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Abstract During extensive surveys for Phytophthora
associated with alder mortality in western Spain, isolates
were consistently recovered from necrotic bark of the
collar and lower stem of Alnus glutinosa. Morphological
and molecular characteristics of the selected isolates to-
gether with their physiology were examined.
Morphologically, the isolates were homothallic and char-
acterized by abundant production of terminal oogonia
predominantly with two-celled amphigynous antheridia
exhibiting ornamentation. Simple sporangiophores were
observed bearing terminal, non-papillate, ellipsoid to
ovoid sporangia. Colony growth patterns developed on
V8 juice agar (V8A), carrot agar (CA), corn-meal agar
(CMA) and potato-dextrose agar (PDA) showed uniform,
radial or irregular growth patterns with appressed and/or
woolly morphology. Temperature (2 °C, 5 °C, 10 °C,
15 °C, 20 °C, 25 °C, 27 °C, 30 °C and 32 °C), pH (5, 7,
9 and 11) and osmotic potential (−0.6, −1.2, −1.8 and
−2.4MPa) significantly influenced radial mycelial growth
of the isolates under laboratory conditions. Molecular
analyses including ITS DNA region sequencing and sub-
species specific primers amplification confirmed identifi-

cation of the isolates as Phytophthora alni ssp. alni.
Further research is under way to carry out more surveys
in order to determine the extent of damage and severity of
the disease in different regions of Spain.

Keywords Alnus glutinosa . Oomycetes .

Amplification . Decline . Oogonia . Sporangia

Introduction

In Spain, common alder (Alnus glutinosaL.Gaertn.) is the
most widespread species among alders which is distribut-
ed along streams, rivers and in wet woodland ecosystems.
It grows well on clay and wet soils in association with tree
species like Fraxinus spp., Populus spp., Salix spp. and
other. Alnus has high ecological value because of its
conservation role and is widely planted in programs of
riverbank restoration and stabilizing slopes.

Alder decline caused by Phytophthora alni (Brasier &
S.A. Kirk) was initially observed along the rivers and the
horticultural shelter-belts in southern Britain in the early
1990s (Gibbs et al. 1994) and, subsequently, in many
other European countries (Brasier et al. 1995, 2004;
Brasier and Kirk 2001; Gibbs et al. 1999, 2003; Jung
and Blaschke 2004). Affected trees show typical die-back,
small sparse and yellowish leaves, excessive fructification,
and tarry and rusty exudates on the surface of the bark at
collar and lower stem (Gibbs et al. 1999). However,
mortality of A. glutinosa in the Iberian Peninsula was first
observed along many rivers of northern Spain by Tuset
et al. (2006), the identification of P. alni as the causative
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pathogen of common alder decline has recently been
reported (Solla et al. 2010; Varela et al. 2010, 2012).

At first, it was believed that the Phytophthora sp.
responsible for alder mortality was similar to
P. cambivora (Petri) in its gametangial morphology while
it differed in homothalism, colony growth patterns, opti-
mum temperature for growth, high level of zygotic abor-
tion and poorly developed oogonia (Brasier et al. 1995,
1999). Later, it was hypothesized that the Phytophthora
engaged in alder mortality evolved as a result of hybrid-
ization between heterothallic P. cambivora and another
unknown taxon of Phytophthora closely related to ho-
mothallic P. fragariae Hickman (Brasier et al. 1999).
Further investigation by Brasier et al. (1999) demonstrat-
ed that the alder Phytophthora consisted of a variety of
heteroploid hybrid species and later they divided it into a
‘standard’ type and several variants. Analysis of the
internal transcribed spacer (ITS) region revealed that
the isolates of ‘standard’ type displayed an unusual ITS
polymorphism i.e., dimorphic sites within the ITS se-
quences while the variants were monomorphic for the
same genome region or monomorphic at some sites and
dimorphic at other sites (Brasier et al. 1999, 2004).
Brasier et al . (2004) formally named alder
Phytophthora as P. alni and based on morphological
studies, cytological evidences and genetic data, and fur-
ther they divided P. alni into three subspecies: P. alni ssp.
alni (Paa) corresponding to former ‘standard’ type,P. alni
ssp. uniformis (Pau) corresponding to Swedish variant
and P. alni ssp. multiformis (Pam) corresponding to the
Dutch, German and UK variants. More recent genetic
studies have hypothesized that Paa has occurred from a
single or multiple hybridization event between Pau and
Pam, although the origin and genetic diversity of these
taxa are still under discussion (Ioos et al. 2006, 2010).

All three sub-species of P. alni as described (Brasier
et al. 1999, 2004) showed distinctive colony morphol-
ogies and different growth-temperature relations on cul-
ture media. Paa produced ornamented oogonia and elon-
gated two-celled antheridia whereas both Pau and Pam
produced unique unusual combinations of oogonial
structures and amphigynous or perigynous antheridia.
Likewise, while Pau formed oogonia having smooth
surface, Pam produced highly ornamented oogonia.
Further morphological studies showed that the isolates
of Paa produced less viable oospores than Pau or Pam.

