2ab 0.14b 8.7a 0.25ab 7.7a
Acibenzolar-S-methyl 0.09c 12.3bc 15.3ab 29.5ab 0.14b 8.5a 0.18b 6.8a

F acto r"

Treatment 0.0022 0.0597 0.5732 0.4616 0.0970 0.0784 0.2913 0.6331
Copper hydroxide-mancozeb 0.3033 0.3972 0.9504 0.4494 0.0989 0.4464 0.1331 0.9513
Treatment*copper hydroxide-mancozeb_______0.0774_____ 0.0290 0.0048_____0.0097__________ 0.0178_____ 0.8957_________ 0.0120_______ 0.3627

v RAUDPC= relative area under the disease progress curve. RAUDPC was calculated according to (X V i [(xr, i + x i)/2][ti+t - 1,]} / tn - 1,. 
Treatments within a column followed by the same letter are not significantly different based on Fisher’s F-protected least significant 
difference (P=0.05). Data are mean o f  four replications.

w Cultivar X-201 was used in experiments at Rocky Ford, and cultivar Vantage was used in experiments at Fort Collins and Yuma. 

x Total yield at Fort Collins and Yum a is weight (kg) o f  10 bulbs harvested random ly from each plot.

y Copper hydroxide (Kocide 2000, Griffin, L. L. C., Valdosta, GA), acibenzolar-S-methyl (Actigard 50WG, Syngenta Crop Protection, 
Greensboro, NC), and copper hydroxide-mancozeb (M anKocide, Griffin, L. L. C.). Ten weekly applications o f  copper hydroxide or 
copper-hydroxide-mancozeb, or four weekly applications o f  acibenzolar-S-methyl were applied to plots beginning approximately two 
weeks before bulb initiation. The experiment was arranged as a randomized split-block design, where the w hole plot treatments 
(designated treatment) were untreated, copper hydroxide, or acibenzolar-S-methyl treatments; and the subplot treatm ent (designated 
copper hydroxide-mancozeb) was the presence or absence o f  weekly applications o f  copper hydroxide-mancozeb.

z Timing, maneb, and timing*maneb interaction were analyzed using the PROC MIXED procedure o f SAS v 9.1 (SAS Institute, Cary,
NC). Replications were considered random in the m ixed model.

120



Reproduced 
with 

perm
ission 

of the 
copyright owner. 

Further reproduction 
prohibited 

without perm
ission.

T ab le  V. 3. Xanthomonas leaf blight severity, yield, and grade o f  onion in relation to copper bactericide, acibenzolar-S-methyl, and 
biological control agents at three locations in Colorado in 2004.

Location, disease severity, and yieldwx
Rocky Ford Fort Collins Yuma

Treatment^ RAUDPC Medium Jumbo Total RAUDPC Medium Total RAUDPC Medium Jumbo Total
Untreated 0.48a 28.2a 16.0a 47.4a 0.29a 29.3a 39.5a 0.06a 15.0a 14.8a 32.7a
Copper hydroxide 0.29bc 23.6a 14.7a 41.9a 0.21b 28.1a 36.9a 0.03bc 16.1a 15.5a 34.9a
Acibenzolar-S-
methyl 0.23c 25.4a 20.4a 48.8a 0.15d 32.7a 47.8a 0.03bc 14.4a 16.6a 33.0a
Pa C9-1 0.36a 28.4a 14.2a 46.7a 0.30a 26.1a 39.0a 0.04ab 14.6a 19.0a 35.5a
Pa C9-1/Pf A506 0.26bc 25.2a 14.0a 42.8a 0.22bc 30.0a 39.5a 0.04b 13.7a 15.6a 31.1a
Copper hydroxide-mancozeb subplot
Untreated 0.34b 27.0a 17.4a 48.8a 0.24ab 24.2a 35.9a 0.03c 11.9a 20.8a 34.7a
Copper hydroxide 0.24c 23.8a 16.5a 43.7a 0.20bc 24.2a 41.2a 0.02c 11.3a 20.0a 33.9a
Acibenzolar-S-
methyl 0.21c 25.0a 19.7a 47.9a 0.15d 29.3a 41.7a

