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Peronospora aquilegiicola made its way to Germany: the start
of a new pandemic?
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Abstract
Peronospora aquilegiicola is a destructive pathogen of columbines and has wiped out most Aquilegia cultivars in several private
and public gardens throughout Britain. The pathogen, which is native to East Asia was noticed in England andWales in 2013 and
quickly spread through the country, probably by infested plants or seeds. To our knowledge, the pathogen has so far not been
reported from other parts of Europe. Here, we report the emergence of the pathogen in the northwest of Germany, based on
morphological and phylogenetic evidence. As the pathogen was found in a garden in which no new columbines had been planted
recently, we assume that the pathogen has already spread from its original point of introduction in Germany. This calls for an
increased attention to the further spread of the pathogen and the eradication of infection spots to avoid the spread to naturally
occurring columbines in Germany and to prevent another downy mildew from becoming a global threat, like Peronospora
belbahrii and Plasmopara destructor, the downy mildews of basil and balsamines, respectively.
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Introduction

More than 700 oomycete species are known to cause downy
mildew (Thines and Choi 2016). Oomycetes are fungal ana-
logues of the kingdom Straminipila, which, despite their rela-
tionship with brown seaweeds and diatoms, have evolved a
fungal habit, with an absorptive mode of nutrition and filamen-
tous growth. The genus Peronospora is the largest genus of the
oomycetes and contains several hundred species that are

obligate parasites of a variety of angiosperm hosts
(Constantinescu 1991). A hallmark of the genus Peronospora
is the high degree of host specificity, which is usually on the
plant species level (e.g. Voglmayr 2003; García-Blázquez et al.
2008; Thines et al. 2009; Thines and Kummer 2013; Voglmayr
et al. 2014; Choi et al. 2015a). Downy mildew caused by
Peronospora is observed in many plant families, and especially
Ranunculaceae, Amaranthaceae, Caryophyllaceae, Fabaceae,
Plantaginaceae and Lamiaceae have many reported host genera
and species (Constantinescu 1991).

Until the advent of molecular phylogenetics it was often
assumed that species of downy mildews were mostly able to
infect a whole family, but formae specialis, specialised forms,
were frequently postulated (Yerkes and Shaw 1959).
However, phylogenetic investigations have generally sup-
ported the narrow species concept advocated by Gäumann
(1918, 1923) and others (Voglmayr 2003; Choi et al.
2015a), and revealed that in the genera Bremia and
Peronospora genetic distinctiveness in accordance with the
host species was present (Thines et al. 2011; Choi and Thines
2015). However, it was also found that not host co-
divergence but frequent host jumps, subsequent radiation
and speciation drive the observed species-richness of the
downy mildews (Choi and Thines 2015; Thines 2019).
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The observation of the high degree of host specificity in
downy mildews has led to the reappraisal of the species diver-
sity in many downy mildew species complexes, often focussed
on economically important groups (Choi et al. 2009, 2015a,
2017, 2018; Thines et al. 2009, 2019; Thines 2011;
Voglmayr et al. 2014; Görg et al. 2017). The genus
Peronospora harbours various species of economic impact, of
which P. belbahrii (Thines et al. 2009) and P. aquilegiicola
(Thines et al. 2019) are pathogens that have just recently
emerged. The downy mildew epidemic caused by
P. belbahrii reached all major basil-producing areas of the
world quickly. This was probably facilitated by the assumption
that the pathogen was belonging to the widespread species,
P. lamii, based on a broad species concept, which obstructed
rapid installing of phytosanitary and quarantine measures to
restrict the disease. At the time the pathogen was described a
new species of Peronospora, it was already present globally
(Thines et al. 2009). This was not the case for a pathogen of
columbines (Aquilegia spp.) that recently emerged in Britain,
wiping out most columbine plants in many public gardens
throughout the island. In this case, already the first publication
describing morphological and phylogenetic details highlighted
that the species was an invasive pathogen, probably originating
from East Asia (Denton et al. 2015; Thines et al. 2019). At the
time of the formal description by Thines et al. (2019), the path-
ogen seemed to have been contained in Britain, probably be-
cause plant protection agencies had been made aware of the
pathogen early.

However, very recently, downy mildew of columbines was
observed in a private garden in Northwestern Germany, sug-
gesting that the pathogen has made its way to continental
Europe. It was the aim of this study to investigate the identity
of this pathogen by detailed morphological and phylogenetic
analysis to clarify, if P. aquilegiicola is now present in conti-
nental Europe, where it could be a potential threat to both
cultivated and wild Aquilegia species.

