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a b s t r a c t

A non-papillate, slow-growing Phytophthora species, which could not be assigned to any

existing taxon, was isolated from rhizosphere soil of a declining oak in Northeast France,

and from the rhizosphere of Phragmites australis at Lake Constance in south-west Germany

in 1998 and 2004, respectively. We describe this species, previously informally designated

Phytophthora taxon ‘G’, as Phytophthora gallica sp. nov. Morphology, growth rates, and

pathogenicity against cuttings of riparian tree species and leaves of reed are described and

compared with those of morphologically and phylogenetically similar Phytophthora species.

P. gallica produces colonies with limited aerial mycelium and variable growth patterns. Gam-

etangia are not formed in single or mixed cultures with tester strains of known mating types.

P. gallica produces globose and elongated irregular chlamydospores, of which a high propor-

tion is abortive. In water culture irregular hyphal swellings and non-papillate persistent spo-

rangia are formed abundantly. P. gallica is moderately aggressive to Alnus glutinosa and Fagus

sylvatica, weakly aggressive to Quercus robur and Salix alba and non-pathogenic to Fraxinus ex-

celsior and Phragmites australis. According to ITS and mtDNA sequence data P. gallica belongs

to a distinct Phytophthora clade, with P. boehmeriae and P. kernoviae being the closest relatives.

The origin of P. gallica and its ecological role in wet ecosystems remain unclear.

ª 2008 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction (Brasier & Jung 2003, 2006; Jung et al. 2000, 2005; Gibbs et al.
Phytophthora is a major genus of plant pathogens within the

Oomycota, kingdom Straminipila. Phytophthora species are

responsible for some of the most devastating diseases of

tree species (Erwin & Ribeiro 1996). Since the early 1990s sev-

eral projects in Europe were funded by the European Commis-

sion and national governments and research councils,

investigating the involvement of Phytophthora species in the

declines and diebacks of oaks, beech, chestnut, and alders
386.
es.com
ritish Mycological Society
2003; Vettraino et al. 2005; Jung & Blaschke 2004). Systematic

searches for Phytophthora species were performed in more

than a thousand stands in natural and semi-natural ecosys-

tems, and 18 unknown Phytophthora taxa were detected of

which 12 have been formally described as new species (Brasier

& Jung 2003, 2006; Brasier et al. 2003a,b, 2004, 2005; Jung et al.

1999, 2002, 2003).

In 1998, and 2004, respectively, two isolates of a yet unde-

scribed taxon that was previously informally named
. Published by Elsevier Ltd. All rights reserved.
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Phytophthora taxon G (Brasier & Jung 2003, 2006) were isolated

from a declining oak stand in France, and from a reed (Phrag-

mites australis) stand in south-western Germany that has been

reported to be in decline for about five decades (Nechwatal

et al. 2005). Based on its unique combination of cultural and

morphological characters, temperature–growth relationships,

and ITS DNA and mtDNA sequence data, we formally describe

this taxon as P. gallica sp. nov.
Materials and methods

Isolation methods

Soil samples (approximately 1 l) from the rhizosphere of

mature declining oak trees in the forest stand, Forêt d’Illwald,

in Northeast France (48�1303600 N, 7�2702200 E) and from com-

mon reed growing in the littoral of Lake Constance in south-

western Germany (47�4104800 N, 9�1102000 E) were removed to

the laboratory, carefully mixed, and isolation tests for Phytoph-

thora spp. carried out according to Jung et al. (1999, 2000) using

Quercus robur leaflets as baits.

Voucher material of the isolates of Phytophthora gallica sp.

nov. has been permanently preserved at the living strain cul-

ture collection of the Centraalbureau voor Schimmelcultures

(CBS) Utrecht, under accession numbers CBS 111474 and CBS

111475. Additional strains are held at the culture collection

(PRC) of the Phytopathology Department of the University of

Konstanz, Germany.
Table 1 – Species and isolates of Phytophthora spp. examined

Phytophthora spp. ITS cladea PRC no.b Other referencesb G

P. gallica 10 GAL 1 CBS 111474 N

10 GAL 2 CBS 111475 K

P. gonapodyides 6 GON 3 F

6 GON 18 B

P. taxon ‘PgChlamydo’e 6 CHLA 5 N

6 CHLA 7 N

P. taxon ‘salixsoil’e 6 SAL 1f UKN 1 K

P. cambivora 7 CAM 109 F

P. citricola 2 CIT 55f BU 137 G

2 CIT 135 N

P. alni ssp. alni 7 ALN 377 B

P. cambivora (A1) 7 CAM A1 CBS 356.78 B

P. cambivora (A2) 7 CAM 1f F

P. cinnamomi (A1) 7 CIN A1 CBS 341.72 C

P. cinnamomi (A2) 7 CIN 8 D

P. drechsleri (A2) 8 DRE 3460 TUM 3460 G

P. cryptogea (A2) 8 CRY 1 N

NK, not known.