0.02c
12.1a 16.7a 31.5a

Pa C9-1 0.3 lbc 28.2a 10.8a 45.1a 0.23bc 30.0a 39.3a 0.02c 11.1a 21.9a 36.2a
Pa C9-1/Pf A506 0.21c 27.9a 15.8a 44.9a 0.19cd 33.4a 41.2a 0.02c 12.0a 15.4a 29.3a

Factor2

Treatment 0.0026 0.5102 0.2426 0.3507 0.0001 0.6406 0.4219 0.1115 0.8658 0.4261 0.1498
Copper hydroxide- 
mancozeb 0.0129 0.8997 0.9241 0.6775 0.0552 0.4122 0.7093 0.0065 0.1286 0.2742 0.9125
Treatment* Copper 
hydroxide-mancozeb 0.0055 0.9672 0.8626 0.8474 0.2517 0.0837 0.1930 0.0090 0.4655 0.5929 0.8886

w RAUDPC= relative area under the disease progress curve. RAUDPC was calculated according to {X V i [ ( x H i +  X i) /2 ] [ t i+i — t;]} / tn — U 
Treatments within a column followed by the same letter are not significantly different based on F isher’s F-protected least significant 
difference. Data are m ean o f  four replications.

x Cultivar X-201 was used in experiments at Rocky Ford, and cultivar Vantage was used in experiments at Fort Collins and Yuma.

y Copper hydroxide (Kocide 2000, Griffin, L. L. C., Valdosta, GA), acibenzolar-S-methyl (Actigard 50WG, Syngenta Crop Protection, 
Greensboro, NC), copper hydroxide-mancozeb (ManKocide, Griffin, L. L. C.), Pa C9-1 =Pantoea agglomerans strain C9-1 (BlightBan C9- 
1, NuFarm, Laverton, Australia), and Pa C9-1/Pf A506= P. agglomerans strain C9-1 + Pseudomonas fluorescens strain A506 (BlightBan 
C9-1/A506, NuFarm). Ten weekly applications o f copper hydroxide or copper hydroxide-mancozeb, four weekly applications o f
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acibenzolar-S-methyl, or two weekly applications o f  P. agglom erans  strain C9-1 + Pseudom onas fluorescens  strain A506 were applied to 
plots beginning approximately two weeks before bulb initiation. The experiment was arranged as a randomized split-block design, where 
the whole plot treatments (designated treatment) were untreated, copper hydroxide, acibenzolar-S-methyl, P. agglom erans  strain C9-1, or 
P. agglom erans strain C9-1 + Pseudom onas flu orescen s  strain A506 treatments; and the subplot treatment (designated copper hydroxide- 
m ancozeb) was the presence or absence o f w eekly applications o f  copper hydroxide-mancozeb.

z Timing, maneb, and timing*maneb interaction were analyzed using the PROC M IXED procedure o f  SAS v 9.1 (SAS Institute, Cary, 
NC). Replications were considered random  in the mixed model.
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Table V . 4. Effect o f copper hydroxide application timing and m aneb rate on Xanthomonas lea f blight severity and bulb yield and grade 
o f onion cultivar X-201 at Rocky Ford, CO in 2003 and 2004.

