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Bacterial leaf blight of strawberry (Fragaria (x) ananassa)
caused by a pathovar of Xanthomonas arboricola, not
similar to Xanthomonas fragariae Kennedy & King.
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arboricola pv. fragariae (pv. nov., comb. nov.)
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A new bacterial disease of strawberry is described. This disease, called bacterial leaf blight of strawberry, is

characterized by dry, brown necrotic leaf spots and large brown V-shaped lesions along the leaf margin, midrib and

major veins. Symptoms are different from angular leaf spot of strawberry caused by the bacterium Xanthomonas

fragariae. Strains of the bacterial leaf blight pathogen were characterized in a polyphasic approach by biochemical

tests, fatty acid analysis, protein electrophoresis, serology, PCR, pigment analysis, ice-nucleation activity, AFLP

analysis, DNA:DNA hybridization, pathogenicity and host range tests, and compared with a number of reference

strains of X. fragariae and other Xanthomonas species. Bacterial leaf blight strains formed a homogeneous group in

all tests, completely different from X. fragariae. They were the only strains causing leaf blight of strawberry upon

artificial inoculation into strawberry. Fatty acid and protein electrophoretic analysis showed that the strains belong

to the phenon X. campestris (sensu latu, including pathovars now classified as belonging to X. arboricola). AFLP

analysis and DNA:DNA hybridization further clarified their taxonomic position as belonging to X. arboricola. The

name X. arboricola pv. fragariae is proposed for the bacterium causing leaf blight of strawberry with strain PD2780

(LMG 19145) as pathovar type strain. Criteria for routine identification are given and the taxonomic status is

discussed.
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Introduction

Xanthomonas fragariae Kennedy & King is the only
known economically important bacterial disease of
cultivated strawberry (Fragaria (x) ananassa), on
which it causes angular leaf spot disease. It was first
documented around 1960 in Minnesota, USA, and
possibly spread from there in planting material (Ken-
nedy & King, 1962a,b). It is widespread in most
strawberry growing areas and in severe cases can
cause up to 10% yield loss (Maas et al., 1995). For
countries belonging to the European Plant Protection

Organization (EPPO) and the European Union (EU),
this pathogen has A2 quarantine status (EPPO, 1992).

During autumn-winter of the years 1993±95, in both
experimental and production fields near Cesena (north-
ern Italy), unusual symptoms thought to be caused by
X. fragariae were observed. Many cultivars and
selections were attacked and symptoms were observed
on leaves of all ages. On the lower leaf surface, small,
reddish-brown lesions, which were neither water-
soaked nor translucent, were observed as the initial
stage of the disease (Fig. 1). On the upper leaf surface,
such lesions appeared as reddish spots. The presence of
bacterial exudate was never observed. After some time
the lesions enlarged and became surrounded by a
chlorotic halo. In some cases along the leaf margin,
large brown V-shaped lesions surrounded by a chlorotic
halo were also observed (Fig. 2). Frequently, the midrib,
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major veins and petiole also showed lesions which, upon
enlarging, caused blackening of the tissues. The latter
symptoms resembled those caused by X. hortorum pv.
pelargonii on Pelargonium spp. and by X. campestris pv.
campestris on cruciferous hosts. Water soaking, as found
with infections of X. fragariae (Fig. 3), was never
observed. The final stage of the disease was characterized
by complete yellowing and withering of the leaf. No
symptoms were observed on flowers, peduncles or fruits.
The symptoms observed also differed from those incited
by common pathogenic fungi such as Mycosphaerella
fragariae, Diplocarpon earliana, Phomopsis obscurans
and Alternaria alternata. From these `atypical' symptoms
a Gram-negative bacterium was always isolated, showing
yellow colonies on culture media, but differing in growth
characteristics from X. fragariae. A preliminary note on
the disease was published in 1996 (Scortichini, 1996),
where the disease was given the name `bacterial leaf
blight of strawberry'.

The aim of the present article is to describe
characterization of the bacterial leaf blight pathogen
from strawberry, to examine its taxonomic position in
the bacterial genus Xanthomonas using biochemical
characterization, host tests, fatty acid analysis, protein
electrophoresis, amplified fragment length polymorph-
ism (AFLP) analysis and DNA:DNA hybridization, and
to justify its description as X. arboricola pv. fragariae
(pv. nov., comb. nov.).

Materials and methods

Bacterial strains

The collection of strains used in this study is shown in
Table 1. Twelve isolates (or a subselection, where indi-
cated) from strawberry bacterial blight symptoms (PD
2694±2699, 2780, 2782, 2803±2806 ± marked with a `d'
in Table 1) and two authentic X. fragariae strains (PD
2661 and PD 2662) were used for colony morphology,
biochemical profiling, maceration activity, ice-nucleation
and copper sensitivity, pathogenicity and host range tests.
All strains were tested in duplicate in PCR, fatty acid and
protein electrophoresis studies. For pathovar identifica-
tion, three bacterial leaf blight isolates (PD 2696, 2780 and
3164) were analysed by AFLP and DNA:DNA hybridiza-
tion at the University of Gent, Belgium.