Although, a few reports have been published on alder
mortality caused by P. alni in Spain (Solla et al. 2010;
Varela et al. 2010, 2012), no detailed studies concerning

characterization of the Spanish isolates of P. alni are
available to date. Therefore, the present study was under-
taken to characterize the isolates of P. alni by analysing
their morphology, physiology and genetic traits.

Materials and methods

Sampling and phytophthora isolation

Study sites were focused on several rivers (Table 1),
located in the western part of Spain. The sites were
characterized by seasonal flooding and distributed in
areas where mortality of common alder was previ-
ously observed. Samplings were made during July–
September 2010 and August–October 2011. Ten
trees were selected and sampled from each study
site on the basis of external symptoms (i.e., small
and yellow leaves, tarry spots and rusty exudations,
increased fruit production). Bark samples together
with the cambium were taken from active fresh
lesions at collar region with the help of a hammer
and chisel, placed in glass jars in distilled water and
transported to laboratory under cool conditions.
Over 48 h, water was replaced several times per
day in order to remove excess of polyphenols.
Small pieces were cut from the lesions, dried on
filter paper and plated on selective media V8-
PARPH agar [V8 juice agar media amended with
10 μg/ml pimaricin, 200 μg/ml ampicillin, 10 μg/ml
rifampicin, 25 μg/ml pentachloronitrobenzene
(PCNB), and 50 μg/ml hymexazol]. Petri dishes
were incubated at 22 °C in the dark and examined
regularly for Phytophthora colonies. Colonies devel-
oped on isolation plates were transferred to fresh
V8A plates for initial confirmation.

Phytophthora isolates

The isolates used in the morphological, physiological
and molecular studies are given in Table 2. Isolates
recovered in the present study were identified morpho-
logically by examining their reproductive structures and
comparing with those of alder Phytophthora isolates
obtained from INRA (UMR Interactions Arbres-
Microorganismes, Champenoux, France) and the de-
scriptions of the Phytophthora spp. published (Brasier
et al. 2004). To carry out their genetic identification, all
isolates from the present study were used for sequence
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analyses on the ITS region and for subspecies specific
DNA analyses, along with a panel of reference isolates
(Table 3).

Morphological studies

Colony morphology

Colony morphology of the isolates were examined on
V8 juice agar (V8A; 100 ml V8 juice, 3 g CaCO3, 16 g
agar, 900 ml distilled water), carrot juice agar (CA;
100 ml carrot juice, 3 g CaCO3, 16 g agar, 900 ml
distilled water), corn-meal agar (CMA-Sigma) and
potato-dextrose agar (PDA-Sigma). Agar discs cut from
the leading edges of 5-d-old colonies (5 mm diam.) were
placed upside down in the centre of Petri dishes con-
taining test media (one plug per plate) and incubated at
20 °C in the dark. Colony growth patterns were exam-
ined after 6 days.

Morphology of sporangia and oogonia

Sporangia and oogonia were produced and measured
according to the methodologies as described by Jung
et al. (1999). Small agar discs (ca. 15mm×15mm)were
cut from the growing edge of 5-d-old cultures grown on
V8A at 20 °C in the dark, placed in 90 mm Petri dishes
and flooded with non-sterile soil extract (100 g soil
taken from an agricultural field suspended in 900 ml
de-ionized water for 24 h at room temperature and then
filtered), and incubated at 20 °C in the dark. The soil
extract was decanted and replaced again after 12 h. After
incubation at 20 °C in the dark for 24–72 h, dimensions
and characteristic features of mature sporangia per iso-
late were chosen randomly measured at×400 magnifi-
cation under a compound microscope in the laboratory.
For production of gametangia, small agar discs (ca.
15 mm×15 mm) were cut from the centre of 3 weeks
old isolates cultured on V8A at room temperature in the
dark. For each isolate, characteristics features of 50

Table 1 Location of the
study sites Name of the site Region River Latitude Longitude