Treatment"

2003 2004

Total sprays1 RAUDPCy Total spraysy RAUDPC Medium
Yield (t/ha)y 

Jumbo Total
Untreated 5 0.06a 10 0.05a 10.4a 41.3a 52.3a
4-weeks prebulb 9 0.01c 14 0.04a 13.6a 37.3a 51.5a
3-weeks prebulb 8 0.02bc 13 0.04a 11.4a 41.3a 52.8a
2-weeks prebulb 7 0.01c 12 0.05a 11.7a 42.8a 53.9a
1 week prebulb 6 0.02bbc 11 0.04a 11.8a 40.9a 55.3a
Bulb intiation 5 0.03b 10 0.05a 10.9a 44.2a 58.7a
1 week postbulb 4 0.03b 9 0.05a 11.5a 42.3a 54.3a
2 weeks post bulb 3 0.03b 8 0.06a 13.7a 39.1a 52.9a

Factor2

Timing _ <0.0001 _ 0.0761 0.6199 0.8102 0.4919
Maneb — 0.3755 — 0.8685 0.6565 0.1052 0.0695
Timing*maneb — 0.3250 - 0.3089 0.5476 0.3427 0.4906

"Treatm ents consisted o f  copper hydroxide (Kocide 2000, Griffin, L. L. C., Valdosta, GA) applications, w here the timing o f  the initial 
spray was staggered weekly. The 4-week prebulb treatment was applied approximately four weeks before bulb initiation. Treatments 
were applied weekly once a spray program  was initiated for a given timing. The experiment was arranged as a randomized split-block 
design, where the whole plot treatment (designated timing) was the initial tim ing when the spray program  began; and the subplot factor 
was maneb (Maneb 75DF, Cerexagri Inc., King o f  Prussia, PA) rate at four levels (0, 0.42, 0.84, or 1.68 kg a.i./ha).

x Untreated plots did not receive any copper hydroxide, but did receive m aneb at 0, 0.42, 0.84, or 1.68 kg a.i./ha depending on the subplot 
treatment. Maneb applications on the untreated plots began at bulb initiation.

y RAUDPC= relative area under the disease progress curve. RAUDPC was calculated according to "i=i [(xi+i + x;)/2][ti+i -  tj]} / tn - t , .  
Treatments within a column followed by the same letter are not significantly different based on F isher’s F-protected least significant 
difference. Data are mean o f  three replications.

z Timing, maneb, and timing*maneb interaction were analyzed using the PROC MIXED procedure o f  SAS v 9.1 (SAS Institute, Cary, 
NC). Replications were considered random in the mixed model.
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Figure V. 1. Epiphytic multiplication o f  Xanthomonas axonopodis pv. allii on onion treated with 
copper hydroxide, acibenzolar-S-methyl, or water (untreated). Onion cultivars Vantage and 
Cometa were used in these growth chamber studies, but epiphytic X. axonopodis pv. allii 
populations did not differ among cultivars (P-value=0.088). Data are mean o f  four replications 
averaged over cultivar and two replications o f  the entire experiment («=16) ± standard error o f 
the mean.
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Figure V. 2. In planta  multiplication o f  Xanthomonas axonopodis pv. allii in onion in relation to 
treatment with copper hydroxide, acibenzolar-S-methyl, or water (untreated). Onion cultivars 
Vantage and Cometa were used in these growth chamber studies, but in planta X. axonopodis pv. 
allii populations did not differ among cultivars (P-value=0.334). Data are mean o f  four 
replications averaged over cultivar and two replications o f  the entire experim ent (n= 16) ± 
standard error o f  the mean.
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C H A P T E R  V I

INFLUENCE OF NITROGEN FERTILZATION AND SEED CONTAM INATION ON 

EPIPHYTIC XANTHOM ONAS AXONOPODIS PV. ALLII AND XANTHOM ONAS

LEAF BLIGHT DEVELOPM ENT

INTRODUCTION

Xanthomonas leaf blight o f  onion (Allium cepa), caused by the bacterium  Xanthomonas 

axonopodis pv. allii, is a yield limiting disease in Colorado. The disease first appears as small, 

lenticular-shaped chlorotic lesions, but lesions quickly enlarge and become water-soaked in 

humid or rainy weather. The pathogen is not known to attack bulbs, but yield losses associated 

with foliage blighting, plant stunting, and reduced bulb size can be significant (11,20,22). The 

host range o f  X. axonopodis pv. allii appears limited to a few Allium  species (1,3,6,7,16).