a ITS clades according to Cooke et al. (2000) and http://www.phytophtho

b PRC, Phytophthora Research and Consultancy, Thomas Jung, Germany;

Konstanz, Jan Nechwatal, Germany; CBS, Centraalbureau voor Schimme

c Soil.

d Bark.

e Taxon not yet formally described in the literature; according to ITS seq

f Isolate also used in the underbark inoculation test.
Morphology and physiology

Isolates were grown at 20 �C in the dark on carrot agar

(CA; 16 g agar, 3 g CaCO3, 100 ml carrot juice, 900 ml distilled

water), V8-agar (V8A; 16 g agar, 3 g CaCO3, 100 ml V8 juice,

900 ml distilled water), Sigma, Sigma-Aldrich GmbH, Deisen-

hofen, Germany, malt-extract agar (MEA) and Sigma corn

meal agar (CMA) in 90 mm Petri dishes, and colony morphol-

ogy recorded after 10 d.

For temperature–growth relationships, four replicate CA

plates of two isolates of each Phytophthora gallica and P. taxon

‘PgChlamydo’, and one isolate of each P. gonapodyides and

P. taxon ‘salixsoil’ were incubated for 24 h at 20 �C to stimulate

onset of growth, and then transferred to 5, 10, 15, 20, 25, 30, 33,

and 35 �C. The growth rate was recorded 5–7 d after the onset

of linear growth along two lines intersecting the centre of the

inoculum at right angles (Jung et al. 1999).

Characterisation and measurements of the morphological

structures of the two isolates of P. gallica and comparisons

with known species (Table 1) were made under the light

microscope on CA at �320 according to Jung et al. (2002,

2003). For each isolate dimensions and characteristic features

of 50 fully-mature sporangia, the diameters of 50 globose chla-

mydospores and length and breadth of 50 elongated chla-

mydospores, and diameters of 25 primary hyphae, chosen at

random, were measured.

Sexual compatibility type was tested using ‘direct’ pairing

tests on 9 cm CA plates. Both isolates of P. gallica were paired

with each other and with A1 and A2 tester isolates (Table 1).
eographical location, year Isolated from Sourceb

E France, 1998 Quercus roburc PRC

onstanz, Germany, 2004 Phragmites australisc UKN

reising, Germany, 1994 Q. roburd PRC

ad Aibling, Germany, 1998 Alnus glutinosad PRC

ursery, Germany, 2001 A. glutinosac PRC

ursery, Germany, 2001 A. glutinosac PRC

onstanz, Germany, 2003 P. australisc UKN

reising, Germany, 2004 Fagus sylvaticad PRC

armisch, Germany, 1997 F. sylvaticac UKN

ursery, Germany, 2002 F. sylvaticad PRC

amberg, Germany, 2002 A. glutinosad PRC

elgium, 1978 Chamaecyparis sp. Kamoen O.

reising, Germany, 1995 F. sylvaticad PRC

alifornia, 1972 Camelia japonica Zentmyer G.A.

ominican Republic, 2002 Pinus occidentalisc PRC

ermany NK Zinker-nagel V.

ursery, Germany, 1999 Q. roburc PRC

radb.org.

TUM, Technische Universität München, Germany; UKN, University of

lcultures, Utrecht, Netherlands.

uence analysis related to P. gonapodyides (Brasier et al. 2003b).

http://www.phytophthoradb.org
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The plates were incubated at 20 �C in darkness and scored for

oogonial formation 21 d after the two colonies had met.

Sequence analysis

In order to determine the phylogenetic position of the new Phy-

tophthora species within the genus, sequence analyses of the

ITS regions of the rDNA repeats and the cytochrome oxidase

II (cox II) gene were performed and sequences compared with

those of related species obtained from GenBank (http://

www.ncbi.nlm.nih.gov/Genbank/index.html). DNA isolation,

PCR amplification of ITS1, 5.8S and ITS2, and cox II gene regions

and sequence editing and aligning were carried out as de-

scribed previously (Cooke & Duncan 1997; Martin & Tooley

2003; Nechwatal et al. 2005). Sequence data were analysed

and NJ phylogenetic analyses conducted using the programs

DNADIST and NEIGHBOR from the PHYLIP package (v. 3.5,

Felsenstein 1993), as described in Cooke et al. (2000). A se-

quence of Pythium aphanidermatum (AY598622) and P. irregulare

(AF196601) were used as outgroup taxa for the ITS and cox II

analyses, respectively. Tree topology was tested with 1 K BS

trials using SEQBOOT and CONSENSE (Felsenstein 1993). Trees

were drawn using TreeView (Page 1996).