Material and methods

Plant material and microscopic investigation

Aquilegia vulgaris plants with downymildew symptoms were
collected from a private garden in the outskirts of Oldenburg,
Germany, in the first week of May 2020. According to the
owners of the garden, first symptoms had been noticed in
2019, and in 2020 many plants throughout the garden were
severely affected by fully systemic downy mildew infestation.
After the collection, all columbines in the garden were re-
moved and destroyed by incineration. Specimens were han-
dled in a microbiology safety bench, dried between papers and
deposited in the Herbarium Senckenbergianum (FR) under the
accession number FR-0246022. For microscopic

investigations, conidiophores were scraped from the lower
surface of infected leaves into a drop of 70% aqueous lactic
acid solution on a microscopic slide and covered with cover-
slips. Subsequently, they were investigated at × 400 magnifi-
cation in DIC using a Zeiss Imager 2 compound microscope
equipped with an Axiocam colour camera (Zeiss,
Oberkochen, Germany). Measurements were done from pic-
tures using the Axiovision software (Zeiss, Oberkochen,
Germany). Measurements are reported as (minimum-)mean
minus standard deviation-mean-mean plus standard devia-
tion(-maximum).

DNA-preparation, PCR and sequencing

For obtaining amplifiable DNA, small amounts of conidio-
phores and hyphae were scraped off the infected leaf surface.
The material was homogenised in a 2 mL reaction tube con-
taining two 3 mm stainless steel balls in a Retsch MM 400
mixer mill for 3 min at 25 Hz. Subsequently, 500 μL of a 5%
suspension of Chelex 100 resin (Sigma–Aldrich Chemie
GmbH, Steinheim, Germany) were added to the tube. The
mixture was heated to 95 °C for 10 min in a Thriller
thermoshaker-incubater (PEQLAB Biotechnologie GMBH,
Erlangen, Germany) with shaking at 700 rpm for 10 s after
every 2 min. Subsequently, sporangiophores and resin were
pelleted by centrifuging in a bench-top centrifuge (5702R,
Eppendorf, Germany) at maximum speed for 1 min and the
supernatant (100 μL) was carefully removed, and transferred
to a clean 1.5 mL Eppendorf tube. After this, 1 μL of the
supernatant was used for PCR reactions. PCR amplifications
of the nuclear ribosomal internal transcribed spacers (ITS) and
the mitochondrial cytochrome oxidase subunit II (cox2) were
carried out as described by Choi et al. (2015b). PCR products
were bidirectionally sequenced with the primers used for PCR
at the laboratory centre of the Senckenberg Biodiversity and
Climate Research Centre (SBiK-F). Obtained sequences were
deposited in GenBank under the accession numbers
MT554398 for ITS and MT547662 for cox2.

Alignment and phylogenetic analysis

GenBank (https://www.ncbi.nlm.nih.gov/Genbank/) was
searched for similar sequences using blastn (Altschul et al.
1990). The aligned sequence stretches were downloaded,
and from the results, sequences were removed to keep only
two (in unclear cases up to five) sequences per species.
Sequences were aligned on the TrEase webserver (https://
thines-lab.senckenberg.de/trease) using muscle (Edgar 2004)
with standard settings. Leading and trailing gaps were cut, and
subsequently, alignments were uploaded on the TrEase
webserver (https://thines-lab.senckenberg.de/trease) for
phylogenetic analyses. Minimum evolution inference was
done using FastTree (Price et al. 2010) using the GTR
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substitution model and 1000 bootstrap replicates. Maximum
likelihood inference was done using RAxML v8 (Stamatakis
2014) using the GTRGAMMA substitution model. Bayesian
inference was done usingMrBayes v3.2 (Ronquist et al. 2012)
with six gamma categories and running for 5 Million genera-
tions, with every 10,000th tree sampled and discarding the
first 30% of the trees before calculating posterior probabilities,
to ensure sampling from the stationary phase.