Few m anagement strategies are available for Xanthomonas leaf blight m anagem ent, but crop 

rotation (12), host resistance (12), copper and zinc applications (13,20), biological control (14), 

and the planting o f  pathogen-free seed (17) have been suggested. M ost o f  these m anagement 

strategies have not been evaluated in Colorado, and consequently growers rely largely upon 

copper-based bactericides for disease suppression (20).

The impact o f  cultural practices, such as nitrogen fertilization and planting pathogen-free seed, on 

disease developm ent in semi-arid production environments are unknown. Therefore, we sought
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to address these deficits in our knowledge and develop new strategies for m anaging Xanthomonas 

leaf blight.

METHODS AND MATERIALS

Bacterial strain and culture. A rifampicin mutant o f  X. axonopodis pv. allii strain 01 7 7  

(ATCC 508) was generated as previously described (24), and is referred to as R -0177. Strain R- 

0 1 7 7  is resistant to greater than 200 pg/ml rifampicin, but selection routinely was perform ed on 

nutrient agar am ended with 50 pg/ml o f  rifampicin. To prepare inoculum o f  strain R -0177, 

loopfuls o f  bacteria were streaked onto rifampicin-amended nutrient agar medium  before 

incubating culture plates at 29°C for 72 h in the dark. Cells were harvested from plates by 

flooding with deionized water and gently scraping the plates with a small, flame-sterilized 

spatula. The cell suspension was adjusted to 108 CFU/ml spectrophotometrically (OD60o=0.12) 

before adjustment to the desired concentration for an experiment. The bacterial strain was 

preserved in 15% nutrient glycerol broth at -80°C for long-term storage.

Nitrogen fertility studies. Field studies were established at the Agricultural Research, 

Development, and Education Center (ARDEC) near Fort Collins, CO to determ ine the effect o f 

nitrogen fertilization on X. axonopodis pv. allii epiphytic and subsequent Xanthom onas leaf 

blight disease development. Onion (cv. Vantage) was planted into plots in M ay 2003 and April 

2004. Plots were established from seed planted approximately 0.1 m apart in beds on 0.76 m 

centers. Each bed contained two rows o f  onion spaced 0.15 m  apart. The field was furrow 

irrigated once to twice weekly and did not receive any fertilizer. A plot consisted o f  four 

contiguous 0.76 m wide beds 7.6 m in length replicated four times in a randomized complete 

block design. A different area o f  the same field was used for studies in 2003 and 2004.
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Soil m ajor and micronutrients, pH, and soluble salts were measured (M DS Harris, Lincoln, NE) 

from bulked soil samples consisting o f 6 randomly collected soil cores (2.5 cm  in diameter) taken 

from a depth o f  15 cm. Soil nitrate nitrogen content was determined, and used to adjust 

application rates to achieve the desired nitrogen level for a treatment. The field contained 17 and 

70 ppm nitrate nitrogen in 2003 and 2004, respectively. N itrogen fertilizer (urea, 46-0-0) was 

applied to each plot by gently loosing the soil between onion rows on the center two beds with a 

hoe and placing the fertilizer onto the soil surface. The outer rows o f  the plot did not receive any 

fertilizer to reduce nitrogen movement among plots and confounding plot interference. The 

fertilizer was m echanically incorporated approximately 2.5 cm deep by shallow hoeing. 

Treatments consisted o f  untreated (no additional fertilizer applied), 112, 224, or 448-kg/ha 

nitrogen that was applied in two equal (half) applications at the four-leaf stage and bulb 

initiation.

The center two rows o f  each plot were inoculated to runoff with 106 CFU/ml strain R -0177 

amended with 0.1% Silwet L-77 (Loveland Industries, Greeley, CO) using a C02-pressurized 

backpack sprayer 106 and 107 days after planting (approximately bulb initiation) in 2003 and 

2004, respectively. Inoculum was prepared by harvesting cells o f  strain R -0177  from 72-h old 

rifampicin-am ended nutrient agar plates grown at 29°C. The culture was adjusted 

spectrophotometically to 108 CFU/ml (OD6oo=0.12) and then diluted 100-fold in sterile 

magnesium phosphate buffer.