Puente de Castraz
a Sancti-Spiritus

Castraz Huebra-Yeltes 40°42′02.8″N 06°20′41.1″W

El Manantio Sancti-Spiritus Huebra-Yeltes 40°44′21″N 06°20′41″W

Puente Bogajo a
Yecla de Yeltes

Bogajo Huebra-Yeltes 40°56′51″N 06°32′38.3″W

Aceña de Gema o
Molino de la Tomasa

Yecla de Yeltes Huebra-Yeltes 40°57′11.3″N 06°32′46.3″W

La Playa Puente de Congosto Tormes 40°29′01.1″N 05°30′53.6″W

Puente Fresno-Poblado
Santa Teresa

Fresno Alhandiga Tormes 40°42′47.3″N 05°35′29.9″W

El Chorrón La Maya Tormes 40°40′26.3″N 05°36′10.8″W

Huertas de Arriba Alba de Tormes Tormes 40°48′26.7″N 05°31′35.1″W

Puente Romano Salamanca Tormes 40°57′29.6″N 05°40′11.7″W

Área recreativa La
Chopera

Fuenteguinaldo Águeda 40°21′11.7″N 06°41′23.9″W

Molino de la Copera Castillejo de Martín
Viejo

Águeda 40°42′51.7″N 06°39′33.9″W

Alquería Palomar Ciudad Rodrigo Águeda 40°36′10.4″N 06°33′33.5″W

Molino de la Moretona Ciudad Rodrigo Águeda 40°35′50.4″N 06°32′55.6″W

Llano Molino Peñaparda Águeda 40°18′54.6″N 06°40′03.9″W

Teso Cubo Peñaparda Águeda 40°19′51″N 06°39′16″W

El Tornadizo El Tornadizo Águeda 40°32′27.2″N 05°53′14.9″W

Puente Casas del Conde
Mongarraz

Casas del Conde Alagón 40°30′18.4″N 06°02′44.3″W

Puentes del Alagón Garcibuey Alagón 40°29′53.9″N 05°56′38.6″W

Pontón del Coto Bejar Cuerpo de Hombre 40°22′07.0″N 05°45′17.4″W
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mature oogonia, oospores and antheridia were examined
at×400 magnification.

Physiological studies

Temperature-growth relationships

To test the effect of temperature on mycelial growth,
isolates were grown on V8A media in Petri dishes for
2 days at 20 °C in the dark to stimulate growth. After
that, colony margins were marked and the plates were
transferred to 2, 5, 10, 15, 20, 25, 27, 30 and 32 °C.
Measurements were taken after 6 days along two lines
intersecting the centre of the inoculum at right angles
subtracting the width of inoculation disc and radial
growth rates (mm d−1) were calculated. Three replicated
plates were used for each isolate per temperature
combination.

pH-growth relationships

To determine the effect of pH on mycelial growth of the
isolates, HCl or KOH 1 N was added to V8A media
until the pH values (5, 7, 9 and 11) required were
obtained. V8A plates inoculated with agar discs
(5 mm×5 mm) were incubated for 2 days at 20 °C in
darkness and colony margins were marked. Three rep-
licated plates per isolate were placed to 25 °C in the dark
and radial growth (mm d−1) was determined as de-
scribed previously.

Osmotic potential-growth relationships

The effect of osmotic potentials on mycelial growth was
determined on V8A media. Mycelial plugs obtained
from the growing edges of colonies were transferred to
the centre of V8A plates amended with KCl prior to
sterilization to obtain osmotic potential (ψπ) values of

Table 2 Origin of alder
Phytophthora isolates assessed in
this study

UVa University of Valladolid,
Spain

INRA National Institute of Agro-
nomic Research, Champenoux,
France
ac, used in colony growth patterns
o b s e r v a t i o n ; g , u s e d i n
gametangial measurements; s,
used in sporangial measurements;
m, used in molecular studies; p,
used in physiological studies
(growth-temp, growth-pH and
g rowth -o smo t i c po t en t i a l
relationships)
bReference isolates

Isolate Identification Year
isolated

Owner Country Experimentsa GenBank
Accession No.

PA2008 PAA 2010 UVa Spain g, s, m KJ659836

PA2010 PAA 2010 UVa Spain c, g, s, m, p KJ659834

PA4017 PAA 2010 UVa Spain g, s, m, p KJ659839

PA4018 PAA 2010 UVa Spain g, s, m KJ659844

PA4020 PAA 2010 UVa Spain g, s, m KJ659833

PA5024 PAA 2010 UVa Spain g, s, m KJ659845

PA5029 PAA 2010 UVa Spain c, g, s, m, p KJ659843

PA6034 PAA 2010 UVa Spain g, s, m KJ659841

PA6035 PAA 2010 UVa Spain g, s, m KJ659842

PA7040 PAA 2011 UVa Spain g, s, m KJ659846

PA7051 PAA 2011 UVa Spain c, g, s, m, p KJ659835

PA7054 PAA 2011 UVa Spain g, s, m KJ659840

PA8055 PAA 2011 UVa Spain c, g, s, m, p KJ659837

PA8059 PAA 2011 UVa Spain g, s, m KJ659838

PA8060 PAA 2011 UVa Spain g, s, m KJ659847

PAA129b PAA 2003 INRA France m DQ012518

PAA314b PAA 2008 INRA France m –

PAA354b PAA 2008 INRA France m –

07dur31b PAM 2007 INRA France m –

PAM391b PAM 2009 INRA France m –

PAM393b PAM 2009 INRA France m –

PAU300b PAU 2008 INRA France m –

PAU542b PAU 2009 INRA France m –

PAU624b PAU 2009 INRA France m –
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−0.6 MPa, −1.2 MPa, −1.8 MPa and −2.4 MPa accord-
ing to Lira-Méndez and Mayek-Pérez (2006). Non-
amended V8A (0 MPa) was used as control. Three
replicated plates per isolate were incubated at 25 °C in
darkness and radial growth (mm d−1) was calculated as
described previously.