Isolation of the bacterial leaf blight pathogen

Isolations were performed during the winters of 1993±95

from diseased strawberry plants of the following cultivars
and selections in Cesena, northern Italy: Addie, Darsidor,
Miranda, Nike, Teodora, 87.27.05, 90.74.3 and TN
89.122.43. Pieces of leaf tissue adjacent to necrotic areas
and portions of midrib, major veins and petiole showing
symptoms were ground using a sterile pestle and mortar
in sterile physiological saline (NaCl, 8´5 g L21). Aliquots
of 0´1 mL of suspension were plated onto nutrient agar
(NA, Oxoid, Basingstoke, UK) and incubated for 3±
4 days at 25 ^ 18C. Yellow colonies were consistently
isolated from diseased tissues and transferred to NA for
purification.

Cell and colony morphology

Cell morphology of representative bacterial leaf blight
strains from strawberry (PD 2698 and PD 2782) was
studied with an electron microscope (Philips CM10)
following the technique of Schaad (1988). Measure-
ments of 10 cells per strain were made. Colony
morphology of all strains (Table 1) was studied on
nutrient agar (NA, Difco, Michigan, USA) or yeast
glucose chalk agar (GYCA, containing in g L21:
glucose, 10; yeast extract, 5; CaCO3, 10 and agar, 20)
after 3 days' incubation at 25 ^ 18C.

Biochemical and physiological tests

The following tests [described in Lelliott & Stead
(1987) and Schaad (1988)] were performed: Gram
stain, oxidative and fermentative metabolism of glu-
cose, assimilation of carbon sources, oxidase reaction,
arginine dihydrolase, catalase, nitrate reduction, hydro-
lysis of esculin, urea, starch, gelatin and Tween 80,
digestion of milk proteins, tolerance to NaCl concen-
trations in the range of 5±50 g L21, growth at 48C and
determination of maximum growth temperature in
broth 523 and on BSCAA medium. Cellulolytic and
pectolytic activity was determined, following the
method of Liao & Wells (1987), on CM-3, CVP and
MM-9 media. The assay for ice-nucleation activity
according to Lindow (1990) was used. Two tempera-
tures, 25´5 and 2108C, were checked. Copper sensi-
tivity was tested following the method of Zevenhuizen
et al. (1979) using the CYE-glycerol medium (contain-
ing, per L: casitone 1 g, yeast extract, 0´3 g, glycerol
2 mL, agar 15 g) with 10, 20, 40, 80, 160, 240 and
280 mg mL21 of CuSO4 added. Plates were incubated
at 25 ^ 18C. The pigment typical for the genus

Figure 1 (Bottom left) Small, not water-soaked reddish-brown lesions as early symptoms of bacterial leaf blight caused by Xanthomonas

arboricola pv. fragariae on strawberry (Fragaria vesca). Natural infection (cf. Fig. 3).

Figure 2 (Top left) Large, brown, V-shaped lesions surrounded by a yellow halo on upper side of leaves of strawberry (Fragaria vesca) caused by

the bacterial leaf blight pathogen Xanthomonas arboricola pv. fragariae. Natural infection.

Figure 3 (Bottom right) Typical water-soaked leaf spots caused by Xanthomonas fragariae. Natural infection (cf. Fig. 1).

Figure 8 (Top right) Leaf of strawberry cv. Chandler showing typical brown necrotic leaf spot and yellowing, and spreading of the infection into the

main and secondary veins caused by Xanthomonas arboricola pv. fragariae, 25 days after artificial inoculation.
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Xanthomonas (xanthomonadin) was analysed accord-
ing to Irey & Stall (1981).

Macerating activity

Macerating activity of the bacterial leaf blight strains
and X. fragariae PD 2661 and PD 2662 was tested by
inoculation of detached fruits of apple, broccoli,
cucumber, kiwi, lemon, orange, tomato and zucchini
as well as on slices of potato and carrot. Plant parts
were surface-sterilized in a 1% Na(O)Cl2 solution for

10 min. Fruits were puncture-inoculated with a hypo-
dermic syringe, applying 10 mL of a 109 cfu mL21

suspension of a 48-h NA culture. Potato and carrot
slices were inoculated by placing a loopful of a 48-h NA
culture on the surface of the slice. All plant parts were
incubated in a humid chamber for 5 days at 25 ^ 18C.

Fatty acid analysis (FAA)

Analysis of whole-cell fatty acid methyl ester (FAME)
profiles was performed using the Microbial Identification