Approximately 20 to 40 grams o f  asymptomatic leaf material were arbitrarily collected from each 

plot weekly after inoculation, placed into resealable plastic bags, and prom ptly transported to the 

laboratory on ice for epiphyte enumeration. Five to 10 grams o f  this bulked leaf sample was 

weighed, placed into sterile 250 ml flasks containing 100 ml o f  m agnesium  sulfate-potassium  

phosphate buffer (0.01 M magnesium sulfate and 0.01 M potassium phosphate, pH 7.2), and
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shaken at 250 oscillations/min for 60 min at room tem perature (approximately 22°C). Aliquots 

(100 jxl) were diluted in 10-fold serial dilutions in sterile magnesium phosphate buffer or spiral 

plated (Autoplate 4000, Spiral Biotech, Inc., Norwood, MA) directly onto nutrient agar amended 

with 50 pg/ml rifampicin and cycloheximide. Dilutions and samples were plated in duplicate. 

Characteristic X. axonopodis pv. allii colonies were enumerated after 72 h o f  incubation at 29°C, 

and a subset o f  rifampicin-resistant colonies were confirmed as X. axonopodis pv. allii by 

standard physiological and biochemical tests (19); including Gram stain reaction, pigmentation on 

yeast dextrose carbonate medium, fluorescence on K ing’s medium B, indole test, growth on 0.1% 

tetrazolium chloride, oxidase test, starch hydrolysis, oxidative utilization o f  glucose, catalase test, 

production o f  H2S from cysteine, presence o f arginine dihydrolase, and casein hydrolysis test. 

Disease severity was estimated weekly from plots using a modified Horsfall-Barrett scale after 

visible Xanthomonas leaf symptoms developed. At maturity, 20 bulbs or a 3 m  subsection o f 

each plot was m echanically topped and harvested, graded, and weighed to estimate yields.

Seed transmission studies. Experiments were conducted to determine the seed contamination 

threshold necessary for Xanthomonas leaf blight development under standard production 

practices in Colorado. One hundred seven onion seed lots o f  commercial origin were screened 

for X. axonopodis pv. allii contamination as described previously (15) using a m odified MXP 

medium (4) (containing 50 pg/ml kasugamycin, 50 pg/ml cephalexin, and 50 pg/ml 

cycloheximide to reduce growth o f  other bacteria and fungi), but the bacterium  was not detected. 

In the absence o f  naturally-infested seed, we inoculated seed with varying concentrations (0, 103, 

105 or 107 CFU/g ) o f  X. axonopodis pv. allii. Seed o f  the yellow onion cultivar Vantage free o f 

detectable X. axonopodis pv. allii was rinsed in running tap water for 30 min to reduce pesticides 

residues. Seed was allowed to dry overnight on paper towels before delivering inoculum by 

vacuum infiltration. Approximately 20 g o f  rinsed seed was submersed in a suspension o f  X. 

axonopodis pv. allii strain R -0177 at different concentrations (0, 105or 107 CFU/ml sterile
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distilled water) and placed under a 15 mm Hg vacuum for 3 min. The vacuum  was rapidly 

removed, and the seed was soaked in the suspension for an additional 4 h at room  temperature 

(approximately 22°C) before air-drying overnight. Seed was assayed by a seed rinse assay (15) to 

ensure the proper inoculum concentration was delivered to the seed.

Inoculated seed was planted into plots at ARDEC as described for the nitrogen fertility studies. 

The center two beds o f  the four row wide plot were planted with inoculated seed, and the outer 

two rows were planted with seed free from detectable X. axonopodis pv. allii. Plots were 

monitored weekly for disease development, and epiphytic populations o f  X. axonopodis pv. allii 

strain R -0177 were recovered and enumerated approximately every three weeks as described 

previously. Yields were not estimated.