Molecular analyses

DNA extraction

DNAwas extracted from8-d-old pure freshmycelia grown
at 22 °C in the dark onV8Amedia covered by thin layer of
sterile cellophane membrane. Fresh mycelium was har-
vested from cellophane surface, ground for 5 min with
three 3-mm tungsten carbide beads at a frequency of 30Hz
using a mill grinder (Retsch Ball Mill MM301), and
treated following the protocol by Vainio et al. (1998) in
which phenol-SEVAG was replaced by SEVAG (the ratio
24:1 of Chloroform and isoamyl alcohol). Genomic DNA
was stored at −20 °C until use.

ITS region sequencing

ITS region was amplified using ITS1 and ITS4 primers
(Gardes and Bruns 1993; Vilgalys and Hester 1990;
White et al. 1990) in a total volume of 20 μl in the
following conditions: an initial denaturation step of
5 min at 95 °C; 40 cycles of 30 s at 95 °C, 30 s at the
specific annealing temperature (53 °C) and 1 min at
72 °C; and a final extension step of 7 min at 72 °C.

Pureness and concentration of the amplicons were
assayed by electrophoresis on 1.3 % agarose-TAE gels
stained with 0.5 mg ml−1 ethidium bromide, before a re-
amplification reaction in the same conditions and in total
volume of 50 μl. The final amplification products were
purified with NucleoSpin® Extract II 10/2007 Rev. 06
(Macherey-Nagel Gmbh and Co.KG) following the
manufacturer instructions and sent to SECUGEN S.A.
(Madrid, Spain) for sequencing in both directions. An
agarose gel electrophoresis was performed after each
amplifying and purifying step to verify the quality and
concentration of the amplicons.

All sequences were manually end-trimmed and
reviewed before aligning. Those sequences below
65 % HQ (i.e., high quality untrimmed bases in the
chromatogram) or shorter than 500 bp were
discarded for further analysis. Forward and reverse
sequences were pairwise aligned using the Global
alignment with free end gaps option, default param-
eters (i.e., cost matrix of 65 % similarity (5.0/−4.0)
and a gap open/extension penalty of 12/3). These
corrected sequences were submitted to GenBank.
Finally, all isolates sequences were aligned using
ClustalW with an open/extend gap penalty of 12/3
and free end gaps. A consensus sequence was con-
structed and compared to GenBank through
BLASTn program, using default parameters (gap
open/expand costs of 5/2). Compilation, alignments
and comparison with databank were done using
Geneious R7 v 7.0.6 software package (Biomatters
Ltd.)

Table 3 Amplification results
from subspecies specific amplifi-
cation assays

aSize determinates in the original
references

#=Data not shown

Locus PA (#) PAM TRP RAS
Forward/Reverse primers PA-F/

PA-R

PAM-F/

PAM-R

TRP-E1-1 F/

TRP-E3-1R

RAS-E-1 F/

RAS-E5-1R

Annealing Temp (°C) 50 53 53 53

Amplified subspecies Paa,Pam,Pau Paa, Pam Paa, Pau Paa, Pam

Amplicon size in (pb)a 450 570/590 660/765 666/698

Reference Ioos et al. 2005 Ioos et al. 2006

Isolates (Ref.)

PAM391/PAM393/07dur31 + + 0 +

PAU300/PAU542/PAU624 + 0 + -

PAA129/PAA314/PAA354 + + + +

H2O 0 0 0 0

Isolates (This study) + + + +

All isolates of the present study Paa Not Pau Not Pam Not Pau
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Subspecies-specific identification

Four subspecies specific primer pairs: (i) PA-F/PA-R,
GGT GAT CAG GGG AAT ATG TG/ATG TCC GAG
TGT TTC CCA AG; (ii) PAM-F/PAM-R, CTG ACC
AGC CCC TTA TTG GC/CTG ACC AGC CAT CCC
ACA TG; (iii) TRP-E1-1 F/TRP-E3-1R, GAG GAG
ATC GCG GCG CAG CG/GCG CAC ATR CCG
AGV TTG TG; and (iv) RAS-E1-1 F/RAS-E5-1R,
ATG AAC CCC GAA TAG TRC GTG C/TGT TSA
CGT TCT CRC AGG CG) were selected from previous
studies (Ioos et al. 2005, 2006). PCR amplification assays
with these primers were performed in separate reactions
for each primer pair in a total volume of 20 μl containing
30–60 ng of template DNA, 0.2 μMof each forward and
reverse primers, 0.4 mM dNTPs, 2.5 mM Cl2Mg, 1 U
Taq polymerase (AmpliTaq® DNA polymerase with
GeneAmp® Applied Biosystems New Jersey, USA)
and 1 × Taq polymerase buffer in sterile milliQ water.
All amplifications were carried out in a GeneAmp®PCR
System 9700 (Applied Biosystems, New Jersey, USA) in
the conditions described for ITS region using an anneal-
ing temperature of 53 or 50 °C. Amplicons were visual-
ized after electrophoresis in 1.3 % agarose gel in TAE 1×
stained with 0.5 mg ml−1 ethidium bromide.