Table 1 Bacterial strains from strawberry used in this study

Strain number Other collection Host Country number

Xanthomonas fragariae

GC group 1

PD 2802 F. a. Import S. America

PD 3163 543 A, 20MP BOa F. sp. Italy

PD 3168 F. a. Import S. America

GC group 2

PD 2905 F. a. Portugal

PD 3147 CFBP 1558 F. sp. France

PD 2659 LMG 703 F. sp. USA

PD 2661 NCPPB 2949 F. a. Australia

PD 2664 LMG 709 F. a. USA

GC group 3

PD 885 (type strain) NCPPB 1469, ATCC 33239 F. ch. USA

PD 2660 LMG 704 F. a. N. Zealand

PD 2662 LMG 706 F. sp. Greece

PD 2663 LMG 707, F8 F. sp. Greece

PD 2665 NCPPB 2473 F. v. Italy

PD 2713 00156 F. a. Italy

PD 3145 XF 3511 Ac F. sp. Spain

PD 3149 BPIC 440, F4-80b F. v. Greece

PD 3153 F2-80-2b F. v. Greece

PD 3167 XF 349-9Ac F. v. Spain

Bacterial leaf blight strains (� X. arboricola pv. fragariae) from strawberry

GC group 4

PD 2694d ISPAVE-B-047 F. a. Italy

PD 2695d ISPAVE-B-048 F. a Italy

PD 2696d ISPAVE-B-049, LMG 19144 F. a Italy

PD 2697d ISPAVE-B-636 F. a Italy

PD 2698d ISPAVE-B-637 F. a. Italy

PD 2699d ISPAVE-B-640 F. a. Italy

PD 2780d (PVTS) ISPAVE-B-641, LMG 19145 F. a. Italy

PD 2782d ISPAVE-B-642 F. a. Italy

PD 2803d ISPAVE-B-643 F. a. Italy

PD 2804d ISPAVE-B-681 F. a. Italy

PD 2805d ISPAVE-B-682 F. a. Italy

PD 2806d ISPAVE-B-686 F. a. Italy

PD 3160 CFBP 3549 F. spec. France

PD 3164 CFBP 3548, LMG 19146 F. spec. France

F. chil., Fragaria chiloensis; F. a., Fragaria (x) ananassa; F. vs., F. vesca; F. sp., Fragaria species; PVTS, pathovar type strain.

BPIC, Benaki Plant Protection Institute Culture Collection, Kifissia, Athens, Greece; CFBP, Collection FrancËaise des BacteÂries PhytopathogeÁnes,

Angers, France; NCPPB, National Collection of Plant Pathogenic Bacteria, York, UK; ISPAVE, Culture Collection of Plant Pathology Research

Institute, Rome, Italy; LMG, BCCM/LMG Bacteria Collection, University of Gent, Belgium.
aCourtesy of Dr A. Calzolari, Servizio Fitosanitario Regionale, Bologna, Italy.
bCourtesy of Dr N. Alivizatos, Benaki Institute, Kifissia, Athens, Greece.
cCourtesy of Dr M. M. Lopez, IVIA, Valencia, Spain.
dStrains used for maceration, ice-nucleation and copper sensitivity, pathogenicity and host range tests.
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System [MIS, Microbial ID, Inc (MIDI), Newark, DE,
USA]. Culturing, harvesting, chromatography and data
analysis were performed as described by Janse (1991).

Polyacrylamide gel electrophoresis (PAGE) of cellular
proteins

All strains were analysed as described below. Cultures
were grown on GYCA medium for 48 h at 278C.
Protein harvesting and extraction were carried out
following the method of van den Mooter et al. (1987).
Electrophoresis was performed in a 120 g L21 (w/v)
polyacrylamide gel, run vertically (40 mA constant
current at 48C) until the bromophenol tracking dye
migrated < 95 mm (<4 h). Gels were stained with
Coomassie Blue R250 for 1 h. Stained gels were
photographed with a Polaroid MP4 camera system.
Comparison of profiles was performed both visually
and using the Gelcompar software (version 4) of
Applied Maths (Kortrijk, Belgium) and a Hewlett-
Packard densitometer. Statistical analysis (cluster
analysis and principal component analysis) was
performed using Gelcompar programs. For pathovar
identification at the University of Gent, three
bacterial leaf blight strains (PD 2696, 2780 and
3164) were analysed and matched against an
extensive Xanthomonas protein profile library (Vau-
terin et al., 1995).

Amplified fragment length polymorphism (AFLP)
pattern analysis and DNA:DNA hybridization

For the generation of AFLP patterns, the method of
Rademaker et al. (2000) was used. The reference strains
were chosen after comparison of AFLP patterns of three
bacterial leaf blight strains (PD 2696, 2780 and 3164)
with data available in the AFLP databank of the
University of Gent (see also Fig. 7).

Genomic DNA was prepared according to the
procedure of Pitcher et al. (1989). DNA-DNA hybridi-
zations were performed with photobiotin-labelled
probes in microplate wells as described by Ezaki et al.
(1989) using a HTS7000 Bio Assay Reader (Perkin
Elmer, Norwalk, USA) for the fluorescence measure-
ments. The hybridization temperature was 458C. For
determination of percentage DNA homology, three
bacterial leaf blight strains (PD 2696, 2780 and 3164)
and the type strains of X. campestris (LMG 568), X.
fragariae (LMG 708), X. populi (LMG 5743) and X.
arboricola (LMG 747) were analysed.

PCR test

The X. fragariae-specific primer set XF9 and XF12
from the hrp gene region, developed by Roberts (1996),
was used according to their protocol with the following
modifications (J. van Vaerenbergh, Institute for Plant
Protection, Merelbeke, Belgium, personal communi-
cation, 1998): lysates of strains (106 cfu mL21) were

prepared by boiling for 15 min in sterile ultra-pure
water. The PCR reaction (25 mL) contained 0´5 mm of
each primer and 0´2 mM of each dNTP. The Taq DNA
polymerase (Promega, Southampton, UK) was adapted
to the smaller reaction volume (0´625 U per reaction).
The PCR programme performed 35 amplification
cycles, each cycle consisting of denaturation at 948C
for 1 min, annealing at 588C for 1 min, and extension
at 728C for 1 min. The final extension step was at 728C
for 10 min.

Serological tests

The immunofluorescence test was performed for all
strains as described by Janse (1988) using an anti-X
fragariae polyclonal serum produced by Dr A. Calzolari,
Servizio Fitosanitario Regionale, Bologna, Italy (titre
800) and another polyclonal serum (9534D1/B1, 1671)
to X. fragariae produced by Dr J van der Wolf, Institute
for Plant Protection (IPO), Wageningen (titre 25600).