Pathogenicity toward shoots of tree species

Pathogenicity of Phytophthora gallica was tested against

abscised shoots of a selection of tree species. Species selected

were European beech (Fagus sylvatica, host of the closest rela-

tive P. kernoviae; Brasier et al. 2005), pedunculate oak (Quercus

robur, main tree species at isolation site of strain GAL 1), white

willow (Salix alba, species abundantly found at isolation site of

strain GAL 2), and two other widespread riparian tree species,

common alder (Alnus glutinosa) and common ash (Fraxinus

excelsior). Two different inoculation methods were used on

abscised shoots of tree species.

Zoospore inoculation. In January, one-year-old dormant

shoots (length ca 25 cm) were cut from six-year-old nursery-

grown plants of Alnus glutinosa, and mature trees of Fraxinus

excelsior and Salix alba, sealed in a wet plastic bag, and incu-

bated for 24 h at 10 �C. Agar discs (30� 20 mm), cut from the

growing edge of 5–7-d-old cultures of each of the two isolates

of Phytophthora gallica and other non-papillate Phytophthora

species occurring in these wet habitats (namely P. alni ssp.

alni, P. cambivora, P. gonapodyides, P. taxon ‘PgChlamydo’, and

P. taxon ‘salixsoil’, and P. citricola) grown on CA at 20 �C in

the dark. The discs were flooded with demineralised water

and after 24 h placed in 1000 ml Erlenmeyer flasks containing

800 ml demineralised water (one flask per isolate, two discs

per flask). After being sealed with parafilm, each flask received

20 cuttings per tree species inserted through a hole in the par-

afilm and fixed so that the distance between the agar discs at

the bottom of the flask and the submerged freshly cut ends of

the cuttings was ca 2 cm. Sterile agar discs were used as con-

trol. After 4 d at 18 �C in natural light the cuttings were

removed, and formation of sporangia and release of zoospores

on the discs was recorded under a light microscope. The cut-

tings were inserted with the cut ends in moist autoclaved peat

mixture and incubated under plastic bags at 18 �C and natural

light. Three weeks later the cuttings were examined for the
presence of bark necrosis. The longitudinal extension of ne-

croses from the cutting base was measured, and re-isolations

carried out from necrotic tissue using PARPNH-agar. There

were three replicates (each of 20 cuttings) per isolate and

tree species combination.

Underbark inoculation. Tree species selected for this test

were Quercus robur, Salix alba, and Fagus sylvatica. An isolate

of each P. citricola, P. cambivora, and P. taxon ‘salixsoil’ were

included in the tests for comparison with the two isolates of

P. gallica. One-year-old twigs (ca 3–6 mm diam) were collected

in the field from single mature trees in May, shortly after bud

burst. Leaves were removed, twigs were cut to about 10–15 cm

length, and inoculated by placing an ca 5� 5 mm piece from

actively growing V8A cultures of the isolates tested on an

equally sized area of bark removed to the cambial surface.

Ten twigs per isolate were placed in glass Petri dishes contain-

ing two layers of moist filter paper. Controls received plain

V8A pieces. Plates were sealed with parafilm and incubated

for one week at 22 �C in the dark. The length of any necroses

was recorded and random re-isolations made from necrotic

tissue on PARPNH. There were three replicates (each of ten

twigs) per isolate and tree species combination.

In both abscised shoots tests, data were analysed using the

Tukey–Kramer multiple comparisons test (program Prism 3,

GraphPad, San Diego, CA).

Pathogenicity toward leaves of common reed

For the assessment of the pathogenicity of Phytophthora gallica

towards common reed (Phragmites australis), the dominating

plant species at the isolation site of strain GAL 2, leaves of

six-month-old greenhouse-grown reed were inoculated as de-

scribed by Nechwatal et al. (2005). The leaves were incubated

at 20 �C in the dark for up to two weeks and checked

regularly for the occurrence of necroses.
Results

The main morphological and physiological characters of

Phytophthora gallica and those of phylogenetically related and

morphologically similar species are listed in Table 2. Colony

growth patterns and temperature–growth relationships of P.

gallica and related species are shown in Figs 1 and 2,

respectively.

Distribution, ecology, pathogenicity and phylogeny

Distribution and ecology
Phytophthora gallica could only be isolated twice. One isolate

was recovered from rhizosphere soil sampled below a mature

declining Quercus robur tree in the riparian forest, Forêt

d’Illwald, in northeastern France, the other isolate was recov-

ered in the littoral zone of Lake Constance in south-western

Germany. The distance between both sites was ca 240 km.