Statistical analysis

Analysis of variance (ANOVA) and Tukey’s HSD post-
hoc tests (α=0.05) were used to test the effects of pH
and osmotic potential on mycelial growth of the isolates.
Statistical analyses were performed using R software
environment (R Core Team 2014).

Results

Isolation of phytophthora

Isolates of Phytophthora alni ssp. alniwere consistently
isolated from necrotic bark at the collar region of
A. glutinosa by direct plating on to V8-PARPH agar.

Morphological characterization

Colony morphology

Colonies of the isolates showed distinct growth patterns on
four different test media (Fig. 1). On V8A, the isolates

produced uniform and radial growth patterns and had
slightly woolly morphology. Colonies developed on CA,
were usually appressed with limited aerial mycelium and a
little woolly morphology at the edge of the Petri dishes,
often irregular in outline, faster or slower growing areas
often failed to grow up to edges of the Petri dishes. Colony
morphology on CMA and PDA, was usually uniform and
dense and produced fluffy aerial growth patterns.

Sporangial morphology

The isolates did not produce sporangia on solid agar.
However, they produced sporangia when agar plugs from
margins of the actively growing culture on V8A were
completely submerged in Petri dishes with non-sterile soil
extract diluted in distilled water. Terminal sporangia were
borne singly or in cluster on long sporangiophores.
Sporangia were non-caducous and non-papillate
(Fig. 2a–e) and formed conspicuous basal plugs in empty
sporangia (Fig. 2f). Sporangial shape varied from ovoid
(Fig. 2 a, b, d and e) to ellipsoid (Fig. 2c) with a rounded or
occasionally tapered base. Lengths×widths ranged from
34 to 66×25–48 μm; averages were 50.8–61.1×39.2–
48.9 μm (Table 4), and average length: width ratio was
1.3–1.6. Sporangiophores were simple or sympodial
(Fig. 2e). Zoospores were released through wide exit pores
(Fig. 2f). Nested and extended internal proliferations were
noted (Fig. 2g–i) but no chlamydospores were observed.

Gametangial morphology

Gamentangia were produced in single culture on V8A
(Fig. 3a–l). Oogonia were borne terminally, had orna-
mentation or wavy walls and were usually spherical,
produced predominantly two-celled amphigynous an-
theridia (Fig. 3a–f), sometimes paragynous antheridia
(Fig. 3i–j), and occasionally comma-shaped oogonia
(Fig. 3g–h). Average diameter of mature oogonia ranged
38.8–48.5 μm; overall diameter ranged 32–57 μm
(Table 4). However, a small proportion of oogonia were
smaller in diameter ranged 19–29 μm (Fig. 3k–l). A
high proportion of oogonia were aborted (Fig. 3d–e) and
rate of abortion varied. Average diameters of oospores
in mature oognia ranged 31.9–42.3 μm; overall diame-
ters ranged 22–48 μm (Table 4). Antheridial length
ranged 13–29 μm where as width ranged 10–21 μm
(Table 4).
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Physiological characterization

Temperature-growth relations

Temperature growth relationships of the isolates are
shown in Fig. 4. The optimum mycelial growth of all
isolates was recorded at 25 °C. At this temperature, the
isolates grew from 4.2 to 6.2 mm/day. All five isolates
grew at 5 and above 30 °C except one isolate (PA8055)
which was unable to grow at 30 °C. The isolates

demonstrated a steep decline in their growth above
25 °C. In addition, the isolates did not grow at 2 and
32 °C, but started to grow when the plates were trans-
ferred to 25 °C.

pH-growth relations

The effects of pH on mycelial growth are shown in
Fig. 5. All isolates were able to grow on pH adjusted
V8A at all pH values examined. The optimum

Fig. 1 Colony morphology of the isolates of P. alni ssp. alni at 20 °C on V8A (a–d), CA (e–h), CMA (i–l) and PDA (m–p) after 6 days.
Isolates, PA2010 (a–m), PA5029 (b–n), PA7051 (c–o) and PA8055 (d–p)
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mycelial growth of all isolates was observed at
pH 7. At this pH, they grew from 3.8 to 5.5 mm/
day. However, no significant differences in optimum
growth were observed between pH 5 and 7. But one
isolate PA8055 acted differently and demonstrated
difference in growth between pH 5 and 7. For the
isolates PA2010, PA4017 and PA8055, differences
in growth were noted between pH 7 and 9, where as
no differences were noted for PA5029 and
PA7051 at the same pHs. Although, the isolates
grew at pH 11, significant differences were recorded
in their growth between pH 9 and 11.

Osmotic potential-growth relations

The effects of osmotic potentials on growth of the isolates
are shown in Fig. 6. The optimum growth of the isolates
was recorded at control followed by −0.6 MPa, and the
growth rate declined with decreasing osmotic potential at
−1.2 MPa and −1.8 MPa respectively. Significant differ-
ences in growth were noted at −0.6 MPa and −1.2 MPa
for all tested isolates except PA8055. However, no differ-
ences in growth were noted for the isolates at −1.2 MPa
and −1.8 MPa, with the exception of PA7051. Mycelial
growth was completely inhibited at −2.4 MPa.