Pathogenicity and host range tests

Pathogenicity was tested in winter in a glasshouse on
pot-cultivated strawberry cv. Chandler. Plants were
cultivated at 20±268C day and 12±168C night tempera-
tures. Inoculations on strawberry were performed both
in open field and in the glasshouse with bacterial
suspensions in SPS (sterile physiological saline) at the
following concentrations: X. fragariae strains PD 2661
and PD 2662 at 1±2 £ 107 cfu mL21; bacterial leaf
blight strains PD 2696, 2698 and 2780 at 1±2 £ 107,
106, 105 and 104 cfu mL21, respectively.

Leaves were inoculated by puncturing major veins,
the blade, edge of blade, midrib and peduncle. Control
leaves were inoculated with sterile 8´5 g L21 NaCl
solution. Symptom development was assessed up to
60 days after inoculation. Re-isolations were carried
out after the appearance of symptoms.

Leaves of strawberry cv. Chandler were also inocu-
lated with other xanthomonads at 1±2 £ 107 and 1±
2 £ 106 cfu mL21: X. campestris pv. campestris
(ISPAVE-B-352 from cauliflower), X. arboricola pv.
corylina (ISPAVE-B-017 from hazelnut), X. arboricola
pv. juglandis (ISPAVE-B-437 from walnut), X. arboricola
pv. pruni (ISPAVE-B-006 from Prunus salicina), X.
campestris pv. vesicatoria (ISPAVE-B-351 from tomato
and B-248 from pepper)

The host range of the bacterium was determined by
puncturing the blade, midrib and major veins of the
following species using the same technique and condi-
tions described above, at a concentration of 1 £ 107 and
1±2 £ 106 cfu mL21: Begonia natalensis, Brassica
napus oleifera, Capsicum annuum cv. Bastidon, Ficus
benjamina, F. elastica cv. Decora, Hedera helix,
Hordeum vulgare cv. Etrusco, Hybiscus rosa-sinensis,
Lycopersicon esculentum, cv. Momor, Pelargonium
zonale, Phaseolus vulgaris cv. Borlotto, Philodendron
scandens, Pisum sativum, Quercus cerris, Q. ilex,
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Strelitzia reginae, Vigna unguiculata and Washingtonia
filifera.

The following species were inoculated as described
above, but in the open air in autumn and spring:
Actinidia deliciosa cv. Hayward, Citrus reticulata,
Corylus avellana cv. Tonda Gentile Romana, Juglans
regia, Prunus armeniaca cv. Perla, P. avium cv. Durone
II, P. persica cv. Sentry, P. salicina cvs Black Diamond
and Calita, Pyrus communis cv. Gentile Bianca and
Syringa vulgaris.

Results

Isolation, colony and cell morphology of the bacterial
blight pathogen from strawberry

On NA, consistently slow-growing, yellow circular
colonies of < 1 mm in diameter were discovered 72 h
after isolation from all strawberry plant parts used. Pure
cultures of such colonies showed the following features
on NA after 72 h: yellow, glistening, circular, convex,
1 mm in diameter. On GYCA after 72 h, two colony
types occurred in pure cultures: type a ± yellow,
glistening, mucoid, convex with entire edge 1 mm in
diameter; and type b ± yellow, glistening, mucoid,
pulvinate shape (fried-egg), 1±3 mm in diameter. After
1 week, the colonies of type a showed a small central
umbon and irregular margins, and colonies of type b a
more uniform growth (large umbon, slightly irregular
margin). X. fragariae strains PD 2661 and 2662 did not
form separate colonies on NA or GYCA after 72 h
growth, and growth was very poor.

Electron microscopic observations showed the bac-
terial leaf blight strains to be straight rods with rounded
ends and one polar flagellum, characteristic of the genus
Xanthomonas (Fig. 4). Length was 1´7±1´95 mm and
width 0´5±0´65 mm.

Biochemical and physiological tests

Results of biochemical and physiological tests, as well
as discriminative tests between the bacterial leaf blight
pathogen and X. fragariae, are reported in Table 2.
None of the strains used in this study showed ice-
nucleation activity. All bacterial leaf blight strains were
inhibited at a copper concentration of 160 mg mL21,
except strains PD 2697 and 2782, yielding a few
colonies still growing at 280 mg mL21. The morphol-
ogy of such colonies was of type b as described above.
Strain PD 338 (X.c. pv. campestris) and three bacterial
leaf blight strains (PD 2696, 2780 and 3164) showed a
characteristic Rf value of xanthomonadin pigment at
0´49, 0´48, 0´47 and 0´43, respectively, using 3 mL per
sample. All strains mentioned above showed a char-
acteristic xanthomonadin absorption maximum at
443´5 nm.

Maceration activity

All bacterial leaf blight strains produced extensive
rotting of potato slices < 24 h after inoculation, and
of carrot slices after 48 h. X. fragariae strains used were
negative. No strain macerated fruits of the species
tested.

Fatty acid analysis

Multidimensional principal component analysis of fatty
acid profiles revealed four discrete clusters (Fig. 5 and
Tables 3 and 4). Cluster I comprised typical X. fragariae
strains isolated from imported South American plants in
the Netherlands and one strain from Italy. Cluster 2
comprised a heterogeneous group of X. fragariae
strains. Cluster 3 contained typical X. fragariae strains
mainly from Europe, but also included the type strain
PD 885 from the USA and one strain from New
Zealand. Cluster 4 contained all bacterial leaf blight
strains from northern Italy and also, surprisingly, two
strains registered as X. fragariae (CFBP 3549 and 3548)
from France. These isolates appeared to have the same
colony characteristics as described above for the
bacterial leaf blight strains. Key fatty acids are given
for the bacterial leaf blight strains and the X. fragariae
strains in Table 3. They differed markedly in the
amounts of the fatty acids 15:0 iso, 16:0 iso, 16:1
w9c and 17:0 iso (see also Yang et al., 1993). A fatty
acid of unknown structure (retention time 11´798) and
the fatty acid 16:0 3OH were found in some X.