The soils from which the P. gallica isolates were recovered

were seasonally wet and had pH (CaCl2) values of 6.4 (oak

stand) and 7 (reed stand). In the oak stand P. syringae and

Pythium anandrum were isolated from the same soil sample

as Phytophthora gallica, while P. citricola and P. megasperma

http://www.ncbi.nlm.nih.gov/Genbank/index.html
http://www.ncbi.nlm.nih.gov/Genbank/index.html


Table 2 – Morphological and physiological characteristics of Phytophthora gallica, other ITS clade 10 species, and other non-papillate Phytophthora species commonly
occurring in wet habitats

Phytophthora
gallica

P. kernoviae P. boehmeriae P. gonapodyides P. inundata P. taxon
‘PgChlamydo’

P. taxon
‘salixsoil’

P. alni
ssp. alni

No. of isolates

investigated and/or

literature source

2 0 0 1 0 2 1

Brasier et al.

(2005)

Erwin & Ribeiro

(1996)

Brasier et al.

(1993, 2003b)

Brasier et al.

(2003a)

Brasier et al.

(2003b)

Nechwatal &

Mendgen (2006)

Brasier et al.

(1995, 2004)

Waterhouse Group VI II II VI VI VI VI V

ITS cladea 10 10 10 6 6 6 6 7

Sporangia Non-papillate, Papillate, Papillate, Non-papillate, Non-papillate, Non-papillate, Non-papillate, Non-papillate,

Most common shapes obpyriform,

ovoid, peanut,

limoniform,

ovoid,

limoni-form,

spherical,

broad ovoid

obpyriform,

ovoid

ovoid,

obpyriform

obpyriform,

ovoid, limonif.

obpyriform,

ovoid, limonif.

ovoid, obpyriform

Distorted shapes þ þ (mouseshaped) þ (bipapillate) - - - (þ) -

Caducous � þ þ - - - - -

l� b mean (mm) 52� 27 n.k. 44–52� 32–40b 54� 34b 65� 48 49� 29 44� 31b 50� 35b

Range (mm) 30–100� 19–48 34–52� 19–31b 27–72� 20–46b 37–64� 25–40b n.k. 33–66� 20–40 36–51� 27–39b 35–70� 28–50b

Isolate means (mm) 51–54� 25–29 39–46� 23–27b n.k. 52–67� 35–41b 55–86� 40–67 49–51� 29 n.k. 48–60� 31–43b

L:b isolate means 1.95–2.06 1.5b 1.25–1.4b 1.48–2.06b 1.2–1.5 1.72–1.79 1.34–1.68b 1.32–1.62b

Irregular hyphal

swellings in water

þ - - - - þ - -

Globose chlamydospores - - - - -

Mean diam (mm) 47� 6.7 30–41 31� 5.6

Diam range (mm) 25–63 17–51 20–50

Isolate means (mm) 47–48 n.k. 29–32

Elongated irregular

chlamydospores

- - - - - -

l� b mean (mm) 72� 19� 34� 7 43� 11� 27� 8

Range (mm) 40–125� 15–50 25–76� 14–46

Isolate means (mm) 61� 35–78� 34 37–49� 25–29

Sex Sterile Homothallic;

amphigynous

Homothallic;

Amphigynous

Sterile; silent A1 Heterothallic,

amphigynous

Sterile; silent A1 Sterile; silent A1 Homothallic;

oospore abortion

Colony appearance

CA Appressed with

submerged

margins and dendroid

sectors of limited aerial

mycelium

Largely submerged

without pattern.

Uniform colonies

with dense aerial

mycelium and

well-defined margins

Appressed, with

limited aerial

central boss;

faintly petaloid

Irregular,

stellate to

broad-lobed

with limited

aerial mycelium

Limited aerial;

faintly petaloid

Limited aerial;

petaloid

Appressed-felty;

no or sparse aerial

mycelium; uniform

MEA Rosaceous pattern,

largely appressed to

submerged with very

limited aerial mycelium.

n.k. Limited aerial;

chrysanthemum

n.k. Limited aerial;

petaloid

Limited aerial;

petaloid

Appressed-felty;

no or sparse aerial

mycelium; uniform

CMA Largely submerged;

Faintly stellate with

narrow-lobed to

chrysanthemum margin

n.k. Largely

submerged

stellate

n.k. Largely

submerged

chrysanthemum

to broad-lobed

Appressed

to submerged;

faintly stellate

n.k.
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were recovered from several oak trees growing nearby. In the

reed zone Phytophthora taxon ‘salixsoil’ and various Pythium

spp. were ubiquitous.