Fig. 2 Non-papillate sporangia and sporangiophores of P. alni
ssp. alni produced onV8A flooded with non-sterile soil extract: a–
b ovoid sporangia; c an ellipsoid sporangium; d sporangiophore
holding a mature sporangium where a second sporangium is

germinating at the point of attachment; e. sympodial brancing; f
an empty sporangium showing a wide exit pore; g–h nested interal
proliferation; i remains from nesting. Bar=25 μm

Eur J Plant Pathol

Author's personal copy



Molecular characterization

Sequencing ITS region

Sequences obtained from our isolates in both directions
showed a high overall quality (over 75 % residues HQ)
except the forward sequences (obtained with ITS1F
primer) of PA5024 and PA5029 isolates, whose qualities
were below 60 % and were thus discarded for further
analyses. The remaining 28 sequences were trimmed
manually to exclude low quality ends and reviewed on
the basis of the chromatogram graphs before aligning.
Some stretches contained clear ambiguities (two peaks
of similar height in the same position) and appeared in
almost all sequences and in both directions, with a few
exceptions in which one of the two peaks was slightly
higher than the other and were not considered ambigu-
ous by the Geneious program. These ambiguities, prob-
ably related to the recent hybrid condition of P. alni ssp.
alni subspecies, accounted for low local quality of the
sequences and reduced the overall HQ index.

When aligned through ClustalW, strong homology
was found (99.5 % pairwise identical residues), includ-
ing 10 positions, at which all sequences presented am-
biguities or compatible residues. Only six positions in
the alignment presented disagreements against

consensus sequence, with the only exception of differ-
ences in sequences length, and all of them corresponded
to residues in which one or more sequences presented
one of the detected ambiguities. This allowed construct-
ing a very good consensus sequence to be nblasted with
GenBank.

The 100 best hits corresponded to Phytophthora
species, showing pairwise identical residues between
98.3 and 99.6 %. The best homology was found for
the isolates of P. alni (18 out of 20 best hits and 35 out of
100 best hits), but also for several isolates identified in
the Bank as different species of Phytophthora.

Subspecies specific primers

Fifteen isolates along with the reference isolates
PAU300, PAM391 and PAA129 were analyzed using
four Paa subspecies specific primers to verify their
identity. All isolates showed same amplification pattern
for all the primer pairs assayed (Fig. 7; results summa-
rized in Table 3). PA primers amplified successfully all
isolates and the reference strains (data not shown) clear-
ly indicating that isolates obtained during the present
study belonged to P. alni complex; PAM primers ampli-
fied successfully the isolates tested as well as reference
isolates PAA129 and PAM391, and failed to amplify

Table 4 Morphological characteristics of alder Phytophthora isolates recovered in this study

Isolate Sporangia Oogonia Oospore Antheridia

Length range Width range Average Range Average Range Average Length range Breadth range

PA2008 42–62 32–45 55.6×43.3 36–52 42.4 24–39 34.7 20–28 13–18

PA2010 45–60 33–44 52.3×41.4 37–50 43.7 22–40 35.2 22–27 16–20

PA4017 37–55 29–39 51.9×39.2 32–51 46.6 25–42 32.4 18–25 12–16

PA4018 38–58 27–37 50.8×40.7 33–52 50.2 27–44 40.5 21–26 15–18

PA4020 40–59 25–38 51.1×41.8 39–49 44.4 24–41 38.5 19–24 13–19

PA5024 45–65 33–47 57.3×45.2 33–53 47.9 27–45 41.3 19–26 15–19

PA5029 44–58 31–48 56.5×45.4 34–49 46.2 28–40 39.7 13–22 11–18

PA6034 48–59 34–42 60.3×48.9 32–44 42.3 24–35 36.4 14–21 10–16

PA6035 52–66 33–44 61.1×49.7 38–54 48.5 25–40 42.1 16–22 10–17

PA7040 34–54 28–40 55.5×43.8 33–52 43.5 27–44 38.7 22−26 15−21
PA7051 36−55 29−42 57.7×45.6 35−48 44.7 22−42 33.6 18−24 12−18
PA7054 34−59 28−35 56.8×44.8 38−57 47.8 31−46 42.3 21−29 15−19
PA8055 42−62 26−40 58.3×45.5 35−55 43.1 25−48 31.9 19−26 14−20
PA8059 44−58 29−39 59.6×48.3 39−54 45.5 26−42 37.1 14−22 11−17
PA8060 39−60 30−39 55.4×42.3 33−49 38.8 23−40 32.8 16−21 12−17