Results

Morphology

As viewed from above, infected columbine leaf tissue had a
chlorotic appearance. Older lesions were attaining a reddish to
purplish taint. The vein-delimited infections were sometimes
not fully systemic, resulting in a polyangular pattern on the
leaves. Only the outer part of the leaves was not affected in
these cases, in line with the otherwise systemic infection of the
plants. On the lower leaf surface a dense outgrowth of hyaline
conidiophores bearing light brown conidia with a purplish hue
was observed. Conidiophores protruded from the stomata on
the underside of lesions, were erect and monopodially
branched up to 6 orders, (141–)169–211–254(−287) μm long,
(5–)5.6–6.8–8.0(−9) μmwide, sometimes swollen at the base;
trunk (51–)64–78–92(−101) μm, ratio total length to trunk
length (2.4–)2.2–2.7-3.2(−3.9), n = 10. Branching of the ulti-
mate ramification was mostly rectangular. Ultimate branchlets
were slightly curved, but substraight ultimate branchlets were
also observed, tip obtuse or slightly pointed. The ultimate
branchlets were mostly paired (95%), with different lengths,
(5–)7.3–9.8–12.3(−15.5) μm for the longer ones (n = 100),
(4–)5.9–8–10.1(−12.5) μm for the shorter ones (n = 100),
and a ratio of the longer to the shorter ultimate branchlet
(1–)1.04–1.25–1.46(−2.15) μm. Conidia were broadly ellip-
soidal (13–)15.2–16.6–18.0(−20.5) μm long, (11–)12.2–
13.2–14.2(−15.5) wide, with a length to width ratio of
(1.04–)1.16–1.26–1.26(−1.44), n = 100, directly germinating
with a germ tube. An overview of the morphology is given in
Fig. 1.

Molecular phylogeny

The sequences, for both ITS (Fig. 2) and cox2 (Fig. 3), were
100% identical to sequences from the type specimen of
Peronospora aqu i l eg i i co la and c lus t e r ed wi th
P. aquilegiicola sequences derived from England and East
Asia with maximum support. No additional sequences
clustered at close distance. In the tree based on ITS sequences,
P. aquilegiicola was embedded in a weakly supported group
of species mostly from Ranunculales, which was the sister
group of another weakly supported group mostly represented

by species parasitic to Caryophyllales. In the cox2-based tree,
a higher resolution on the species level was observed, but
there was no supported grouping for most lineages above
species level. However, most sequences found in the
BLAST searches corresponded to species parasitic to
Ranunculales and Caryophyllales, in line with the results from
the ITS-based phylogeny.

Discussion

Unambiguous identification of species is a prerequisite for
effective quarantine of pathogens and pests. However, in
many plant pathogen groups, including downy mildews, this
has been notoriously difficult, as many morphologically sim-
ilar species exist, which complicates identification and calls
for approaches combining various different methods (Spring
and Thines 2004). In addition to these limitations, the knowl-
edge regarding the diversity of plant parasitic oomycetes in
general and downy mildews in particular is still fragmentary.
This is mainly because there was the long-prevailing broad
species concept in downy mildews, prominently advocated
by Yerkes and Shaw (1959) for some downy mildew groups,
which suggested that there is mostly just one downy mildew
species per host family, informally subdivided into several
more or less specialised forms. Thus, detailed morphological
investigations were often not done when new hosts were re-
corded. As a consequence, downy mildew systematics, after a
century of progress (e.g. de Bary 1863; Schröter 1886;
Gäumann 1918, 1923; Gustavsson 1959) stalled for several
decades. With the rise of molecular phylogenetics, the older,
narrow species concept was appreciated again, as it was re-
vealed that most downy mildews grouped together according
to their host species (Riethmüller et al. 2002; Göker et al.
2003; Voglmayr 2003), leading to the reappraisal of various
species.

In addition to these more general investigations, several
studies focussed on downymildew pathogens of various crops
and ornamentals, especially those newly occurring, leading to
the description of new species for the pathogens of arugula
(Hyaloperonospora erucae, Choi et al. 2018), balsamines
(Plasmopara destructor and Pl. velutina; Görg et al. 2017),
basil (Peronospora belbahrii; Thines et al. 2009), boston ivy
(Pl. muralis; Thines 2011), coleus (P. choii; Hoffmeister et al.
2020), maca (Perofascia macaicola; Choi et al. 2017), opium
poppy (P. somniferi; Voglmayr et al. 2014) and sage
(P. salviae-officinalis and P. salviae-plabeae; Choi et al.
2009).