Statistical analyses. Statistical analyses were performed using the PROC M IXED function o f 

SAS v. 9.1 (SAS Institute, Cary, NC). Bacterial population data were log transform ed to achieve 

independently and normally distributed experimental errors with a common variance. The area 

under the bacterial growth curve and relative area under the disease progress curve (RAUDPC) 

were calculated, and used as response variables in analysis o f  nitrogen fertility experiments. 

Replications o f  experimental units were considered random factors.

RESULTS

Nitrogen fertility studies. Epiphytic populations o f  X. axonopodis pv. allii, as measured by the 

area under the bacterial growth curve, varied among years (,P=0.0187), but did not vary among 

nitrogen fertilization treatment in 2003 or 2004 (P=0.2914 or 0.2998, respectively). In 2003, 

epiphytic populations increased nearly 5 logarithmic units per g fresh weight 27 days after 

inoculation, but decreased one to two logarithmic units in the following 7 days (Figure VI. 1). In
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D ISC U SSIO N

In this study we have evaluated the effect o f  nitrogen fertilization and seed contam ination levels 

on epiphytic X. axonopodis pv. allii populations and subsequent Xanthom onas leaf blight 

development. Excessive nitrogen fertilization (greater than 112 kg/ha) increased the severity o f 

Xanthomonas leaf blight in one year, but did not influence epiphytic populations o f  the pathogen, 

bulb yield or grade. No relation between seed contamination level and subsequent epiphytic or 

pathogenic development o f  X. axonopodis pv. allii was observed under standard production 

practices during this study. Knowledge o f  cultural practices such as fertilization and seed 

selection are essential to the development o f  ecologically-based and sustainable managem ent o f  

this pathogen and its associated disease.

Little is known about how nitrogen fertilization levels influence epiphytic bacterial populations. 

On tomato (Lycopersicon esculentum), X. axonopodis pv. vesicatoria populations and defoliation 

from bacterial spot are greatest on plants fertilized lightly with nitrogen, but other nutrients may 

influence epiphytic populations and disease severity as well (10). Abundant nitrogen fertilization 

can exacerbate bacterial blight o f  rice (Oryza sativa) caused by X. oryzae pv. oryzae and reduce 

grain yield (2,5), but high levels o f  nitrogen can impede invasion o f  A. campestris pv. campestris 

in cabbage (Brassica oleracea). In the studies presented here, we observed relatively large 

differences in Xanthomonas leaf blight severity among plants receiving low and high rates o f 

nitrogen. Similar trends were observed in both years o f  the study, although statistical significance 

was only observed in 2004.

Interestingly, neither bulb yield nor grade was affected by nitrogen rate. Approxim ately 38 and 

155 kg/ha o f  nitrogen was available to plants in 2003 and 2004, respectively. Soil residual 

nitrogen, combined with mineralization o f organic nitrogen sources, apparently supplied the
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entire crop demand in this study, and increasing levels o f  nitrogen beyond 224 kh/ha tended to 

increase disease severity without increasing yield.

Contaminated seed is known to be an important inoculum source for m any diseases caused by 

xanthomonads (8,18,23,25), including Xanthomonas leaf blight o f onion (17), but under natural 

conditions we were unable to incite a disease epidemic, even with very high levels o f  seed-borne 

inoculum. The seed contamination thresholds for development o f carrot (Daucus carota) 

bacterial blight caused by Xanthomonas campestris pv. carotae is 104 to 105 CFU/g seed when 

abundant moisture is available (23). Similarly, Roumagnac et al. (17) reported as little as 0.04% 

contamination o f  onion seed by X. axonopodis pv. allii was sufficient to incite an epidemic o f 

Xanthomonas leaf blight in a sub-tropical environment. But they provided 30 min o f 

supplemental irrigation each morning and evening to ensure disease development. In our studies 

under natural conditions typical o f  most Colorado onion production, epiphytic populations o f X. 