Dimensions are given in μm
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PAU300 (Fig. 7a). PAU primers were not used as they
often give inconsistent results (B. Marçais, personal
communication). TRP primers amplified all our isolates,
as well as PAA129 and PAU300, but PAM391 strain
was not amplified (Fig. 7b). Finally, when amplified
with RAS primers, the only isolate giving an amplified
product was PAU300 (Fig. 7c). In this late case, we

obtained a thick unspecific band in the other lanes,
probably corresponding to primer-dimmers or RNA
molecules. Together, these results indicated that: i) our
isolates belonged to P. alni as all of themwere amplified
by PA primers; but ii) they did not belong to either Pau
or Pam, but to Paa as derived from amplifications with
PAM, TRP and RAS primers.
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Fig. 4 Mean growth rate (mm/
day) of five isolates of P. alni ssp.
alni on V8A at different
temperatures

Fig. 3 Morphological structures (gametangia) of the isolates of
P. alni ssp. alni formed on V8A (a–l). a–c ornamented oogonia
with two-celled amphigynous antheridia; d–e oogonia with
aborted oospores; f an oogonium showing finger-like hyphal

projection at the point of the septum of the antheridium; g–h
comma-shaped oogonia; i–j rarely seen oogonia having
paragynous antheridia; k–l partially developed and smaller
oogonia. Scale bar=25 μm
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Discussion

In course of the present morphological studies, our
isolates of alder Phytophthora produced abundant ter-
minal, spherical oogonia which exhibited moderate or-
namentation and two-celled amphigynous antheridia.
Besides, rarely comma-shaped smaller oogonia, and
aborted oospores were frequently observed. These fea-
tures of the gamentangia corresponded to the describe
characteristics of P. alni ssp. alni (Brasier et al. 2004).
On the other hand, caducity of sporangia is a useful
taxonomic tool in identification of many Phytophthora
species (Kaosiri et al. 1978). We obtained sporangia
which were non-caducous and non-papillate, and shape
of the sporangia were variable from ovoid to ellipsoid.
Similar characteristics of sporangia of P. alni were also
illustrated by several authors (Brasier et al. 2004; Cerný
et al. 2008; Solla et al. 2010; Varela et al. 2010). Size
and shape of sporangia of Phytophthora vary due to
culture media and environmental conditions
(Waterhouse 1963). The length: breadth ratios of

sporangia of our isolates ranged from 1.3 to 1.6.
Several authors reported similar length: breadth ratio
of P. alni ssp. alni (Brasier et al. 2004; Cerný and
Strnadová 2010; Cerný et al. 2008; Varela et al. 2010).
The characteristic features of sporangia together with
nested and extended internal proliferation, and wide exit
pores appeared to be identical to P. alni ssp. alni.

Colony patterns of our isolates growing on CAwere
usually appressed and irregular in growth with very
limited aerial mycelium, whereas on V8A, colonies
had slightly woolly morphology like those of standard
type isolates of P. alni (Brasier et al. 2004; Cerný and
Strnadová 2010; Solla et al. 2010; Szabó et al. 2000;
Varela et al. 2010). On the other hand, rather fluffy and
considerably woolly growth patterns were observed on
CMA and PDA. All isolates showed optimum growth at
25 °C which was in accordance with previous studies
(Brasier et al. 2004; Cerný and Strnadová 2010; Cerný
et al. 2008; Solla et al. 2010; Varela et al. 2010) which
demonstrated an optimum growth temperature ranging
from 23 to 25 °C for isolates of P. alni ssp. alni.
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Maximum growth temperature for the isolates was
30 °C and minimum was 5 °C. Similar range of temper-
atures for growth was also reported (Brasier et al. 2004;
Varela et al. 2010). Considering the findings of temper-
ature effect on growth, our isolates of alder
Phytophthora fallen within the range of temperatures
considered suitable for the growth of P. alni ssp. alni.

The pH is one of the most important factors influenc-
ing the survival of many Phytophthora species in soil
(Andrivon 1994; Blaker and MacDonald 1983; Kong
et al. 2012). Furthermore, pH level fluctuations in aquat-
ic systems influence the dissemination of many
Phytophthora species from a single point of infection
to far distance points (Gibbs et al. 1999; Hong and
Moorman 2005; Kong et al. 2009). In this view, effects
of pH on the survival and growth of the pathogen are of
great importance. Phytophthora is considered to be
tolerant to wide range of pH and increasing pH value
generally favors its growth (Andrivon 1994; Weste
1983). This statement is in agreement with our finding
where the isolates of P. alni ssp. alni showed wide range
of pH tolerance for mycelial growth, but in

disagreement as growth of isolates reduced significantly
with increasing pH value i.e., the lowest growth was
recorded at pH 11. The pH tolerance level matched
another study by Kong et al. (2012), who demonstrated
that P. alni ssp. alni was basic tolerant (pH 5 to 11). In
our present research, maximum growth of the isolates
was recorded at pH 7, corresponding to best pH value
for P. alni ssp. alni determined (Kong et al. 2012). It can
be concluded that alder Phytophthora can be active over
a wide pH range, being well adapted to aquatic environ-
ment and pose threat to new areas through water
dispersal.