Of these, especially P. belbahrii, P. somniferi and Pl.
destructor have become a global threat, as they are easily
spread with infected plants or infested seeds (Thines and
Choi 2016). However, while having a severe economic im-
pact, they have no significant ecological effect, as in most
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countries into which they were introduced, no native hosts
were present. This situation is different with P. aquilegiicola
(Denton et al. 2015; Thines et al. 2019), which has recently
been introduced to Britain, most likely from East Asia
(Denton et al. 2015). Throughout Europe, Aquilegia species
occur naturally, and many are not widely distributed. Thus, in
addition to the economic harm of P. aquilegiicola in the pro-
duction of columbines, the species also poses an ecological
threat to wild Aquilegia species, especially those that occur
only locally. Therefore, it is of great importance to eradicate
the species in Britain and to prevent the spread throughout
Europe. In contrast to P. belbahrii and Pl. destructor,
P. aquilegiicola was recognised and described as a new spe-
cies before the onset of a global pandemic, and luckily, the
species could so far be contained in Britain.

However, the confirmation of the pathogen in the northwest
of Germany in this study shows that P. aquilegiicola has made
its way into continental Europe. At the spot where the pathogen
was now observed, pathogen eradication measures are taken
and an express pest risk analysis for the species was compiled
(Wilstermann 2020). In the garden where the disease was

�Fig. 2 Phylogenetic reconstruction (Minimum Evolution) based on
internal transcribed spacer (ITS) sequences. Numbers on branches
denote bootstrap support values for minimum evolution and max-
imum likelihood analyses, as well as posterior probabilities from
Bayesian Inference, in the respective order. Only support values
> 65% (bootstrap support) or 0.85 (posterior probability) are
displayed. A dash denotes lack of support for the presented or
an alternate topology in the respective analysis

ba

dc

e f
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Fig. 1 Macroscopic (A–D) and
microscopic (E–H)
characteristics of Peronospora
aquilegiicola. a Systemically
infected, slightly stunted host
plant with malformed leaves; b
chlorotic lesions on the upper leaf
surface with beginning purplish
discolouration; c lower surface of
a nearly fully infected leaf with
abundant sporulation with
densely packed hyaline
conidiophores bearing and light
brown conidia with a purplish
hue; d close-up of the bearing
lower leaf surface of a nearly fully
infected leaf; e conidiophore; f
branches; g ultimate branchlets;
and h conidia. Bar = 50 μm in e
and 20 μm in f–h
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Peronospora aquilegiicola Germany

MH730816 Peronospora aquilegiicola East Asia

MH730815 Peronospora aquilegiicola East Asia

MH730814 Peronospora aquilegiicola East Asia

MH730813Peronospora aquilegiicola East Asia

MH730812 Peronospora aquilegiicola Britain

KP995434 Peronospora aquilegiicola Britain

KP995433 Peronospora aquilegiicola Britain

KP995431 Peronospora aquilegiicola Britain

KP995430 Peronospora aquilegiicola Britain

KP995427 Peronospora aquilegiicola Britain

KP995426 Peronospora aquilegiicola Britain

MH730817 Peronospora chrysosplenii

AY198274 Peronospora chrysosplenii

AY198273 Peronospora dicentrae

AY198272 Peronospora bulbocapni

MH730818 Peronospora bulbocapni

KM058101 Peronospora ranunculi

MH730805 Peronospora ranunculi

AY198267 Peronospora hiemalis

MH730803 Peronospora hiemalis

AY198268 Peronospora illyrica

MH730808 Peronospora illyrica

MH730806 Peronospora ranunculi-sardoi

KM058095 Peronospora ficariae

MH730804 Peronospora ficariae

AY198271 Peronospora alpicola

AY198270 Peronospora pulveracea

MH730810 Peronospora pulveracea

MH730811 Peronospora alpicola

MH730800 Peronospora esulae

AY198275 Peronospora esulae

AF528563 Peronospora corydalis

DQ885374 Peronospora cristata

MH730809 Peronospora meconopsidis

KX458244 Peronospora sp.