axonopodis pv. allii did not persist throughout the season. Very high levels (107 CFU/g) o f  seed- 

borne inoculum did not produce visible disease symptoms under the low m oisture conditions o f 

these studies, which are typical o f  Colorado onion production regions. Contam inated seed 

apparently has little importance to Xanthomonas leaf blight epidemics in Colorado and perhaps 

other semi-arid production regions where onion is grown without sprinkler irrigation. However, 

we used artificially inoculated seed in this study, and naturally infested seed m ay be a more 

important inoculum source under natural conditions. M ore study is needed before specific 

managem ent recommendations can be made regarding seed contamination thresholds in Colorado 

and other semi-arid and arid production regions.

Nonetheless, onion production practices that limit nitrogen fertilization and rely upon pathogen- 

free seed and transplants where available should reduce losses from Xanthom onas leaf blight in 

Colorado and elsewhere.
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Table VI. 1. Xanthomonas leaf blight severity, yield, and grade o f  onion in relation to nitrogen 
fertilization.

Treatment
(kg/ha)x

Year, disease severity, and yield (t/ha)
2003 2004

RAUDPCy Yield" RAUDPCy M edium
Yield"
Jum bo Total

0 0.18a 13.8a 0.22a 29.0a 3.2a 47.3a
112 0.18a 14.6a 0.24ab 32.2a 10.5a 54.2a
224 0.19a 12.4a 0.28b 34.4a 6.1a 53.0a
448 0.25a 13.3a 0.33c 30.8a 2.2a 46.1a

x Nitrogen fertilizer in the form o f  46-0-0 was applied in two equal applications by m echanically 
incorporating it between plants in a row at the four leaf growth stage and bulb initiation. 
Approximately 38 and 155 kg/ha nitrogen was available to plants in the 0 kg/ha treatment 
because o f  soil residual nitrates in 2003 and 2004, respectively.

y RAUDPC= relative area under the disease progress curve. RAUDPC was calculated according 
to (X "i=i [(Xi+i +  X i)/2][ti+i -  h]} / 1„ -  h. Treatments within a column followed by the same letter 
are not significantly different based on Fisher’s F-protected least significant difference (P=0.05). 
Data are m ean o f  four replications.

z Cultivar Vantage was used in experiments in 2003 and 2004. Total yield in 2003 is w eight (kg) 
o f  10 bulbs harvested randomly from each plot, and in 2004 is expressed as t/ha.
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onion in relation to nitrogen fertilization rate in 2003. Approxim ately 38 kg/ha nitrogen was 
available to plants in the 0 kg/ha treatment because o f  residual soil nitrates.
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CHAPTER VII

O V E R A L L  C O N C LU SIO N S

Xanthomonas leaf blight is an emerging and potentially damaging disease o f  onion in Colorado 

and other onion producing regions o f  the western U. S. and world. A deficit in basic knowledge 

and understanding o f  pathogen and disease biology and epidemiology has limited the 

development o f  effective, economical, and sustainable disease managem ent strategies. In the 

studies presented in this dissertation, we have determined that Xanthomonas axonopodis pv. allii 

is genetically and pathogenically diverse, identified and quantifed pathogen overwintering and 

inoculum sources, and developed rational m anagement strategies for Xanthom onas leaf blight o f  

onion.

Onion strains o f  Xanthomonas are pathogenically and genetically indistinguishable from X. 

campestris pv. allii, but rep-PCR fingerprinting revealed the correct species epithet should be X. 

axonopodis pv. allii. The pathogen is genetically and phenotypically diverse, and knowledge o f 

this diversity m ay be essential for selecting genotypes with durable resistance, conducting 

epidemiological studies, and developing integrated managem ent strategies. The pathogen is 

capable o f  in planta  multiplication in onion, citrus, and leguminous plants, but disease symptoms 

are produced only on onion and citrus. Bactericide and antibiotic resistance is not prevalent 

among strains, but m ay appear with continued reliance upon conventional chemical controls for 

disease suppression.