Pathogenicity toward abscised shoots of trees
Zoospore inoculation (Table 4). The microscopic investigation of

the flooded agar discs after 4 d incubation of the cuttings in

the Erlenmeyer flasks showed an abundant production of via-

ble sporangia and release of zoospores for all isolates and all

flasks. After another three weeks of incubation in peat, both

isolates of Phytophthora gallica were moderately aggressive to

Alnus glutinosa (mean lesion length of 4.2� 2.2 cm and

1.7� 1.7 cm) and non-pathogenic to Fraxinus excelsior and Salix

alba. Except for P. gonapodyides the other five Phytophthora

species tested were all more aggressive to A. glutinosa than

P. gallica. P. taxon ‘salixsoil’, and P. cambivora were equally

aggressive to A. glutinosa as was P. alni ssp. alni. P. citricola

caused even longer lesions in Alnus cuttings than P. alni ssp.

alni. S. alba was resistant to zoospore infections by all seven

Phytophthora species tested, whereas Fraxinus excelsior was

susceptible to three of the seven Phytophthora species tested,

i.e. P. cambivora, P. citricola and P. taxon ‘PgChlamydo’.

Underbark inoculation (Table 4). Both isolates of Phytophthora

gallica were moderately aggressive towards all three tree spe-

cies tested. In Fagus sylvatica, lesions caused by GAL 1 and

GAL 2 were substantial (4.6 or 4.2 cm, respectively), but still sig-

nificantly smaller than those caused by P. cambivora, P. citricola,

and P. taxon ‘salixsoil’. In Salix alba, necroses caused by P. gall-

ica were small, and not significantly different from those

caused by P. citricola. P. cambivora did not infect S. alba, while

P. taxon ‘salixsoil’ proved to be relatively aggressive on this

species. In Quercus robur, lesions caused by P. gallica were small,

as were those caused by P. cambivora. P. citricola and P. taxon

‘salixsoil’ caused significantly larger lesions.

In both abscised shoots tests all pathogens could be re-

isolated from necrotic tissues. All control cuttings remained

healthy and developed only limited discolourations around

the inoculation sites.
Pathogenicity toward common reed leaves
Phytophthora gallica was non-pathogenic towards Phragmites

australis leaves. Neither isolate caused any lesions, even

when inoculated onto artificially wounded leaf blades (data

not shown).
Phylogeny
Both isolates of Phytophthora gallica had identical ITS

sequences with the length of the complete ITS1, 5.8S and

ITS2 being 818 bp. The sequence has been submitted to Gen-

Bank (DQ286726). BLAST searches indicated the species’

relatedness to P. boehmeriae and the newly described P. kerno-

viae (Brasier et al. 2005). However, based on pairwise align-

ments the sequence was only 84 or 85 % identical to

GenBank database entries for these species (AF228076 and

AY940661), corresponding to a difference of 133 or 121 posi-

tions, respectively. NJ phylogenetic analysis of the ITS

sequence data confirmed the position of the new species out-

side the main Phytophthora cluster (Fig 3), within ITS clade 10 of

Cooke et al. (2000), previously consisting of P. kernoviae and

http://www.phytophthoradb.org


Fig 1 – Colony morphology of Phytophthora gallica isolates GAL 1 (top row) and GAL 2 (bottom row) in darkness at 20 �C on CA,

MEA, and CMA after 10 d (from left to right).
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P. boehmeriae (http://www.phytophthoradb.org), with high BS

values.

There was only one base pair sequence difference between

the two P. gallica isolates within the 568 bp subsequence of the

cox II. Both sequences have been submitted to GenBank

(EF192238 and EF192239). Again, P. boehmeriae proved to be

among the closest relatives of the new species after BLAST

searches of the GenBank database. Sequence identities within

the cox II subsequence investigated were 95 % to P. boehmeriae

and 94 % to two other species from ITS clades 9 and 10

(P. insolita, P. richardiae). In a phylogenetic analysis of the cox

II sequence, P. gallica clustered with these species within the

main Phytophthora cluster, i.e. within clade 8e and 8f sensu
Fig 2 – Comparison of temperature–growth relationships of

Phytophthora gallica, P. gonapodyides, P. taxon ‘PgChlamydo’,

and P. taxon ‘salixsoil’ on CA. For better clarity standard

deviations are given for P. gallica only.
Kroon et al. (2004). BS support for these particular subclades,

however, was low (data not shown).

Taxonomy

Phytophthora gallica T. Jung & J. Nechwatal, sp. nov.

MycoBank no.: MB497405

Etym.: ‘gallica’ refers to the origin of isolate GAL 1 in France.

Coloniae lente crescentes (3 mm ad 20 �C in agaro ‘V8A’); cul-
turae steriliae, sporangia in cultura liquida nonpapillata, persis-
tentia, terminalia,, in medio 54� 29 mm; chlamydosporae
globosae (in medio 48 mm) vel irregularia (in medio 78� 34 mm),
saepe abortivae; inflationes hypharum abundantia in cultura
liquida, globosae aut irregulares; regiones ‘rDNA ITS’ et ‘coxII’
cum unica sequentia (GenBank DQ286726, EF192238).