AY225482 Peronospora cristata

AY225472 Peronospora cristata

KJ651423 Peronospora meconopsidis

KJ651405 Peronospora apula

KJ651406 Peronospora apula

KJ651415 Peronospora argemones

DQ643903 Peronospora rumicis

MG793197 Peronospora effusa

FJ649381 Peronospora rumicis

DQ643856 Peronospora effusa

FM863715 Peronospora boni-henrici

KP330867 Peronospora boni-henrici

AY198280 Peronospora arenariae

AB675726 Peronospora dianthicola

AY198284 Peronospora arthurii

KX774332 Peronospora cf. ducometii

KP271924 Peronospora cf. fagopyri

EF614955 Peronospora chenopodii

LC331696 Peronospora destructor

AB021712 Peronospora destructor

79/-/-

100/99/1.0

100/100/1.0

100/100/1.0

99/93

0.99

100/100//1.0

65/75/0.89

86/89/1.0

92/93/1.0

100/100/1.0

100/100/1.0

100/74/0.98

71/-/-

100/100/1.0

99/98/1.0

100/100/1.0

100/100/1.0

68/-/-

81

89/1.0

100/100/1.0

-/69/0.99

100/100/1.0

98/80/1.0

72/-/-

77/-/-

92/-/-

100/100/1.0

100

100/1.0

76/70/-

79/-/-

0.002 substitutions per site

Aquilegia and

Semiaquilegia

Mostly

Ranunculales

Mostly

Caryophyllales

ME / ML / BI

77

76

0.95

100

99

1.0
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Aquilegia and

Semiaquilegia

Peronospora aquilegiicola Germany

MH730778 Peronospora aquilegiicola East Asia

MH730777 Peronospora aquilegiicola East Asia

MH730776 Peronospora aquilegiicola East Asia

MH730775 Peronospora aquilegiicola East Asia

MH730774 Peronospora aquilegiicola Britain

DQ365729 Peronospora sanguisorbae

KJ654286 Peronospora alpicola

KJ654283 Peronospora pulveracea

KM058113 Peronospora pulveracea

DQ365724 Peronospora hiemalis

KX777249 Peronospora cf. ducometii

KJ654235 Peronospora polygoni

KP330687 Peronospora boni-henrici

KX242326 Peronospora somniferi

KU379748 Peronospora schachtii

KU379747 Peronospora schachtii

KP330602 Peronospora minor

KP330601 Peronospora minor

KP330598 Peronospora litoralis

KP330605 Peronospora atriplicis-hastatae

KP330604 Peronospora atriplicis-hastatae

KP330665 Peronospora effusa

KP330664 Peronospora effusa

KT944073 Peronospora effusa

KP330674 Peronospora effusa

KP330620 Peronospora polycarpi

KP330646 Peronospora obovata

KP330650 Peronospora obovata

KP330651 Peronospora obovata

KP330661 Peronospora lepigoni

KP330648 Peronospora obovata

KP330662 Peronospora lepigoni

MF981873 Peronospora tabacina

MF981865 Peronospora tabacina

100/89/1.0

100/87/0.99

100/76/-

86/58/-

100/100/1.0

100/100/1.0

-/-/0.87

0

100/99/1.0

79

-

0.99

100/92/1.0

67/-/-

-/65/0.95

99/97/1.0

100/100/1.0

0.005 substitutions per site

KP330647 Peronospora obovata

ME / ML / BI
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recognised by the owners first in 2019 (reported by them in
May 2020), columbines were not planted or sown in the last
20 years; there was neither purchase nor import of plants or
seeds of this genus. The population probably originates from
the neighbourhood and is maintained by self-seeding. This sug-
gests that the pathogen was recently introduced by air-borne
conidia from adjacent gardens; however, the occurrence of the
disease in the vicinity of the garden is not known yet. The local
plant protection authority will monitor the situation closely with
the aim to identify the original inoculum source and to eradicate
the pathogen from the area. Even though it is known that co-
nidia of Peronospora can travel large distances (Aylor et al.
1982), given the localised presence in a private garden, it seems
more likely that the pathogen was introduced to the area with
infested plants or seeds than that is was transported from
Btritain by wind.

The confirmation of P. aquilegiicola in Germany under-
lines the dispersion potential of the pathogen and calls for
increased alertness in European countries and beyond, in order
to avoid another downy mildew pandemic, this time with the
potential of a severe ecological impact. Therefore, information
on the occurrence of the pathogen should be spread to all
stakeholders, for example, in the EPPO Global Database
(EPPO 2020) as well as consumer magazines. The economic,
environmental and social impact of the pathogen should be
critically assessed and the pathogen classified accordingly.
Furthermore, appropriate phytosanitary measures should be
consequently implemented in order to successfully eradicate
the disease before it becomes widespread.
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