X. axonopodis pv. allii and X. axonopodis pv. phaseoli are capable o f  epiphytic survival on 

leguminous hosts and onion, respectively. The implications o f  this epiphytic survival on other
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crop plants for disease m anagement is unknown, but m ay suggest onion rotational schemes 

should be critically evaluated in Colorado and elsewhere.

Several inoculum sources o f  the Xanthomonas leaf blight pathogen exist in Colorado, including 

infested crop debris, contaminated irrigation water, weeds, volunteer onion, and possibly seed. 

The pathogen m ay survive between years in association with infested onion leaves left on the soil 

surface, but populations o f  the bacterium  decrease linearly in infested leaves buried 25 cm deep. 

X. axonopodis pv. allii is readily disseminated in irrigation tail water from fields where 

Xanthomonas leaf blight was present. W eed and volunteer onion plants can harbor epiphytic and 

pathogenic populations o f  X. axonopodis pv. allii, but weed plants do not appear to be the 

primary means for bacterial survival in the absence o f  a suitable host. The role o f  X. axonopodis 

pv. allii contam inated seed in Xanthomonas leaf blight epidemics in Colorado is unclear, but 

contaminated seed appears to be o f  little concern under furrow irrigation during years with low to 

moderate rainfall.

Xanthomonas leaf blight can be managed effectively without copper-based bactericides by using 

novel chemical and biological control agents such as acibenzolar-S-methyl and combinations o f 

Pantoea agglomerans strain C9-1 and Pseudomonas fluorescens strain A506, respectively. The 

critical period o f  disease control appears to be near or immediately prior to bulb initiation. 

Bactericides applied early or late in the season apparently contribute little to disease control or 

yield.

Excessive nitrogen fertilization can exacerbate Xanthomonas leaf blight, and does not improve 

onion yield or grade. The optimal nitrogen rate to limit disease severity and optimize yield, as 

determined with one onion cultivar at one location in northern Colorado, appears to be near 112 

kg/ha.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



M uch remains to be learned about the biology, epidemiology, and m anagem ent o f  Xanthomonas 

leaf blight o f  onion. Genetic determinates o f  pathogenicity in the bacterium  are unknown, but 

m ay direct future research efforts toward incorporation o f  durable resistance. Is host resistance to 

Xanthomonas leaf blight available within Allium  species, and what is the nature o f  this 

resistance? W hat is the basis o f  host specificity among X. axonopodis pv. allii and X. axonopodis 

pv. citrumelol W hat role do plasmids have in horizontal gene transfer and pathogen evolution?

Is horizontal gene transfer possible among X. axonopodis pv. allii and X. axonopodis pv. 

phaseoli, and is this increased if  both are present epiphytically on the same plant species? W hat 

is the relationship among X. axonopodis pv. allii genotype groups and pathogenic variability or 

races?

W e were able to recover large populations o f  X. axonopodis pv. allii from infested crop debris, 

irrigation water, and weeds, but we did not determine the longevity o f  the bacterium  in and on 

these media. How long does the pathogen persist in diseased leaves left on the soil surface? How 

far is the bacterium  disseminated down stream by irrigation water? Are weeds an important 

inoculum source, or is the bacterium only a transient inhabitant o f their phyllosphere? How long 

is a disease epidemic delayed by avoiding these inoculum sources?

Future research should evaluate the effectiveness o f  m ulti-tactic managem ent program s on 

suppression not only o f  Xanthomonas leaf blight, but other onion bacterial diseases. Are the 

combined effects o f  biological control (with bacteria or bacteriophage), systemic acquired 

resistance, and cultural practices (i.e., irrigation method, planting pattern) additive or synergistic? 

How does partial host resistance influence acibenzolar-S-methyl-mediated suppression o f 

disease? These and other questions will be essential to the development o f  truly integrated and
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sustainable managem ent o f Xanthomonas leaf blight, that ensure high productivity, protect 

environmental quality and resources, efficiently use resources, and improve grower profitability.
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