Typus: France: Forêt d’ Illwald, isol. ex solo rhizosphaerae
arboris, Quercus robur, Apr 1998, T. Jung (PRC-Ill 5/1 dholotypus;
CBS 111474 et PRC-GAL 1dculturae vivae).

Previously known informally as Phytophthora taxon G.

Colonies generally appressed with submerged margins and

dendroid sectors of aerial mycelium on CA, largely submerged

with a rosaceous pattern on MEA, and faintly stellate with nar-

row-lobed to chrysanthemum margins on CMA (Fig 1). Pri-

mary hyphae on CA 2.5–7.5 mm wide (av. 4.5� 1.5 mm). At

20 �C Phytophthora gallica colonies grew slowly on CA, V8A,

MEA and CMA with 2.1–2.9 mm d�1 (Table 3). Growth on CA

occurred from 5–30 �C with an optimum at 20 �C (radial

growth rate 2.2� 0.2 mm d�1; Fig 2). No growth at 33 and

35 �C. In contrast to P. gonapodyides and P. taxon ‘PgChlamydo’

both isolates of P. gallica showed no re-growth after 7 d at 35 �C

when returned to 20 �C.

http://www.phytophthoradb.org


Fig 3 – Phylogenetic tree of Phytophthora spp., including P. gallica, constructed after distance-based analysis of ITS1, 5.8S, and

ITS2 regions of the rDNA. Pythium aphanidermatum was used as an outgroup taxon. Numbers at the branch points indicate

the percentage of 1 K bootstrapped datasets that recoverered this tree topology. Scale bar unit: number of nucleotide

substitutions per site. Code numbers refer to GenBank accession numbers.
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Sporangia produced abundantly in water culture. Borne ter-

minally, on unbranched sporangiophores or more rarely in lax

sympodia. Non-papillate, proliferating internally in an

extended or more rarely in a nested way (Fig 4F–G). Sporangial

shapes obpyriform (35 %, Fig 4B), ovoid (24 %, Fig 4A), peanut-

shaped (17 %, Fig 4G–I) or limoniform (12 %, Fig 4C). Sporangia

averaging 52.5� 11� 27� 5 mm (range 30–100� 19–47.5 mm)

with isolate means of 51–54� 25–29 mm, and a length:breadth

ratio of 2� 0.5 (range of isolate means 1.9–2.1). Zoospores dis-

charged through an exit pore 7.5–19 mm wide (av. 11.5� 3 mm;

Fig 4E). Direct germination of sporangia common in older

water cultures. Oogonia neither produced in single cultures

nor in paired cultures of isolates GAL 1 and GAL 2 or in paired

cultures with A1 and A2 tester strains of P. cambivora and P.

cinnamomi, and A2 tester strains of P. cryptogea and P. drechsleri.
Chlamydospores globose and elongated, pyriform, club-shaped

and irregular (Fig 5A–H). Attached terminally (Fig 5A, E, H) or

laterally (Fig 5C, F). Globose chlamydospores averaging

47.5� 7 mm (range 25–62.5 mm, range of isolate means

47–47.5 mm). Elongated pyriform, club-shaped and irregular

chlamydospores averaging 72� 19� 34� 7 mm (range

40–125� 15–50 mm). Most chlamydospores starting to abort

a few days after formation (Fig 5D–F, H). Spherical and irregu-

lar hyphal swellings (Fig 5I) produced in water culture.
Discussion

Phytophthora gallica is an apparently sterile species with non-

papillate sporangia and belongs to group VI of the



Table 3 – Radial growth rates of Phytophthora gallica and
other non-papillate Phytophthora spp. from wet habitats
on different agar media at 20 �C

Phytophthora spp.
(no. of isolates)

Radial growth rate (mm d�1) on

CA V8A MEA CMA

P. gallica (2) 2.2� 0.2 2.7� 0.4 2.6� 0.1 2.9� 0.6

P. gonapodyides (1) 3.5 4.1 3.2 3.6

P. taxon ‘PgChlamydo’ (2) 4 4.2� 0.1 2.2 4.6� 0.1

P. taxon ‘salixsoil’ (1) 3.1 4.9 3.1 4.2

CA, carrot agar; V8A, V8 agar; MEA, malt-extract agar; CMA, corn

meal agar.
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morphological classification system of Waterhouse (Water-

house 1963; Erwin & Ribeiro 1996). However, it is now known

that the Waterhouse Groups do not reflect natural assem-

blages, and DNA sequence analyses places P. gallica in ITS clade

10 of Cooke et al. (2000) and clade 8 of Kroon et al. (2004), and

therefore, related to P. kernoviae and P. boehmeriae. Interest-

ingly, these two related species are homothallic with caducous

sporangia adapted to an aerial lifestyle, while P. gallica is sterile

and morphologically and ecologically more similar to several

non-papillate species of ITS clade 6 of Cooke et al. (2000), i.e.