Figure 4 Electron microscopic photograph of Xanthomonas arbor-

icola pv. fragariae (strain 2698) showing rod-shaped cell and one

polar flagellum. Black bar, 1 mm.

658 J. D. Janse et al.

Q 2001 BSPP Plant Pathology (2001) 50, 653±665



fragariae strains only. Small amounts of an unknown
acid with RT 9.521, 11:0 anteiso, 10:0 2OH, 10:0 30H,
12:0 iso 3OH, 17:1 w6c and 17:0 iso 3OH were found
in the strawberry blight strains and X. fragariae.
The fatty acids 17:0 and 16:0 3OH were detected in the
bacterial leaf blight strains only. The presence of the

fatty acids 11:0 iso, 11:0 iso 3OH, 12:0 3OH, 13:0 iso
3OH, 15:0 iso, 16:1 w9c, 16:0 and iso 17:1 w9c and
17:0 iso placed the bacterial leaf blight strains clearly in
the genus Xanthomonas. As in other xanthomonads,
fatty acids 15:0 iso and 16:1 w7c were most predomi-
nant. The strawberry bacterial leaf blight pathogen did

Table 2 Comparison of biochemical and physiological test results between bacterial leaf blight pathogen of strawberry, Xanthomonas

arboricola pv. fragariae (isolates marked with a `d' in Table 1) and authentic X. fragariae (strains PD 2661 and 2662)

Bacterial leaf blight pathogen

(� X. arboricola pv. fragariae) X. fragariae

Gram stain ± ±

Growth on YDC YMFa YMS

Growth on GYCA YMFa YMS

Growth on BSCAA 1 ±

Metabolism of glucose O 1 F ± O 1 F ±

Oxidase ± or slow ±

Tobacco hypersensitivity 1 ±

Assimilation of d-galactose, glycerol, Tween 80,

maltose, cellobiose, l-glutamic acid

1 ±

Arginine dihydrolase ± ±

Catalase 1 1

Nitrate reduction ± ±

Esculin hydrolysis 1 ±

Starch hydrolysis 1 ±

Urease ± ±

Gelatin hydrolysis 1 1

Tween 80 hydrolysis 1 ±

Digestion of milk proteins 1 ±

Max. NaCl tolerance (%) 2´5 0´5

Growth at 48C 1 ±

Max. growth temperature 398C 328C

Cellulase activity 1 ±

Presence of pectic/pectinolytic enzymes 1 ±

Soft rot of potato/carrot slices 1 ±

Ice-nucleation activity ± ±

Y, yellow; M, mucoid; Fa, fast growth; S, slow growth,

Figure 5 Two-dimensional plot of principal

component analysis of whole-cell fatty acids

of 32 strains (some strains tested in dupli-

cate) of Xanthomonas isolated from straw-

berry (Fragaria spp.). Strains of

Xanthomonas fragariae in clusters I, II and

III, strains of the bacterial leaf blight patho-

gen, X. arboricola pv. fragariae, in cluster IV.

See text for further explanation.
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not contain the 16:1 w5c fatty acid present in X.
fragariae. Differences in fatty acids of the GC groups
shown in Fig. 5 are given in Table 4.

Protein electrophoresis

Cluster analysis of protein profiles obtained did not
discriminate clusters 1, 2 and 3 as in fatty acid analysis.
However, it discriminated again very clearly between
typical X. fragariae strains (group I1II1III in Fig. 6)
and the bacterial leaf blight strains, including the two
strains CFBP 3549 and 3548 from France (group IV in

Fig. 6). X. fragariae strain PD 3168 from S. America
had an isolated position.

When matched with an extensive Xanthomonas
protein profile library at the University of Gent
(Vauterin et al., 1995), a close relationship of bacterial
leaf blight strains PD 2696, 2780 and 3164 was found
with X. campestris pv. campestris (89´2% similarity).
Next were X. axonopodis pv. glycines (87´7%) and X.
arboricola pv. juglandis (85´8%).

AFLP patterns and DNA:DNA hybridization

In a comparison of AFLP patterns of three strawberry
isolates (PD 2690, 2780 and 3164) with representatives
of all Xanthomonas species, it became clear that the
genomes of the new strawberry isolates clustered
together with representatives of X. arboricola (nine
isolates), less with X. populi or X. campestris patho-
vars, and not with X. fragariae (Fig. 7). Based on these
patterns, DNA of the three new isolates was hybridized
with DNA of X. arboricola and X. populi in order to
examine more accurately their genomic relatedness. X.
campestris and X. fragariae were included as controls.
The hybridization results showed that the genomes of
the new strawberry isolates resembled each other to a
very high degree and had the highest relatedness with
the genome of X. arboricola pv. juglandis. They clearly
differed from X. fragariae, X. populi and X. campestris
(Table 5).