Osmotic potential plays an important role in the
ecology and growth of pathogenic fungi (Davis et al.
2000). For instance, decrease in the osmotic potential
showed reduced growth in fungi (Lira-Méndez and
Mayek-Pérez 2006). Phytophthora species, known as
water moulds, are ecologically favoured by free water in
soil. Water deficiency is usually considered as a limiting
factor in the life cycle of the pathogen. A minimum
amount of water in soil, for a certain period of time, is
a precondition for successful infection and development
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of Phytophthora infestation (Thomas et al. 2002). The
role of water stress in the development of Phytophthora
diseases and water-fungi interactions are of great impor-
tance (Ayres and Boddy 1986). In present investigation,
it is evident that a decrease in osmotic potential pro-
duced a reduction in mycelial growth. These findings
are very close to those of a previous study in which
opt imum mycel ia l growth of severa l o ther
Phytophthora species (P. cambivora, P. cinnamomi,
P. citricola and P. quercina) was achieved at 0 MPa.
All species exhibited decreasing growth at −1.18, −1.75,
and −3.0 MPa, mycelial growth completely inhibited at
−3.98 MPa (Turco et al. 2005). Another study revealed
that the growth of P. megasperma and P. parasitica
declined steeply at lower osmotic potentials and ceased
completely at −3.0 and −5.0 MPa respectively
(Sommers et al. 1970). From these findings, we can
conclude that osmotic potential affected the growth
and development of these species. This could be impor-
tant in designing experiments for assessing new
methods for control of the pathogen.

Sequences from ITS region, both forward and re-
verse, demonstrated that all of our isolates were nearly
identical, indicating that they corresponded to a unique
genotype. On the basis of the best hits of comparison
with GenBank, this genotype was identified as belong-
ing to P. alni complex. Some other good hits
corresponded to different species of Phytophthora like
P. cambivora and P. fragariae, or P. europaea and
P. rubi, considered to be very close relatives of P. alni
(Brasier et al. 2004; Ioos et al. 2006), although, nowa-
days the two former are no more considered as its
parental species (Aguayo et al. 2013).

Two groups of results allowed the subspecific iden-
tification of all isolates observed in this study as P. alni
ssp. alni. On one hand, a series of ambiguities (dimor-
phic sites) at conserved positions was found in all ITS
sequences. This type of dimorphism has been described
as typical of P. alni ssp. alni, while P. alni ssp.
multiformis and P.alni ssp. uniformis tend to be largely
(Pam) or entirely (Paa) monomorphic (Brasier et al.
1999, 2004; Ioos et al. 2006). Also, ambiguities have
been related to the recent hybrid condition of Paa, be-
lieved to be the result of a unique or multiple hybridi-
zation events from P. alni ssp. uniformis and P. alni ssp.
multiformis and following an asexual way of reproduc-
tion that maintained heterozygosity (Aguayo et al. 2013;
Ioos et al. 2006, 2007). Complementary research is
ongoing on nuclear and mitochondrial genomes to study

genetic diversity and origin of each of the three subspe-
cies of P. alni. On the other hand, all of our isolates
showed an unique and common pattern of amplifica-
tions with a series of specific primers previously de-
scribed (Ioos et al. 2005, 2006), coincident with that of
Paa reference isolates and clearly excluding Pau and
Pam. Amplification with PA primers indicated that our
isolates belonged to P. alni complex, but didn’t discrim-
inate between Paa, Pau or Pam; PAM amplification
excluded Pau; and TRP and RAS primers amplifica-
tions, derived from two of the few nuclear genes
exhibiting introns, excluded Pam and Pau, respectively.

The identification of our isolates as Paa is co-
herent with the knowledge on alder Phytophthora
distribution: Paa has been described as the most
frequent subspecies in Europe (Ioos et al. 2006)
and is believed to reproduce through dissemination
of asexual spores, which is consistent with the
presence of dimorphic sites in ITS region. Some
other hybrid species have been described as ag-
gressive pathogens species, like Neotyphodium
coenophialumand and to spread through asexual
spores (Moon et al. 2004). Moreover, a unique
genotype has been identified, supporting the idea
that all isolates are consistent with a unique event
of introduction of this pathogen in Spain, probably
through importation of contaminated alder seed-
lings from other European countries. This aspect
should be included and given importance in further
studies.

P. alni can easily be distinguished from other homo-
thallic Phytophthora species by its unique morphologi-
cal and physiological characteristics, and DNA se-
quences. Features like two-celled ornamented oogonia
with amphigynous antheridia, nonpapillate and non-
caducous sporangia, growth patterns on culture media,
optimum and maximum temperatures for growth have
given distinctiveness to alder pathogen. Considering its
morphological and physiological characters, host, and
ITS sequences, our isolates obtained from common
alder clearly belong to P. alni spp. alni. Proper and rapid
identification of pathogens is crucial in order to protect
our forests and natural ecosystems from Phytophthora
infection in Europe. Our findings have emphasized the
significance and need of detailed studies of the alder
pathogen that thrived along the river systems in western
Spain. Additional surveys are needed to determine the
distribution of P. alni in other alder growing areas of
Spain.
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