P. gonapodyides, P. taxon ‘PgChlamydo’, P. taxon ‘salixsoil’ and

P. inundata, all occurring in wet habitats (Brasier et al. 2003b).

While data of Cooke et al. (2000) indicated that members of

ITS clade 10 clearly group outside the main Phytophthora clade,

and therefore, might represent one or more different genera,

Kroon et al. (2004), in a multigene analysis, showed that Phy-

tophthora is most likely to be monophyletic. The authors in-

cluded ITS clade 9 and 10 species within the main Phytopthora

clade, i.e. within clade 8. This was confirmed by the phyloge-

netic analysis of the cox II subsequence performedin this study.

Therefore, on present knowledge, P. gallica as other clade 9 and

10 species, should be retained within the genus Phytophthora,
Table 4 – Length of necroses (cm) caused by Phytophthora specie
cuttings in a zoospore inoculation test after three weeks, and t
underbark inoculation test after 7 d [mean, standard deviation
Kramer Multiple Comparisons Test)]

Isolatea Length of necrosesb (zoospore inoculation)

Alnus glutinosa Fraxinus excelsior Salix alb

GAL 1 4 � 2.2b 0n.s. 0n.s.

GAL 2 1.7� 1.7n.s. 0n.s. 0n.s.

GON 3 3.5� 2.3b 0n.s. 0n.s.

CHLAM 5 8 � 2b 1.2� 1.6n.s. 0n.s.

SAL 1 7.3� 1.8b 0n.s. 0n.s.

ALN 377 7.2� 1.8b 0n.s. 0n.s.

CAM 109 8 � 3.2b 4.5� 3.9b 0n.s.

CAM 1 - - -

CIT 135 12.3� 1.7b 2 � 3.5n.s. 0.2� 0.2n

CIT 55 - - -

Control 0 0 0

a GAL, Phytophthora gallica sp. nov.; GON, P. gonapodyides; CHLAM, P. taxo

P. cambivora; CIT, P. citricola.

b n.s., Not significant; *P< 0.05; **P< 0.01; ***P< 0.001.
despite the large sequence differences to all other species of

the genus observed in the ITS regions.

P. gallica can easily be distinguished from both phylogenti-

cally related and morphologically similar Phytophthora species

by its unique combination of morphological and physiological

characters, host and site relations, and DNA sequences. Based

on phylogenetic analysis the recently described P. kernoviae

and P. boehmeriae are the closest relative to P. gallica. Neverthe-

less, with 121 bp difference in their ITS sequences, the two

species are clearly distinct. P. kernoviae can easily be distin-

guished from P. gallica by its production of oogonia in single

culture, the absence of chlamydospores and hyphal swellings,

production of papillate caducous sporangia, different colony

growth patterns on CA, and different cardinal temperatures

for growth. Moreover, P. gallica has, as yet, only been recovered

from soil at wet sites, whereas P. kernoviae spreads aerially in

ornamental gardens and beech woodlands with dense rhodo-

dendron understorey (Brasier et al. 2005). P. boehmeriae is dis-

tinguished from P. gallica by its homothallism, the

production of papillate caducous sporangia, the absence of

elongated pyriform, club-shaped and irregular chlamydo-

spores, different colony growth patterns and higher cardinal

temperatures for growth, different host ranges (Erwin &

Ribeiro 1996), and different ITS and mtDNA sequences.

Whilst phylogenetically distant in both ITS and mtDNA

sequence analyses, P. gallica morphologically most resembles

species from clade 6. P. gonapodyides differs from P. gallica in

the absence of chlamydospores and hyphal swellings, differ-

ent colony growth patterns on CA, MEA, and CMA, higher

maximum temperature for growth and higher growth rates.

P. taxon ‘PgChlamydo’ like P. gallica forms both globose and ir-

regular to pyriform chlamydospores. However, it is clearly dis-

tinguished from P. gallica by having markedly smaller

chlamydospores, different colony growth patterns on CA,

MEA, and CMA, higher maximum temperature for growth

and higher growth rates. P. taxon ‘salixsoil’ can easily be
s to bark of Alnus glutinosa, Fraxinus excelsior, and Salix alba
o bark of Fagus sylvatica, Quercus robur, and Salix alba in an
, level of significant difference from the control (Tukey–

Length of necrosesb (underbark inoculation)

a Fagus sylvatica Quercus robur S. alba

4.6� 0.5b 1.8� 0.4b 1.3� 0.7b

4.2� 0.6b 1.7� 0.4b 1 � 0.5n.s.

- - -

- - -

6.2� 0.7b 2.3� 0.5b 3.1� 1.1b

- - -

- - -

7.1� 1b 1.5� 0.7b 0.6� 0.2n.s.