PCR test

In the PCR test, a clear-cut separation between the
bacterial leaf blight strains (including the strains
CFBP 3548 and 3549 from France) and X. fragariae
strains was found. Bacterial leaf blight strains all gave a

Table 4 Discriminative fatty acidsa of GC groupsb found within

authentic Xanthomonas fragariae strains used in this study

GC1 (3)c GC2 (5) GC3 (10)

Fatty acid % SD % SD % SD

Saturated

14:0 2´5 0´4 4´2 1´3 3´8 1´2

16:0 1´5 0´3 5´4 1´5 2´8 1´6

Saturated, branched

13:0 iso 1´5 0´2 0´7 0´4 2´2 0´5

13:0 anteiso 1´1 0´2 0´1 0´1 0´5 0´3

14:0 iso 1´3 0´2 0´4 0´2 0´4 0´6

15:0 iso 29´2 2´3 24´4 4´6 39´4 4´0

15:0 anteiso 24´3 1´0 10´2 3´0 10´2 1´8

Unsaturated

16:1 w7c 8´2 0´6 24´3 2´7 11´5 1´2

Hydroxy

12:0 3OH 1´3 0´2 3´8 0´7 2´7 0´5

aDiscriminative acids in bold.
bFor strain numbers of GC groups, see Table 1.
cNumber of strains tested (mostly in duplicate).

Table 3 Whole-cell fatty acidsa found in Xanthomonas campestris

pv. campestris, authentic X. fragariae strains and the bacterial leaf

blight pathogen from strawberry (X. arboricola pv. fragariae), used

in this study

X.c.cb

Bacterial leaf blight

pathogen (14)c X. fragariae (19)

Fatty acid % SD % SD % SD

Saturated

10:0 0´7 0´3 1´0 0´5 0´8 0´5

14:0 1´0 0´5 1´3 0´3 3´6 1´3

15:0 1´4 0´8 2´3 0´5 3´5 1´3

16:0 3´7 1´1 5´0 1´2 3´2 1´9

Saturated, branched

11:0 iso 4´6 0´7 4´5 0´8 3´8 0´8

13:0 iso 0 0´1 0´2 1´7 0´8

13:0 anteiso 0 0 0´4 0´4

14:0 iso 0´6 0´5 0´7 0´5 0´7 0´4

15:0 iso 26´2 3´7 24´4 4´2 33´7 7´6

15:0 anteiso 13´7 2´3 15´1 2´2 12´9 5´9

16:0 iso 2´8 1´2 2´6 0´3 1´1 0´7

17:0 iso 6´4 1´7 5´8 1´8 2´2 0´7

17:0 anteiso 0´7 0´4 0´7 0´3 0´4 0´4

Unsaturated

15:1 isoF 0´6 0´5 0´2 0´2 0´5 0´4

15:1 w6c 0´6 0´6 0´6 0´2 0´6 0´4

16:1 w7c 15´1 3´1 13´8 1´2 14´1 6´2

16:1 w9c 0´8 0´7 1´6 0´4 0´4 0´7

17:1 iso w9c 7´0 2´4 3´2 1´3 2´9 1´6

17:1 w8c 1´4 0´7 2´0 0´6 0´8 0´5

18:1 w9c ± 0´5 0´3 0´07 0´1

Hydroxy

11:0 3OH ± 0´7 0´2 0´6 0´3

12:0 3OH 2´9 0´6 4´0 1´4 2´9 0´7

13:0 2OH 0´4 0´3 0´6 0´2 0´4 0´3

Hydroxy, branched

11:0 iso 30H 2´6 0´5 2´7 0´4 2´9 0´7

13:0 iso 30H 4´5 0´8 3´6 0´4 2´3 0´8

Unknown

RT11´798 1´7 0´3 1´5 0´3 0´8 0´2

±, not found; X.c.c., X. campestris pv. campestris; RT, retention time.
aDiscriminative acids in bold; only fatty acids with more than 0´5% and

present in 50% or more of the strains tested are mentioned; other fatty

acids found are mentioned in the text.
bMean fatty acid profile of a large number (. 200) of strains present in

the library of the MIS system, MIDI, Newark, Delaware.
cNumber of strains tested.
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negative reaction in the PCR, whereas all X. fragariae
strains yielded the expected 458 bp product.

Serological tests

In indirect immunofluorescence, the Italian polyclo-
nal serum received from the Servizio Fitosanitario
Regionale at Bologna and the Dutch polyclonal IPO
serum 9534D1/B1(1671) gave comparable results in
specificity. All strains classified with FAA and PAGE as
X. fragariae showed positive reactions at titres of 400±
800 (Italian serum) and 25 600 (Dutch serum). Only
one X. fragariae strain from France (PD 3147) showed a
weak reaction (but clearly defined cells; see below for
bacterial leaf blight strains) at a titre of only 800 with
the IPO serum.

All strains defined earlier with FAA or SDS-PAGE as
bacterial leaf blight strains (including the strains from
France) did not react with either sera or yielded only
very weak reactions in a few cases, i.e. vague cells or
fragmentary fluorescing of the cell wall at very low
titres only (strains PD 2782, 2803 from Italy and CFBP
3548 from France). The conclusion is that serology fully
confirmed the FAA, SDS-PAGE and PCR results by
indicating that the bacterial leaf blight strains are quite
different from X. fragariae.