.s. - - -

7.8� 0.6b 2.4� 0.8b 1.5� 0.5b

0.7� 0.2 0.6� 0.1 0.5

n ‘PgChlamydo’; SAL, P. taxon ‘salixsoil’; ALN, P. alni ssp. alni; CAM,



Fig 4 – Non-papillate sporangia of Phytophthora gallica on CA flooded with nonsterile soil filtrate after 24–48 h. (A–D) Fully

mature, ovoid (A: isolate GAL 2), obpyriform (B: isolate GAL 1), limoniform (C: isolate GAL 2) and ellipsoid (D: isolate

GAL 1) sporangia. (E) Release of zoospores through a wide exit pore of an obpyriform sporangium of isolate GAL 2.

(F) Beginning internal proliferation through an empty ovoid sporangium of isolate GAL 2. (G) Large, peanut-shaped

sporangium of isolate GAL 1 exhibiting nested proliferation through an empty sporangium and globose hyphal swellings.

(H) Large, peanut-shaped sporangia and globose chlamydospore of isolate GAL 2. (I) Peanut-shaped abortive sporangium

of isolate GAL 2. Bars [ 20 mm.
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separated from P. gallica by the absence of chlamydospores

and hyphal swellings in water culture, different colony growth

patterns on CA, MEA, and CMA, higher cardinal temperatures

for growth, and higher growth rates. P. inundata is another

widespread non-papillate Phytophthora species from wet sites.

It differs from P. gallica by the heterothallic production of oo-

gonia, the absence of chlamydospores and hyphal swellings,

higher cardinal temperatures for growth, higher growth rates,

and different colony growth patterns (Brasier et al. 2003a).

Despite systematic sampling of soil by the authors and

many other research groups in more than a thousand forest

stands and wet habitats across Europe, P. gallica has so far

only been recovered from two stands in France and Germany

ca 240 km apart. It seems that P. gallica may be a rare species
with a fairly limited distribution in Europe. However, due to

its very slow growth as compared with several other Phytoph-

thora spp. it could have passed unnoticed even in isolation sur-

veys focusing on this genus.

Although P. gallica was isolated from soil beneath a declin-

ing mature Quercus robur and from the littoral zone of a lake

with Phragmites australis and Salix alba as dominants, in path-

ogenicity tests Phytophthora gallica was only weakly aggressive

to Q. robur and S. alba, and non-pathogenic to Phragmites aus-

tralis. Therefore, its ecological niche, whether as a pathogen

or saprotroph, remains uncertain. However, a saprophytic

lifestyle seems unlikely given the much higher growth rates

of the Pythium species ubiquitous in these wet ecosystems

(e.g. Jung et al. 2000; Nechwatal et al. 2005).



Fig 5 – Chlamydospores (isolate GAL 1) and hyphal swellings (isolate GAL 2) of Phytophthora gallica on CA after 14 d at 20 �C.

(A–C) Globose chlamdospores, borne terminally (A) or laterally (B–C). (D) Globose chlamydospore with incipient abortion.

(E) Globose aborted chlamydospore and a terminal, obovoid mature chlamydospore. (F) Globose mature chlamydospore

and aborted, club-shaped chlamydospore. (G) Pyriform mature chlamydospore. (H) Terminal, club-shaped to

irregular, aborted chlamydospore. (I) Inflated, irregular hyphal swellings. Bars [ 20 mm.
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Interestingly, both isolates of Phytophthora gallica were able

to cause bark lesions in shoots of European beech, to date the

major host tree along with rhododendron of the related species

P. kernoviae in Europe (Brasier et al. 2005; Brown & Brasier 2007).

Isolate GAL 1 also induced lesions on shoots of common alder.

Therefore, although the results of an abscised shoot assay

might not be directly transferable to a potential soilborne path-

ogen, the possibility cannot be excluded that the host range of

P. gallica includes these two tree species. Apart from the need

for more information on its overall distribution, additional

pathogenicity tests are required to clarify its host range.

The geographic origin of P. gallica is yet unknown. The sugges-

tion by Brasier & Jung (2006) that P. gallica might be ancestral to its

closest relatives, P. kernoviae and P. boehmeriae, was supported by

our phylogenetic analysis using ITS sequences. As P. kernoviae is

probably native to New Zealand (RA Beever & CM Brasier, pers.
comm.), and most records of P. boehmeriae came from Asia and

Australia (Erwin & Ribeiro 1996), it is probable that P. gallica

is not native to Europe, especially given its currently rare occur-

rence in a relatively limited area of Central Europe.

Up to now, P. gallica has only been isolated twice, but its

unique combination of cultural, morphological and physiolog-

ical characters, and its unique phylogenetic position within

the genus justify its description as a well-defined new species

for which the name Phytophthora gallica sp. nov. is proposed

here.
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