Pathogenicity tests and host range studies

Inoculation with X. fragariae strains PD 2661 and 2662
did not result in development of blight symptoms as
induced by bacterial leaf blight strains. The following
results were observed with X. fragariae:

Inoculation of the leaf blade and edge of leaf blade
Small water-soaked spots, 1±2 mm in diameter, devel-
oped 5±7 days after inoculation. In time, spots became
slightly bigger and angular. On the upper leaf surface
the spots appeared as discoloured, reddish areas. No
`shot hole' symptom was observed. In some cases the

infection spread from the inoculation site towards, and
in, main and secondary veins.

Inoculation of the midrib, major veins and petiole.
In all cases, symptoms only appeared < 30 days after
inoculation. The midrib showed reddish discoloration
8±10 mm above and below the inoculation site. In some
cases, water-soaked areas along the midrib were
observed. Major veins also showed reddish discolora-
tion and the infection sometimes reached the midrib.
Inoculation of the peduncle yielded a light, reddish
discoloration at the inoculation site only.

All bacterial leaf blight strains caused disease
symptoms on strawberry cv. Chandler, but water
soaking, as seen with X. fragariae strains, was never
observed. Leaf edges showed first symptoms. When
bacterial suspensions at 1±2 £ 107 and 106 cfu mL21

were used, reddish spots developed on both sides of the
leaf blade 3±5 days after the inoculation. From the
inoculation sites, the infection spread along the leaf
edge. Punctures in the middle of the leaf blade showed
symptoms as reddish spots after 10±13 days and a
chlorotic halo developed around the lesions after 22±
29 days. When the infection reached the veins, the latter
became blackened. After inoculation into midrib or leaf
veins, extensive vascular discoloration occurred. Most
of the inoculated leaves withered and died within 45±
60 days. No bacterial exudates were observed (Fig. 8).

When bacterial suspensions at 1±2 £ 105 and
104 cfu mL21 were used, symptoms appeared approxi-
mately 1 week later when compared with the more
concentrated suspensions. In these cases, a complete
withering of the leaves was only observed in some of the
inoculated leaves and no bacterial exudates were
observed. Strain PD 2698 appeared to be most
aggressive.

In the host range study, most plants inoculated with
the bacterial leaf blight strains did not show any
symptoms. A hypersensitivity reaction was observed in
Epipremnum aureum. However, disease symptoms were

Figure 6 Two-dimensional plot of principal

component analysis of whole-cell proteins of

32 strains (some strains tested in duplicate)

of Xanthomonas isolated from strawberry

(Fragaria spp.). Strains of Xanthomonas

fragariae in combination cluster (labelled

I 1 II 1 III), see Fig. 5 and cluster II;

strains of the bacterial leaf blight pathogen

X. arboricola pv. fragariae in cluster IV. X.

fragariae strain PD 3168 from South America

has an isolated position. See text for further

explanation.
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Figure 7 UPGMA/product moment cluster analysis of 33 AFLP genomic fingerprints of all Xanthomonas species, including three strains (PD 2696, 2780 and 3164) of the strawberry blight pathogen X. arboricola

pv. fragariae, showing the taxonomic position of these strains and their relatedness to other pathovars of X. arboricola. Right-hand column refers to species numbers as defined by Vauterin et al. (1995). See text

for further explanation.
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observed in Begonia natalensis (after 3±4 days black
necrotic lesions developed at the site of inoculation and
sometimes coalesced, and leaf portions withered; strain
PD 2698 was quite aggressive), Ficus elastica (reddish
lesions along the midrib and around the inoculation site
developed 25±30 days after inoculation) and Philoden-
dron scandens (7±9 days after inoculation, water-
soaked areas around the inoculation site developed;
again strain PD 2698 was most aggressive). Re-isola-
tions from symptomatic material from the above-
mentioned hosts were always successful. X. fragariae
did not infect any of the host plant species inoculated in
this study other than strawberry.

Discussion

The results of this study show that bacterial strains
isolated from blight symptoms in strawberry differed
from the angular leaf spot pathogen of strawberry, X.
fragariae. Symptoms on strawberry are different and
never show water soaking. The host range after
artificial inoculation is different, in that the bacterial
leaf blight strains caused infections on Begonia nata-
lensis, Ficus elastica and Philodendron scandens,
whereas X. fragariae did not. Tomato and pepper that
were previously artificially infected with X. fragariae
(Irey & Stall, 1981) were found not to be a host in this
study.

The bacterial leaf blight strains differed from strains
of X. fragariae in biochemical tests, serological beha-
viour (using two polyclonal antisera), PCR reaction,
fatty acid, AFLP and protein profile and DNA:DNA
hybridization. Bacterial leaf blight strains that were
isolated from Italy and France (CFBP 3548 and 3549
from France, originally deposited in the CFBP collection
as X. fragariae) formed a homogeneous group with

characteristics more similar to X. campestris and X.
arboricola than to X. fragariae.

Differences found in this study between the bacterial
leaf blight and X. fragariae strains in hydrolysis of
Tween 80, starch and esculin, digestion of milk proteins
and growth in NaCl are in accordance with those found
by van den Mooter & Swings (1990) and those of the
bacterial leaf blight strains indicate a closer relationship
with X. campestris and/or X. arboricola, phenon 9 of
van den Mooter & Swings (1990).

The fatty acid profile of bacterial leaf blight strains
was more similar to the campestris cluster [cluster 2 as
defined by Yang et al. (1993)], including pathovars
juglandis, corylina, pruni, celebensis, poinsettiicola,
recently classified as X. arboricola (Vauterin et al.,
1995), than to that of X. fragariae [cluster 12 as defined
by Vauterin et al. (1995)]. The dissimilarity of the
bacterial leaf blight strains with X. fragariae was also
confirmed by PCR with a X. fragariae-specific primer
pair developed by Roberts (1996). Furthermore, a
similar taxonomic position was found in AFLP patterns,
where all known Xanthomonas species (according to
Vauterin et al., 1995) and nine isolates from X.
arboricola were included (Fig. 7; Rademaker et al.,
2000), and also in DNA:DNA hybridization, where it
became clear that the strawberry blight pathogen could
be included in the species X. arboricola, and was found
to be more distantly related to X. campestris. The
differences observed between the reciprocal DNA
hybridizations (Table 5) are a well-known phenomenon
of the Ezaki et al. (1989) method (Goris et al., 1998),
but do not jeopardize the validity of the clear-cut
conclusion reached.

This warrants the creation of a new pathovar, since
the bacterial leaf blight pathogen did not fit into one of
the other known pathovars of X. arboricola or X.

Table 5 Results of DNA:DNA hybridization study between bacterial leaf blight strains from strawberry (Xanthomonas arboricola pv. fragariae,

X.a.f.) and the type strains of some other Xanthomonas species

Coated DNA

Probe DNA

X.a.f.

PD 2696

X.a.f.

PD 2780

X.a.f.

PD 3164

X.c.c.

LMG 568T

X.f.

LMG 708T

X.a.j.

LMG 747T

X.p.

LMG 5743T

Bacterial leaf blight

strain (X.a. pv.

fragariae)

PD 2696 100 88 83 46 44 84 60

Bacterial leaf blight

strain (X.a. pv.

fragariae)

PD 2780 91 100 82 47 46 92 61

Bacterial leaf blight

strain (X.a. pv.

fragariae)

PD 3164 81 82 100 44 42 83 61

X.campestris pv.

campestris

LMG 568T 45 46 45 100 45 52 54

X. fragariae LMG 708T 32 31 33 38 100 31 47

X. arboricola pv.

juglandis

LMG 747T 71 71 79 42 48 100 57

X. populi LMG 5743T 39 39 38 33 42 34 100

T, type strain; X.c.c., X. campestris pv. campestris; X.f., Xanthomonas fragariae; X.a.j., X. arboricola pv. juglandis; X.p., Xanthomonas populi.
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campestris. Closest relations were found with X.
arboricola and X. campestris, but the strawberry
pathogen clearly differs from pathovars of these species
in host range, protein profile and fatty acid pattern. The
DNA:DNA homology between the bacterial leaf blight
strains and the type strain of X. arboricola is significant
at the species level and justifies the classification of the
strawberry bacterial leaf blight strains as X. arboricola
pv. fragariae.

Description of Xanthomonas arboricola pv. fragariae
pv. nov., comb. nov. (X. arboricola pv. fragariae,
adjective from fragariae, the Latin name of
strawberry, Fragaria)

Cells are Gram-negative, motile with one polar flagel-
lum, 1´7±1´9 mm in length, 0´5±0´65 mm in width,
obligate aerobes with oxidative metabolism of glucose.
Colonies on NA-medium after 72 h are yellow, glisten-
ing, circular, convex, 1 mm in diameter; and on YPGA-
medium after 72 h are yellow, glistening, mucoid,
convex or pulvinate, 1±3 mm in diameter. The bacter-
ium is oxidase-negative or slow positive, produces
pectinolytic enzymes and causes soft rot of potato
slices, is arginin dihydrolase-negative, has a positive HR
reaction on tobacco, a maximum NaCl tolerance of
25 g L21, and a maximum growth temperature of 398C.
Assimilation of d-galactose, glycerol, Tween-80, mal-
tose, cellobiose, l-fucose, d-trehalose, succinic acid
and l-glutamic acid positive; assimilation of d-manni-
tol, l-arabinose, l-rhamnose and formic acid negative.

Xanthomonas arboricola pv. fragariae hydrolyses
gelatin, esculin, Tween 80 and starch, is positive for
catalase, digestion of milk proteins, growth at 48C, and
cellulase activity, and negative for nitrate reduction,
urease and ice-nucleation activity. It is differentiated
from X. fragariae by: the presence of fatty acids 17:0
and 16:0 3OH and differences in amounts of the fatty
acids 15:0 iso, 16:0 iso, 16:1 w9c and 17:0 iso; whole-
cell protein profile; growth on BSCAA medium; HR
reaction on tobacco; esculin, starch and Tween 80
hydrolysis; digestion of milk proteins, assimilation of
cellobiose, l-glutamic acid, Tween 80, maltose, gly-
cerol, d-galactose and l-arabinose; maximum NaCl
tolerance; maximum growth temperature; cellulase
activity; production of pectinolytic enzymes and soft
rot of potato slices. Does not react, or reacts very
weakly, to polyclonal antisera against X. fragariae.

Pathogenic strains belonging to pv. fragariae cause
blight symptoms on leaves without water soaking of
cultivated strawberry (Fragaria spp.). Upon artificial
inoculation, slight symptoms were produced on Begonia
natalensis, Ficus elastica and Philodendron scandens.
Brassica, Lycopersicon and Capsicum were not hosts.

Strain PD 2780 (LMG 19145) is designated as a
pathovar type strain of X. arboricola pv. fragariae. It is
deposited in the LMG collection and also, together with
the other 13 strains studied, in the PD collection. Strains

PD 2696 and PD 3164 were also deposited in LMG as
LMG 19144 and 19146, respectively.
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